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Abstract. The purpose of this paper is to examine the kinematics and dynamies
of a class of motions with constant stretch history. A kinematical result is announced
to indicate the velocity field such a motion may have and two examples, viz. helical-
torsional flow and the helical flow combined with the axial motion of fanned planes,
are discussed in detail. The helical-torsional flow is found to be experimentally realizable,
albeit approximately, and it is shown how an apparatus may be built to measure the
material functions occurring in such flows. Two nonlinear differential equations are
derived to determine the velocity profile when the motion under study is treated as
a nearly viscometric flow. In addition, restrictions on the proper numbers of the first
Rivlin-Ericksen tensor are arrived at so that the motion with constant stretch history
is completely determined by the first two or first three Rivlin-Ericksen tensors. This
permits a reduction in the number of terms occurring in the full expansion of the con-
stitutive equation.

1. Introduction. This article is an examination of the kinematics and dynamics
of a class of motions with constant stretch history,' delineated originally by Noll [1]. He
analyzed all the possible motions that oeccur under the classification of substantially
stagnant motions, a discovery of Coleman [2]. What are explored here are MWCSH of
type (ii), as defined in {1] and recollected below in Sec. 2.

The main results of the paper are:

(i) examination of the conditions under which the proper numbers of the first
Rivlin-Ericksen tensor A, are all distinct or two of them are equal but distinct from
the third, when trace A; = 0: This permits us to discover when the constitutive equation
is determined by A, and A, or by A, , A, and A, , so that the relationship with the work
of Wang [3] is established (see Sec. 3);

(ii) in Sec. 4, we derive a sufficient condition under which a motion is a MWCSH.
This condition is broader than the homogeneous velocity fields used by Truesdell and
Noll [4, Sec. 118]; attempts are being made to see if this condition yields an intrinsically
unsteady MWCSH, thereby corroborating the conclusion of Yin and Pipkin [5].

(iii) in Sec. 5, a kinematical description of MWCSH of type (ii) is given and condi-
tions under which a (spatial) uniform steady velocity field may be added to an existing
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! In what follows, the phrase “motion(s) with constant stretch history”’ will be replaced by MWCSH.
The context makes it clear whether “motion” or “motions” is being implied.
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MWCSH of type (ii) so that the resulting motion is still 8 MWCSH of type (ii) are
explored. In doing so, we find a motion yielding a strain history with finite terms, but
this is not a MWCSH,;

(iv) in Sec. 6, the dynamics of helical-torsional flow are explored since this velocity
field is approximately realizable in the laboratory so that the material functions occurring
in MWCSH of type (ii) may be measured;

(v) in Sec. 7, the material functions determined from treating the helical-torsional
flow as a nearly viscometric flow in the sense of Pipkin and Owen [6] are listed from
elsewhere [7] and two nonlinear differential equations are obtained to determine the
velocity field of the helical-torsional flow from the experimental observations;

(vi) in Sec. 8, the combined motion of helical flow with the axial motion of fanned
planes is shown to be & dynamically possible MWCSH of type (ii);

(vii) and finally in Sec. 9, certain reductions in the number of terms in the constitutive
equations (2.6) or (3.17) are made under appropriate conditions on the velocity field.

2. Collection of previous results. According to Noll [1], in all MWCSH the defor-
mation gradient Fo(7) relative to a fixed reference configuration at time 0 is given by

Fo(r) = Q@e™, Q) =1, @.1n

where Q(7) is an orthogonal tensor and M is a constant tensor. In a three-dimensional
vector space a linear transformation is either nilpotent of order two, or of order three
or not nilpotent. Thus M in (2.1) is either
(i) nilpotent of order two, i.e., M®> = 0—such flows are called viscometric [2]; or
(ii) nilpotent of order three, i.e., M* ¢ 0, M® = 0; or
(iii) not nilpotent, i.e., M" % O foralln = 1,2,3, --- .
In MWCSH, the right relative Cauchy-Green strain tensor has the form:

Ct —s) = e "M, 0<s< =, 2.2

where
L = Q®MQ(»), (2.3)
L, = L+ Q(HQ"(, (2.4)

where the superseript T' denotes transposition, L, is the velocity gradient at time ¢ and L
the velocity gradient in a rotating frame of reference {1]. In MWCSH of type (ii), which
will be studied in this article,

Cit—s) = 1 — sA, + 35°A, — %s’Aa + ZL,S‘A. , 2.5)
where A, (¢ =1, --- ,4) are the first four Rivlin—Ericksen tensors. According to
Theorem 2 of Noll [1], MWCSH of type (ii) are isochoric as well. Examples of such
motions are given below.

Now, Wang [3] has proved that in all MWCSH, the extra stress T g in an incompressible
simple fluid [8] is given by

Te =T + pl = f(A,, A;, Ay), (2.6)

where T is the stress tensor determined up to an arbitrary hydrostatic pressure p and
f(-) is an isotropic function of its arguments. In fact, Wang [3] showed that there exist
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three separate cases under which a representation of the type (2.6) is valid, the three
cases depending on the proper numbers of A; . This question will be discussed next.

If a material is incompressible, all motions possible in this material are subject to
the condition

tr A1 = 0, (2.7)

where tr is the trace operator. Hence, if A, has three proper numbers which are all equal,
incompressibility demands that A, = 0, which implies a rigid motion. Thus for a non-
trivial motion to oceur in incompressible materials, A, must have either (i) three distinct
proper numbers or (ii) two proper numbers equal but different from the third. Not only
this, if the two proper numbers are equal but distincet from the third in a MWCSH, the
matrix of A, , relative to the orthonormal basis for which the matrix of A, is given by

a 00
4,]=10 e 0, a#b, (2.8)
0 0 b
must be such that
@ 0 0
(4] =0 o 0}, (2.9
0 0 o

if the MWCSH is of type (ii). Otherwise, the MWCSH will be of type (iii), generated
by a non-nilpotent tensor, and will be equivalent to simple extension [3, 7, 9]. Thus
the next section examines the conditions under which the proper numbers of A, , subject
to (2.7), are either distinct or two of them are equal.

3. Proper numbers of A,. Let the matrix of A, relative to an orthonormal basis
be given by

a I m
A =«||l a =i, «>0, (3.1)
m n a
a, + a;, + a; = 0, (3.2)
ait+a+a+ P+ m+a’=1. (3.3)

Consider the characteristic equation of x™*A, . This reads:
2 — (1 4+ @, — A\ + al® + am® + an® — a18.03 — 2lmn = 0. (34)
If the three roots of (3.4) are X\, , ., and A; , then they obey
Mo+ A+ A =0, (3.5)
Mz + Nds + NA = aF — a8 — 1, (8.6)

MAaks = 2lmn + 10,85 — a3’ — am® — am’. (3.7
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Without loss of generality, take A, = A; 5 X; . Then we obtain
M= =2\, AN =14+aa - ad, (3.8)
I = g2 + am® + an® — aa.0; — 2lmn. (3.9)
Thus A\, = A, whenever
27(a:l’> + a;m® + a0’ — aya.0; — 2imn)® = 41 + a0, — @), (3.10)

where the numbers q, , a,, --- , n obey (3.2) and (3.3).
Suppose there is an orthonormal basis such that the matrix of A, has the form (3.1)
with

a; = a, = a; = 0. (3.11)
Thus (3.3) now reads
P4+m®+n*=1, (3.12)
while (3.10) now becomes
27 m*n* = 1. (3.13)
Together, (3.12) and (3.13) imply that
I+ m +07) =4,  Cm'n) =4, 319

must be satisfied simultaneously if A, has two equal proper numbers. Since the arith-
metic mean is greater than the geometric mean, (3.14), and (3.14), are not consistent
unless [10, p. 17]

P=m’=n*=1 (3.15)

Hence, in particular, we may read off the results:

(1) if A, has the form (3.1), a; = 0 (z = 1, 2, 3) and [, m, n obey (3.12), then it has
three unequal proper numbers if and only if (3.15) is not satisfied; otherwise two of its
proper numbers are equal, but distinet from the third;

(ii) in particular, from the results of Noll [1], one has that the matrix of L, has the
form

0 0 O
Ml=«xlIl 0 0f, P4+ m?P+0n°=1, (3.16)
m n 0

with respect to an orthonormal basis, if the motion be a MWCSH of type (ii). Thus in
these flows, the matrix of A, obeys (3.1), (3.11) and (3.12). Hence if the flow be s MWCSH
of type (i) and (3.15) is not satisfied, the constitutive equation (2.6) reads

Tz =T + pl = f(A,, Ay); - (3.17)

otherwise (2.6) is the correct form.

Wang [3] stated that in MWCSH of type (ii), A, has three distinet proper numbers
or two of them are equal, but the restriction on A, given here delineates the conditions
under which (2.6) or (3.17) is the correct form. This result was derived by the author
in [7].
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4. A sufficient condition for a given motion to be a MWCSH. It is a well-known
result in continuum mechanics [11] that with respect to a fixed reference configuration
at time 0:

(d/ dr)Fo(r) = L,(r)F, (), (4.1)

where L, is the velocity gradient at time r. Suppose that the material derivative of
L.(7) i8 zero, i.e.,

(d/dr)Ly(r) = (8/37)L, + v-grad L, = 0, 4.2)

where v is the velocity at time 7 and position x in space. Now, if (4.2) holds, (4.1) can be
integrated to give

Fo(r) = e 4.3)

since Fo(0) = 1. Now, if (4.3) is compared with (2.1} it is obvious that (4.3) represents
the deformation gradient of a MWCSH with Q(7) = 1 always. Thus we have established
a sufficient condition for a flow to generate MWCSH as follows: 7f the velocity gradient
has a vanishing material dertvaiive, the motion is one with constant stretch history.

The above result is more general than the homogeneous velocity fields considered
by Truesdell and Noll [4, Sec. 118]. Moreover, the condition that L, = 0 is satisfied
by velocity fields of the type

v = 1) + g(x), v-grad gradg = 0. 4.4)

It must be noted that (4.4), is not necessarily a steady velocity field in a non-inertial
frame of reference. On using the concept of equivalent motions [8, Sec. 11], the reader
can verify that »

z = ky, ¥y =0, z = f(t) (4.5)
is steady in 2 non-inertial frame, while
i=f({t) +expz,y=2=0, f&) =0 (4.6)

is not steady anywhere, i.e., tntrinsically unsteady. The above discussion is not irrelevant
to MWCSH because recently Yin and Pipkin [5, Sec. 7] constructed an intrinsically
unsteady viscometric flow, possible over a finife time interval, thereby showing that
Pipkin’s assumption to the contrary [12, p. 89] was not correct. It would, therefore, be
of interest to find if there exists an intrinsically unsteady motion such that L, = 0,
for then this flow would yield a MW CSH that is intrinsically unsteady over an indefinite
interval.

Incidentally, (4.4), represents the superposition of a uniform velocity field onto an
existing velocity field. It may be erroneously assumed that, since the uniform velocity
field £(t) gives rise to a rigid motion by itself, the addition of £(¢) should have no effect
on the strain history. That such an assumption is false will be demonstrated by a counter-
example in Sec. 5.

5. MWCSH of type (ii). It is well known through the work of Noll 1] that the
following velocity field

=0 =), i=wE), (5.1)

(where »(-) and w(-) are smooth functions of z') in a curvilinear orthogonal coordinate
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system {z*}? is a viscometric flow if the components of the metric tensor g;; (¢ = 1, 2, 3;
no sum) do not vary along the path line of the particle. It was established by
the author [13] that under the above restrictions on the coordinate system and the
components of the metric tensor, the following velocity field

' =0,
2 = —cx? + exs’ ¢ +ef = 0, (52)
£ = f2 + c2’,

where ¢, e and f are constants, is a viscometric flow. For the path lines corresponding
to (5.2) are obtained by integrating the equations

dt'/ds = 0, df/ds = ¢t — e, df¥/ds = —f — £, (5.3)
under the initial conditions £'|,., = z° ( = 1, 2, 3). The path lines are:
El —_ xl
_ 2 ‘e _ '
f=o+of fdo efo?da, 5.4)

_ e . . _ N
=z fj;gda cj;é“da.
On adding (5.4); and (5.4); , and using ¢® + ¢f = 0, we get

£+ cf = f2" + e’ (5.5)
Using (5.5) in (5.4)2..a5 for £* and £* respectively, we get

£ = 2% — s(ex® — cz%), (5.6)

£ =1° — s(fz® + cz). 5.7

It is easily verified that (5.4), and (5.6)~(5.7) are the path lines of a viscometric flow.
It will now be proved that the superposition of (5.1) on (5.4), viz.

P =0,
¥ = o(z') — cx’ + ez, (5.8)
2 = wl") + f* + ez’

is a MWCSH of type (ii) provided

(a) the coordinate system {z*} is a curvilinear orthogonal system; and

(b) the components of the metric tensor g:: (# = 1, 2, 3; no sum) do not vary along
the path line of each particle.

It is easily demonstrated that if the velocity field (5.8) is integrated, using the earlier
notation of ¥ and x, one obtains [13]:

1 xl,
£+ 2° — shb@") — e’ + e2'] + 3lew(z) — a(=h)], (5.9)
£ =2 — slw@) + fz* + c’] + (@) + cwh)].
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It is a simple calculation to show that the matrix form of F,(¢ — s) is given by
[F.(t — 9] = [1] — s[L] + 417, (5.10)

where L has the matrix form

0 0 0
(L] = {[(gaogt)" ™’ —c (922953)" %€ (5.11)
(93391_11)1/2“)' (gaag;;)vzf c

and
v = dv/dz"” v = dw/dz'.

Also, the motion (5.8) is isochoric and in view of (5.10) and (5.11), it meets all the
conditions of Theorem 2 of Noll [1] and is thus a MWCSH of type (ii), provided

ew # ¢, or fv & cw. (5.12)

If one were to examine the matrix of L?, one finds that if (5.12) holds, then L* = 0 or the
motion (5.8) becomes viscometric. But as will be scen below, in the examples considered
¢ = 0 and thus the above condition is not met, and so the flows considered below are
truly MWCSH of type (ii).

Now, the simplest case of a MWCSH of type (ii) occurs whenever conditions (a)
and (b) are met and the velocity field is such that £* depends linearly on 2°, while z* is
an arbitrary, smooth function of z'. Such an example was constructed by Oldroyd [14].
This is the Poiseuille-torsional flow, viz., # = 0, § = ¢z, 2 = u(r) in a cylindrieal polar
coordinate system. Of course, the Poiseuille-torsional flow as well as the example of
Noll [1, Sec. 3] are special cases of (5.8). It is apparent that out of the few kinematically
possible combinations existing in (5.8), the helical-torsional flow, viz.

=0, b=u) te =ul), (5.13)

in a eylindrieal polar coordinate system with w(-) and %(-) being smooth functions of r,
and ¢ being a constant, provides an approximate, experimentally realizable situation
to measure the material functions oceurring in MWCSH of type (ii).

As Oldroyd [14] remarked, the flow (5.13) with w(r) = 0 can be generated, in prineciple,
“in a limited region by rotating two porous disks, at different speeds, about a common
axis placed along the axis of a circular pipe of approximately the same radius as the
disks, so as to impose a torsional motion on the liquid flowing down the pipe.” Thus the
helical-torsional flow can be generated in between two concentrie cylinders by rotating
two porous rings at different speeds in the annular space between the two cylinders,
provided the width of each porous ring is almost equal to the annular space between
the two cylinders (see Fig. 1). It is obvious that the two motions discussed here are
approximately realizable because the boundary conditions are not met on the cylinders.

In the next section, the dynamical equations connected with (5.13) are solved and it
is demonstrated that the material functions occurring in the flow (5.13) can be measured
by the helical-torsional rheometer described above.

Before proceeding further, it is essential to note that (5.8) remains a MWCSH of
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type (ii) if it is replaced by
it = Up ,
2 = v, +v(z") — ez + ex?, (5.14)

# = w, + w(z') + fr* + ez,
provided

(a) the conditions on the coordinate system and the metric tensor are met; and either

(b) ue = 0 and apart from the restriction (5.12) no other restrictions on »(z') and
w(z') are imposed; or

(¢) uo < 0 and v(2") = az', w(z') = Bz', where a and 8 are constants, i.e., v(z') and
w(z') are linear in z', and Be = ce or of % —@c [cf. (5.12)].

What is being stated is that one cannot add an arbitrary uniform velocity field to
an existing velocity field (in the spatial description), and expect the character of the
flow to remain substantially the same. That one of the conditions (b) or (c) is essential
is demonstrated by the following example in Cartesian coordinates:

i = U, g = 27, =y, (5.15)

which is a MWCSH of type (ii) if 4o = 0 and not otherwise. Further if 4, = 0, note
that L, = 0, thereby providing an example to the discussion in Sec. 4; and, in addition
if we # 0, (5.15) is a nonviscometric flow which is not a MWCSH but which has a strain
history with a finite number of terms in its expansion, viz.:

6
Clt—s) =14 2 (—1)s"A,/n)) (5.16)
=l
as can be verified easily by direct calculation. It is believed to be the first example of
this kind available in the literature.
Moreover, as may be anticipated, (5.8) does not exhaust the kinematical possibility
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of MWCSH of type (ii). For example, the following homogeneous motion in Cartesian
coordinates, viz.

z = ay + bz,
y=—cy+e, +e=0 (5.17)
z = fy + cz,

is also a MWCSH of type (ii). For the velocity gradient L, is such that L? > 0, L? = 0.

6. Helical-torsional flow. Let the matrix of L relative to an orthonormal basis
for a MWCSH of type (ii) be given by (cf. (5.11)):

0 00
L=« 0 0, x>0, 6.1
m n 0
P4+m*+n =1 6.2)
Let the material functions occurring in this flow be denoted by [13]:
Z, = Te(22) — Tx(11), 2, = Tx(33) — Tx11), 6.3)

1 = TE<12>7 T2 = TE<13), Tz = TE<23)7

where Tg (ij) represents the physical component of Tz in the #jth direction and the
2 (=12 and 7; (j = 1, 2, 3) are all functions of «, {, m and n. If L has the matrix
form (6.1), then A; has the matrix form (3.1) with a; = 0 (z = 1, 2, 3).

For the helical-torsional flow (5.13), it is easy to show that [13]

21 = TE<ZZ> -_ TE<TT), 22 = Tg<00) —_ TE<TT), (6.4)
7, = Tglre), 1. = Tglre), 7s = Tg(62).

For, if one were to integrate the velocity field (5.13) and obtain the path lines and find
the strain history C, (f — s), it will turn out that relative to the orthonormal basis of
cylindrieal polar coordinate system, L has the matrix form [13)

0 0 0
L] =’ 0 orf, w=%, w=%- 6.5)
w 0 0

Thus a rotation of the axes is needed so that the matrix form of the rotated tensor has
the form given by (6.1). It is easy to show that the orthogonal tensor Q with components

IIOU

0 0 1 (6.6)
‘O 10

will transform L in (6.5), through QLQ7, to take the matrix form (6.1) with

[Ql =

«l =, km = re, kn = cr. 6.7)



10 R. R. HUILGOL

Now, from Truesdell and Noll [4, Sec. 109], it is known that in MWCSH

Tg = g(L) (6.8)
where g is an isotropic function of L, i.e.,
Qg(L)Q" = g(QLQ") (6.9)

for all constant orthogonal tensors Q. Hence, applying (6.9) and retracing the steps,
(6.4) is obtained from (6.3).

The dynamical equations, under the assumption that the body force b per unit mass
is derivable from a potential ¢ through b = — grad ¢, and by using a modified pressure
function ¢ defined through

¢ =p+ oy, (6.11)

where p is the density of the fluid, take the following form in cylindrical polar coordinates
for the flow (5.13):

—(8¢/0r) + (8/9r)T g {rr) + (1/r)(Tx (rr) — T'5 (66)) = O,
— (1/r)(3¢/30) + (3/0r)T g {r6) + (2/7r)T (rd) = O, (6.12)
— (86/32) + (8/3r)Te {rz) + (1/r)T s {rz) = 0.

Note that the inertia terms have been neglected in (6.12), for otherwise the torsional

flow term crz makes the equations incompatible. Further, since all quantities x, I, m

and n are dependent on 7, so are the extra stresses T, and this fact has been used in (6.12).
The solutions are:

¢ = —az+ h(r), 1= Tg{@8) = M/22r",
7 = Tg (rz) = —%ar 4+ br”}, K(r) = (d/dr)Tg &rr) — (1/7)2,. (6.13)

In (6.13), a is the modified pressure drop per unit length and M is the torque per unit
height nceded to maintain the rotation of the eylinders in relative motion. The torque
peeded to maintain the upper (or lower) porous ring in rotation yields Tx (6z) or the
material function 75 .

Now, from (6.4), we have that

(8/3r)T {zz) = (8/or)T {rr) + (3/91)Z, . (6.14)

If the body force is assumed to act along the z axis only, we get, on noting that
a/or = d/dr:

T(zz) = az + f ' (él- =z, + é‘% z,) d, a>0. (6.15)
Thus
T@0) ~ T@®) = [ 12d+ 20 - 2@), RSrskh. @619

Hence the thrust on one of the porous rings would yield a combination of Z, and 2, .
Next, using the assumption that the body force acts along the z-axis only, we have
from (6.12), :

(d/dn)T (rr) = (1/1)(Tx (86) — T'x {rr)) = (1/1)Zs, (6.17)
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or
Te®) ~ Ten@) = [ 3.4 (619

Thus, (6.16) and (6.17) determine =, and =, , while (6.13), yields 7, ; the torque on the
porous ring, which is

Rs
T =21 7o dr, (6.19)
R,
gives r; . However, before r, can be determined completely, the constant b must be
found. Note that b = 0 in Poiseuille-torsionzal flow and thus

ik, u/k, 0, cr/x) = —iar, & = u’ + . (6.20)

However, for the helical-torsional flow, b cannot be determined from theoretical con-
siderations alone, as will become apparent below.

To appreciate the difficulty, we turn to the helical flow analysis of Coleman and
Noll [15] and note that their procedure uses the following steps:

(i) the constant b is determined from a knowledge of the viscometric shear stress
function r(x) and the rate of shear «;

(i) since the functions w(r) and u(r) satisfy certain boundary conditions in helical
flow, they are found next.

It is clear that this procedure is not applicable here, for the helical-torsional flow
is the first known experimental situation to measure 7, and 7, ; also the torsional flow
term introduces inertial effects which are not balanced in the equations of motion and
the boundary conditions are not exactly satisfied. Thus it does not seem that b, w(r)
and %(r) can be determined from theoretical considerations alone. Hence in Sec. 7, a
pair of nonlinear differential equations are derived to determine w(r) and u(r) by assuming
the helical-torsional flow to be a nearly viscometric flow in the sense of Pipkin and
Owen {6] and that b can be measured experimentally.

For the convenience of the reader, we list below, in physical components form, the
first four Rivlin-Ericksen tensors of the helical-torsional flow:

0 ro’ w 2% + 4% cru’ 2erw’
Al=| 0 o [A]l= - 0 0 (6.21)
0 . - 27
6w’ 0 3criu’] 6’r’w’> 0 0
A= - o o =1 - - 0 (6.22)
0 . -0

Also, a repeated application of the isotropy condition (6.9) shows that [13]:
24(") l: m, n) = Ei(") -l, —m, n) = 2-’(": -1, m, —n)
= Z,k, 1, —m, —n), i1=1,2; (6.23)

1'1(": l,m,n) = —Tl(": _l, —m, n) = _TI(K: _l; m, —’IZ) = 71(": l, —m, —n)’ (6'24)
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7ok, L, m, n) = —15(x, =1, —m, n) = 1(x, —1, m, —n)
= —1lx, I, —m, —n); (6.25)
13k, I, my n) = 13k, —1, —m, n) = —r3(x, =1, m, —n) = —23(x, I, —m, —n). (6.26)
For example, one can prove from (6.24) that
(¢, 0,0, 1) = 0, 6.27)

with similar results for other shear stress functions.

7. A procedure to determine «(r) and u(r). Let us assume that the torsional flow
term crz is so small that the helical-torsional flow is nearly viscometric [6]. Then the
author has shown that [7]:

crwu

=m0+ (¢ — o'’ + (b — 2) T

4 crwu 5Sponali | 1] — C'rwu e 9), an
Tz=nfw’+( —%)cm’ "20”‘ cr'e”u!

T Sl |57 — T e, 9, 7.2)
T3 = ner + ¢ro’u’ — g 3—————”3;,2“

+ cru’z(rzci’s2 ) 5Summali | 57 — crw u’? o, 8) — &%fu—h(x 9, (7.3)

where 7 = 1(x), ¢ = ¢(x), » = »(9), & = r'u” + u',
flk, §) = 8Suaulk | 8] + 8Suznle | 8] + {8812l | ] + 2 88anslk 571}, (7.4
gk, ) = 5 8Saouilc | 8] + 8Sameelk | 8] + £{2 88a2ulk | 8] + 8Saeelk | S°1},  (7.5)
h(c, ) = 5 8Suule | s] + 8Snalk | 8] + {2 881k | ] + 88ulk | ]}, (7.6)

The function 75 is the viscometric viscosity, ¢ and » are the normal stress functions and
the 8S;,:.[ ] are linear functionals whose nature has been explored by Pipkin and Owen [6].
Now, we turn to the determination of w(r) and u(r) by examining two cases.

(i) Poiseuille-torsional flow. Note that r, as given by (7.1) is simply #u’ and thus
it follows that the velicity profile u(r) is the same as in the viscometric, Poiseuille flow.
(ii) Helical-torsional flow. If the outer tube is suspended, then the axial force acting
on it can be measured. This gives b, since the axial force per unit length is given by (6.13):

27R,(b/R; — }aR.), (7.7

where R, is the outer radius of the cylindrical tube.
Elsewhere [7] the author has conjectured on the basis of reasonable physical grounds
that the value of the linear functional

885303 [k | 8°] = —3u. (7.8)
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If one neglects the contributions to r, and 7, from f(x, s) in (7.1) and (7.2) and used
(7.8), one obtains:

o (6 — Ver'e 2,0 i b ar
Tl—'fu+r2w12+ur§rw _uz)__;_g’ (7.9
— ’ M
Ty = m’w' + % (u’z - T2w'2) + %cru’ = 2—1_[7 (7.10)

Thus (7.9) and (7.10) lead to two highly nonlinear differential equations for determining
w(r) and u(r). These will have to be solved numerically, subject to the conditions

u(Ri) = 0(1 = 1} 2); w(Rz) = 92, w(R1) = Qx . (7.11)

The reader’s attention is drawn to the fact that even under drastic simplifications,
the material functions 7, and 7, are not related as in the helical flow.

Finally, if a simpler constitutive equation such as the BKZ fluid [15] is used, one
would have obtained [7]

o= + @ — v, (7.12)
= e’ + (¢ - §>cm (7.13)

While the differential equations (7.9) and (7.10) are somewhat simplified by using
(7.12) and (7.13), the solution is still to be sought numerically.

8. The helical flow combined with axial motion of fanned planes. Turning to (5.8),
one can see that the following velocity field

7 =0, 6 = w(r), Z = ulr) + ¢b, 8.1)

is a MWCSH of type (ii), occurring in a cylindrical polar coordinate system.? The
physical components of the acceleration field associated with (8.1) are:

alr) = —or, a8 = 0, alz) = cw, (8.2)

and it is easy to see that the equations of motion (5.12) are solved, by inserting the
inertia terms pa(r), pa(f) and paz) in (6.12), , (6.12), and (6.13); respectively and by
choosing

¢ = —az + h(T),

Tatrs) = —dar + b 4 17 f ocBo(R) dR, A >0, 8.3

W) = pre® + (@/d)Tsr) — (/)2 .

Note that Z; appears in (8.3); because the tensor L has a matrix form (6.1) with «l = ro’,
«m = u’ and kn = cr. Thus, from (6.3); it follows that for the flow (8.1),

Z, = T&(86) — Txlr),
Z; = Talez) — Tx(r), (8.4)
o= Tef8), 1o=Terz), 75 = Tg62).

2 The axial motion of fanned planes, described by # = § = 0, 2 = ¢4, is a discovery of Pipkin [12].



14 R. R. HUILGOL

Hence we have demonstrated that the helical flow superposed on the axial motion of
fanned planes is dynamically possible in an incompressible simple fluid, and further no
inertia terms have been neglected.

9. A simplified form of the constitutive equation for MWCSH of type (ii). It was
established earlier that if the motion be s MWCSH of type (ii) and (3.15) is not satisfied,
then the constitutive equation is

T + pl = Tg = f(A)_ y Az). (9.1)

Now, a full of expansion of (9.1) contains eight terms if the term involving 1 is absorbed
into the pressure function p.

For the Poiseuille-torsional flow, (3.15) can never be satisfied because m = ro’/x is
zero. Thus (9.1) holds always for this flow. In addition, for this motion the number of
terms in the expansion of (9.1) can be reduced to six [7] and thus we obtain:

Tx = ale + azAf + a3A2 + ang + as(AlAz + A2A1) -+ ae(AiAg + AZA?), (92)
where the a; (7 = 1, --- , 6) are analytic functions of the invariants of A, and A, ,
which were given originally by Rivlin [17]. The interesting feature of (9.2) is that it can
be shown to hold for the flow in the Maxwell rheometer as well [7], [18], [19] and [20].

Similarly, it can be shown that when (3.15) holds, the constitutive equation is
given by [7]:

TE' = BIAI + B2Azl, + B3A2 + B4A§ + 55A3 + BGAizi ’ (9'3)
wherethe 8; (j = 1, -- - , 6) depend on the appropriate invariants of A, , A, and A, (7, 21].
The general method of proving (9.2) (or (9.3)) consists in showing that the combina-

tions of kinematical tensors appearing in (9.2) (or (9.3)) are such that the operator
£ defined by:

[£] M] = [A] (94)

is nonsingular. In (9.4), M is the “column vector’” consisting of the following six sym-
metric tensors:

11 00 000 0 00
M,J=1|0 0 O M,]=1]0 1 0 M;] =10 0 O (9.5)
0 0O 0 0 0] 0 0 1
0 1 0 0 0 1 0 0 O
MJJ=1|1 0 O Mg=10 0 O Mg =10 0 1 (9.6)
0 00 l 1 00 010
and A is the “‘column vector”’ consisting of A, , --- , (A;Al 4+ AZA)), (AJA] + AZAD

(or A,, ---, Al).

10. Concluding remarks. This paper has explored the kinematics of a class of
MWCSH and suggested approximately realizable experiments to measure the material
functions oceurring in such flows. It is clear that one way of estimating these non-
viscometric material functions is to treat the flows discussed here as nearly viscometric
flows in the sense of Pipkin and Owen [6]. Such an attempt has been made and described
elsewhere [7] in full detail, while a selected list of results was presented in Sec. 7 here.
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