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The analysis and modelling of the structure of turbulent flow in a circular pipe
subjected to an axial rotation is presented. Particular attention is paid to determining
the terms in various turbulence closures that generate the two main physical features
that characterize this flow: a rotationally dependent axial mean velocity and a
rotationally dependent mean azimuthal or swirl velocity relative to the rotating
pipe. It is shown that the first feature is well represented by two-dimensional explicit
algebraic stress models but is irreproducible by traditional two-equation models. On
the other hand, three-dimensional frame-dependent models are needed to predict the
presence of a mean swirl velocity. The latter is argued to be a secondary effect which
arises from a cubic nonlinearity in standard algebraic models with conventional near-
wall treatments. Second-order closures are shown to give a more complete description
of this flow and can describe both of these features fairly well. In this regard, quadratic
pressure—strain models perform the best overall when extensive comparisons are made
with the results of physical and numerical experiments. The physical significance of
this problem and the implications for future research in turbulence are discussed in
detail.

1. Introduction

Turbulent flow in pipes has been a popular benchmark case for the testing and
evaluation of both theories and models of turbulence during the past century. One of
the first notable examples was the mixing length theory of Prandtl (1925) which was
partially validated using early turbulent pipe flow data approximately seventy years
ago. Laufer (1954) probably provided the first extensive measurements of the fully
developed turbulence structure in a stationary circular pipe. Then an interest arose
in laminar pipe flow subjected to a spanwise rotation with its associated secondary
flows (Benton 1956). This was of geophysical interest since the Earth’s rotation gives
rise to a spanwise rotation. The turbulent version of this problem later received
considerable attention also (Majumder, Pratap & Spalding 1977; Howard, Patankar
& Bordynuik 1980). This problem is primarily characterized by the development of
a double-vortex secondary flow in planes perpendicular to the axial velocity in the
frame of the rotating pipe. It also has an analogy with flow in a curved pipe (Dennis
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& Ng 1982; Berger, Talbot & Yao 1983). More recently, the problem of turbulent
flow in an axially rotating pipe has come to be of considerable interest. The laminar
counterpart of this problem is not of interest since — relative to the rotating pipe —
the flow is unidirectional with a parabolic velocity profile. Thus, the laminar flow
problem with an axial rotation is identical to its non-rotating counterpart. However,
for fully developed turbulent flow there is a decided difference. Relative to an observer
who is rotating with the pipe, the flow is no longer unidirectional in the mean or
averaged sense. There is a non—zero azimuthal component of the mean velocity that
is present. Thus, there is a secondary flow in the form of a mean swirl velocity. The
continuity equation forces the radial mean velocity to be zero, under fully developed
conditions with azimuthal symmetry, so there is just one other component of the mean
velocity in addition to the axial component. Furthermore, both these components are
rotationally dependent, varying significantly with the rotation rate of the pipe.

The literature contains a number of well-documented experiments which include the
measurements of Murakami & Kikuyama (1980), Kikuyama, Murakama & Nishibori
(1983a), Reich & Beer (1989) and, most recently, those of Imao, Itoh & Harada (1996).
Calculations of this flow, with the use of a variety of turbulence closures, have been
reported by Kikuyama et al. (1983b), Hirai, Takagi & Matsumato (1988) and Malin
& Younis (1997). More recently, direct and large-eddy simulations were conducted
of turbulent flow in an axially rotating pipe, for example by Eggels, Boersma &
Nieuwstadt (1994, see also Eggels & Nieuwstadt 1993) which further illuminated this
flow. In the last year, Orlandi & Fatica (1997) have conducted extensive, well-resolved
direct simulations that are an excellent addition to the published work on this flow.
This problem is of considerable practical importance because of the analogies with
three-dimensional turbulent boundary layers such as those on the swept wings of
aircraft. It is, furthermore, of value in the understanding of swirling flows which have
important applications in combustion as well as in other fields.

In this paper, the analysis and modelling of turbulent flow in an axially rotating
pipe will be presented in detail. The focus will be on the systematic analysis of the
key features of various turbulence models that determine their performance in this
flow. The generators for the principal effects in an axially rotating pipe will be clearly
identified. This flow is rapidly becoming an important benchmark problem for the
verification of turbulence models and hence the present motivation in identifying
the underlying physical processes and examining their consequences for modelling
strategies. It will be shown that traditional two-equation models are fundamentally
incapable of describing this flow as far as its main physical attributes are concerned.
The two most important physical features are a rotationally dependent axial velocity
and the presence of a rotationally dependent azimuthal or swirl velocity in the mean
relative to the rotating pipe. Traditional two-equation models — such as the standard
K—-¢ model — fail to predict both effects. The first effect (the rotationally dependent
axial mean velocity) will be shown to be well described by two-dimensional explicit
algebraic stress models which only have a quadratic tensorial nonlinearity. While
such models, with conventional near-wall treatments, are incapable of describing
the presence of a mean swirl velocity (the second feature mentioned), it is argued
that this is not an extremely serious drawback in that such a mean swirl velocity
only constitutes an effect that is approximately 15% of the axial mean velocity. It
is decisively shown that to predict the presence of a mean swirl velocity for this
flow problem with standard algebraic models, a cubic nonlinearity is needed as has
been argued previously (Wallin & Johansson 1997, see also Wallin & Johansson
2000). On the other hand, second-order closures can predict both effects with a linear
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FIGURE 1. Schematic of turbulent flow in an axially rotating circular pipe.

pressure—strain model (which in the three-dimensional equilibrium limit gives rise to
an algebraic model with a quartic nonlinearity through the algebraic stress model
approximation). However, it will be shown — by making extensive comparisons with
the results of physical and numerical experiments — that quadratic pressure—strain
models perform the best overall. In this regard, calculations with the Launder, Reece
& Rodi (1975) and Speziale, Sarkar & Gatski (1991) models will be presented.
Pettersson, Andersson & Brunvoll (1998) recently demonstrated that cubic pressure—
strain models, despite their complexity, do not perform as well in this problem.
Interestingly enough, Younis, Gatski & Speziale (1996) showed that another problem
with swirl — the swirling free jet — is also better described with a quadratic pressure—
strain model.

Particular attention will be paid to tracing the origins of each of the two central
physical features in an axially rotating pipe in order to gain a better physical insight
into this turbulent flow. Furthermore, detailed model calculations will be presented
and it will be demonstrated that the presence of a mean swirl velocity is a near-wall
effect at high Reynolds numbers (at high Reynolds numbers, in the absence of solid
boundaries, the solution is the same as the inviscid case). Owing to the analogies
that are sometimes made between the laminar flow of a non-Newtonian fluid and the
mean turbulent flow of a Newtonian fluid, the laminar non-Newtonian version of this
problem was also considered, along with the associated questions of invariance which
have considerable relevance to this problem. As stated earlier, this flow is of significant
technological relevance and is one that is becoming an important benchmark case.
This provides the motivation for its study from a theoretical standpoint, something
that has not been done before. The current status of modelling, and the prospects for
future research in turbulence will be thoroughly discussed in the sections to follow.

2. Theoretical background

To analyse flow in an axially rotating circular pipe of radius R, we consider the
Navier—Stokes and continuity equations in a steadily rotating frame — about the axial
direction — written in cylindrical coordinates (see the schematic diagram shown in
figure 1). For the three-dimensional velocity field u = u,(r,0,z,t)e. + uy(r,0,z,t)ey +
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u,(r,0,z,t)e,, they take the form (Batchelor 1967)
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In (1)-(3), P is the modified pressure that contains the centrifugal and gravitational
body force potentials, v is the kinematic viscosity, and £2 = Qe, is the rotation rate of
the frame which is undergoing an axial rotation with the pipe so that there are Coriolis
effects. These equations are solved subject to the no-slip condition u(R,6,z,t) = 0 on
the walls of the pipe. As will be seen later, the analysis of this flow is substantially
simplified by the choice of a coordinate system that rotates with the pipe.

In order to obtain the instantaneous turbulent fields, (1)—(4) must be solved nu-
merically since the turbulence is three-dimensional and time-dependent. The laminar
flow version of this problem has a fully developed unidirectional solution in the form
of a parabolic velocity profile (Batchelor 1967)

= (R =P g

where —G is the constant axial pressure gradient that drives the flow. Thus, this
solution is identical to that in a stationary pipe, as mentioned earlier, which is why
the laminar version of this problem is not of interest. The laminar solution (5) has
been found to be stable provided that the Reynolds number is sufficiently small. No
bifurcation or symmetry breaking bifurcation in the solution has been found at low
Reynolds numbers in the laminar regime.

Since we are interested in the turbulence modelling aspects of this problem, we will
consider the Reynolds-averaged form of the Navier—Stokes and continuity equations
which here take the form (Hinze 1975)
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where an overbar represents a Reynolds-averaged quantity, and 1;; = wu/; is the
Reynolds stress tensor.

While the general problem of a flow in an axially rotating pipe is fully three-
dimensional (in the sense that all three velocity components are finite), we confine
consideration here to the fully developed flow with azimuthal symmetry where the
flow substantially simplifies. Since the geometry and boundary conditions exhibit
azimuthal symmetry, one would expect the mean flow to do the same unless there is
a symmetry-breaking bifurcation, which has not been observed either experimentally
or computationally. Hence, under fully developed conditions we expect there to be
a mean flow solution of the form # = a(r). Then the mean continuity equation (9)
reduces to

tdoa) _ g (10)
rdr

which has the solution
C

i, = 71 (11)
where C; is a constant. The no-slip boundary condition #(R) = 0 — along with the
condition of regularity of the velocity field at r = 0 — yields C; = 0 and, hence,
i, = 0. Thus, & = @y(r)ey + 6,(r)e. and the mean continuity equation (9) is satisfied
identically for a fully developed mean turbulent flow that is azimuthally symmetric.
The Reynolds-averaged Navier—Stokes equations then become, since &, = 0 and
u-v=0,

i oP dr, 1

_7 = _E — W —_ ;(T,,,, — ‘[(.)9) + 2917!0, (12)
u dr, 2

v <V2ﬂ0 - rg) - dre == 0, (13)
oP dr. 1

—E + szaz - % - ;Trz = Oa (14)

where the Laplacian simplifies to

1d d
2—77 R—
v ~ordr (rdr)'

Equation (12) simply sets the radial dependence of the pressure that is needed to
maintain the flow (note that P = P(r,z); dP/0z is a constant). The mean axial and
swirl velocities are obtained from (13) and (14).

From (13) it is clear that a non-zero mean swirl velocity is generated by the shear
component 7,9 of the Reynolds stress tensor which is a source term in this equation.
In order to guarantee that this component is non-zero and that the flow is not
unidirectional — as indicated by experiments — a non-zero 7,y Reynolds shear stress
must be generated by the axial mean velocity i, (r). In more precise terms, a mean swirl
velocity y(r) is generated in a fully-developed axially rotating pipe flow when the axial
mean velocity i, = ui,(r) gives rise to a non-zero Reynolds shear stress 1.9, independently
of the swirl velocity. This proposition is at variance with the commonly held belief
(e.g. Hirai et al. 1988) that adoption of a gradient-type assumption for the turbulent
transport of tangential momentum is responsible for the failure of the standard K—¢
model to generate a non-zero swirl velocity. Hirai et al. arrived at this conclusion by
setting the viscous term in (13) to zero. This is an inappropriate approximation in a
flow such as this one where the viscous term makes an important contribution in the



6 C. G. Speziale, B. A. Younis and S. A. Berger

near-wall region. We further propose that the mean swirl velocity — as well as the axial
mean velocity — will be rotationally dependent if both Reynolds shear stress components
1.9 and t., depend on the rotation rate Q of the pipe. It is clear from (14) that 7,,
serves as a source term for the axial mean velocity. Such a rotational dependence is
expected from the Reynolds stress transport equation although it is often missing in
simpler models such as the standard K—¢ model of turbulence.

Initially we had thought that further light could be shed on this flow by examination
of the analogous problem of laminar, non-Newtonian flow in an axially-rotating pipe.
However, it turns out that a simple non-Newtonian analogy does not provide an
adequate description of this flow (see the Appendix). Adoption of a frame-dependent
model would therefore appear to be essential for the main features of this flow to
be correctly predicted. One has frame-dependent models whenever there is not a
clear-cut separation of scales such as in turbulent flows (Speziale 1998b). The primary
reason that the standard K—¢ model does not provide a good description of this flow
1s that it is frame-indifferent, as will be discussed in the next section.

3. Generators for swirl and a rotationally dependent mean velocity in the
axially rotating pipe

In this section, it will be shown what terms generate a non-zero mean swirl velocity
and a rotationally dependent axial mean velocity in axially rotating turbulent pipe
flow — the two main physical effects in this problem. Use will be made of the results
of the last section where it was shown that a swirl velocity is generated when the
axial mean velocity gives rise to a non-zero Reynolds shear stress 7,4. The axial mean
velocity — along with the mean swirl velocity — will be rotationally dependent if both
7,9 and 1,, depend on the rotation rate 2 of the pipe. Both two-equation models and
full second-order closures will be considered.

3.1. Traditional two-equation models

The standard and nonlinear K—¢ models will be considered in detail. The standard
K—¢ model consists of the eddy viscosity representation for the Reynolds stress tensor
which, in coordinate—free notation, reads

t = 3Kl —2v7S. (15)

where [ is the unit tensor and S is the mean strain rate tensor.
The turbulent kinetic energy K and turbulent dissipation rate ¢ are obtained from
separate modelled transport equations. These equations take the general form

0K 0 (vr oK
41 p-VK =2 — — [ — 16
ot ta-v 8+8x,~<6k8x,~>’ (16)
oe P &2 0 (v Ot
E +u Ve = Cglfy - CSQE + aXi (0; 6)6,‘) ) (17)
where 2 = —rt;;0u;/0x; is the turbulence production and C,, C,, or and o, are

constants. The standard K—¢ model is frame-indifferent, i.e. it takes the same form
in all frames of reference independently of whether or not they are inertial (Speziale
1998b). We will write the Reynolds stress tensor — as well as other tensors — in matrix
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form making use of cylindrical coordinates. Thus, for example,
t=| T Too To: |- (18)

In cylindrical coordinates, the mean rate-of-strain tensor that the axial mean velocity
gives rise to takes the form

B 0 0 ldu/dr
5= 0 0 0 . (19)
lda./dr 0 0

It is clear, therefore, that 7., = —2vrS,y = 0 and the axial mean velocity does not
generate a non-zero Reynolds shear stress. Thus, the standard K—¢ model does not
yield a non-zero mean swirl velocity by virtue of (13), (19) and, as such, is inconsistent
with physical and numerical experiments. Furthermore, since it is frame-indifferent, the
standard K—¢ model does not yield the rotationally dependent axial mean velocity
shown by experiments. These deficiencies will be demonstrated by calculations later.
It is worth noting that these deficiencies are shared by all eddy viscosity models based
on the Boussinesq hypothesis.
The nonlinear K—¢ model of Speziale (1987) takes the form

K2 K3 - =
1) = 3K — 2CH7S,«J» —4CpCr— (SiSkj — §SmmSmdij)

&2
21<3 < 1 <
_4CECH ?(SU -3 Smm 51'}')7 (20)
where, for steady flows,
2 S,  Oujo  Oujo
=1 — 8 — —LSu 21
/ i 6xk 6xk ki 6xk k ( )

is the frame-indifferent Oldroyd derivative of §ij and Cp and Cgp are constants
(Speziale 1987). In coordinate—free notation

K27 K3 . 2K3 o

2 - 2 2
t=3KI—-2C,—S —4CDC58—2[ — $tr (8] —4CECHST[S —tr(SH,  (22)

3
where tr (+) denotes the trace. It is a simple matter to show that the axial mean velocity
yields

, % (di./dr)” 0 0
S = 0 0 0 (23)
0 0 %(dﬁz /dr)
and
0 0 du,/dr
Va=1 0 0 0 . (24)
00 0
From (21), the axial mean velocity gives rise to
. 0 0 0
s=| 0 o© 0 . (25)

0 0 —(da/dr)’
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It is thus clear from (19), (22), (23) and (25) that 7,y = 0 and the nonlinear K—¢ model
does not generate a non-zero mean swirl velocity. Furthermore, since it is frame-
indifferent (Speziale 1998b), the nonlinear K—¢ model does not predict a rotationally
dependent axial mean velocity, since 7., is independent of Q, in contradiction to
experiments. Thus, the standard and nonlinear K—¢ models — like all traditional two-
equation models with conventional near-wall treatments — are incapable of predicting
the main physical features of turbulent flow in an axially rotating pipe. The nonlinear
K—-¢ model was developed relative to material frame—indifference in the limit of two-
dimensional turbulence. Since it is an algebraic model, the model exactly satisfies
material frame—indifference in the limit of two-dimensional turbulence. That is why
the Oldroyd derivative is present. This constraint is far too severe in the context of
practical closure models and hence an alternative form such as the explicit algebraic
stress model (presented below) is a far better alternative, even though it collapses
to the nonlinear K—¢ model for certain basic flows in an inertial frame (Gatski &
Speziale 1993). Frame-dependent terms are needed to describe the axially rotating
pipe. In the next section illustrative calculations will be provided that demonstrate
these points.

3.2. Explicit algebraic stress models

In this subsection we present an analysis of explicit algebraic stress models obtained
from the Reynolds stress transport equation by solving the implicit algebraic equations
that result from the algebraic stress model approximation for equilibrium turbulent
flows (Gatski & Speziale 1993). They are in the resultant form of anisotropic eddy
viscosity models with strain-dependent coefficients. The specific form of the explicit
algebraic stress models, for two-dimensional mean turbulent flows, is

3 K2 K3 - —
3o tee M Sij + 00— (SuWij + 5 W)

3
5y (SiSkj — 1Sk Skedij) | » (26)

2
‘L'ij = gK(S,'j— 7

where oy, and o3 are constants. More specifically,
oy = (% —CG)g, wm= %(% —C)(2—Cyg? w3 = (% — )2 - Gy)g?,

P - los K — — o K (27)
= l(j *—1 :**3* S,”Si'l/z :*2* Wi'Wi‘l/z
g (2 1+8 s 20(18(11) s 5 0618( j ]) 5

and 2/¢ is usually specified to be 1 in wall-bounded turbulent flows. Here,

— 1 [(ou; Odu;j C,—4
le - P (an 8x,-> + <C4 — 2) emﬂQma (28)
where e; is the permutation tensor and C;—Cy4 are constants in the pressure-strain
model that will be discussed later. For the SSG model, the coefficients C;—C,4 take
on the respective equilibrium values of 4.80, 0.36, 1.25 and 0.40. Explicit algebraic
stress models are formally two-equation models since they are solved with modelled
transport equations for K and ¢ that are of the same form as (16) and (17).
Since the strain-dependent expression in (26) is formally derived for turbulent flows
that are in equilibrium, a singularity can arise in this coefficient in non-equilibrium
turbulent flows through the vanishing of its denominator. Gatski & Speziale (1993)
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proposed the simple regularization

3 ~ 3(14+14%)

3=+ 3402 4687 + 68
based on a Taylor expansion (more recently, Speziale & Xu 1996 considered regular-
ized expressions via a Padé approximation that have some limited consistency with
rapid distortion theory). This expression is approximately equivalent to the original
expression for turbulent flows close to equilibrium — where it formally applies — and

is regular and computable for all values of n and £. With this regularization, the
explicit algebraic stress model (26) takes the coordinate—free form

(29)

3(1 472 K?_ K3 ___ _ _
= 2KI — —S8 —(SW-ws
TS St treepren M S TRy )
K3 =2
IR ):)} . (30)
The axial mean velocity gives rise to the following values of W':
o 0 —oaQ —%daz/dr
w= o2 0 0 , (31)
idu./dr 0 0
where o = (C4 — 4)/(C4 — 2). Therefore, the axial mean velocity yields the result
! (da. /dr)? 0 0
SW-WS = 0 0 —jo0Qdu./dr | . (32)
_ _ 2
0 —%ochuz/dr —% (duz/dr)

An examination of (19), (23), (32) — in the light of (30) — establishes that 7,y = 0.
Hence, since the two-dimensional explicit algebraic stress model does not generate
a non-zero Reynolds shear stress 7,9 there will be no mean swirl velocity. However,
unlike the standard and nonlinear K—¢ models, it does predict a rotationally dependent
axial mean velocity, which is the more significant effect. Since

3o (1 + 1%) K2 da.
Tz = — TR (33)
234+ n2 4+ 6&2n2 +6&2) ¢ dr
where
12
_ L wKde mK (L
n_2\/§aledr’ oy |2\ dr ’

it is clear that t,, — and, hence the axial mean velocity by virtue of (14) — will be
rotationally dependent since it depends explicitly on  through ¢. In the next section,
we will show illustrative calculations of this effect.

Although the explicit algebraic stress model (26) is formally derived for two-
dimensional mean turbulent flows, it is often applied to three-dimensional flows
(like the rotating axial pipe), sometimes with good results. The three-dimensional
form of the explicit algebraic stress models is much more complicated. It takes the
coordinate—free form (Pope 1975)

b'=> GT" (34)
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where T are the integrity bases given by

TV =5, TO —W§ +SW - 2F W),
T(2 3 W* . W*g*’ T(7) _ W*g*w*z B W*zg*w*’
TO 87U, TV —SWET 57w, (33)

TO =W’ LW, 1O =Ws 487w’ - 257w,
TO=WS’-8°W, T =WSs W’ -W’s"W,

where {-} denotes the trace. Here,

. [Ci=2) (z; —3K0dy)
— K _
Sij = %g?(2 —G)Sij, (37)
J—— K .
Wij = %g?(z - C4)Wija (38)

and thus S and W~ are directly proportional to S and W so it is only necessary to
consider the latter terms. The solution for the coefficients is given by (see Gatski &
Speziale 1993)

G = —1(6 — 3 — 21, — 213 4+ 30n4)/D, G = —9/D,

G = —(3+3n; — 612 + 213 + 614)/D, G =9/D,

G® = (6 —3n; — 121, — 293 — 6n4)/D, G® =9/D, (39)
G® = =33 + 205 + 614)/D, G = 18/D,

G = —9/D, G119 = 0,

where the denominator D is
D =3—In +ni—Snm—8nn+3n3 —ns + 3nns
—2non3 + 2104 + 24ns + 21104 — 61214 (40)
and
m=1{8" m={W" m={8") m={W n={"W"

The axial mean velocity gives rise to

—4(du. /dr) —a?Q? 0 0
W = 0 —20Q2  —laQdu./dr |. (41)
_ _ 2
0 —%ochuZ/dr —%(duz/dr)

Hence, this quadratic generator, like the other quadratic terms, does not contribute a
non-zero value to 7,9, and thus will not lead to a mean swirl velocity. However, such
an effect does come in at the cubic level. In the cubic generator in (35) the axial mean
velocity gives rise to the matrix:

0 150 (di./dr)* 0

WS —SW=| lyo(da/dr) 0 0 - (42)
0 0 0
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The resulting non-zero value for 7,9 will generate a mean swirl velocity. The same is
true of the other cubic generator, since it is

WS+SW =
1 /dw.\*  1/da.\’ 1, ,da.
0 ‘4“Q(dr> ‘4<dr>‘z°‘9dr
Lo (9% 2 0 0 (43)
_7a .
4 dr
1/da.\> 1, ,di.
_4<dr> BT 0 0

On the other hand, it can be shown that the quartic terms — embodied by T) —T® in
(35) — do not give rise to a non-zero shear component (the quintic term represented by
TU9 has a coefficient that is zero). Thus, it can be concluded that a mean swirl velocity
arises from a cubic nonlinearity in conventional explicit algebraic stress models. This
is consistent with the results of Wallin & Johansson (1997). In fact, Craft, Launder
& Suga (1993) developed a cubic algebraic model to better describe swirling flows.
However, their model suffers a certain basic inconsistency which argues against its
use in general flows (Speziale 1998a).

3.3. Second-order closure models

Second-order closure models are based on the Reynolds stress transport equation
which, in a rotating frame, takes the form

_ (?‘L'ij aﬂ] aa, acijk 2
= —Tp—> —Tijk— Hl.._'lu_i Vv i
ik 6xk Tk@xk Tk 8xk + / i 6xk T tij
_Zemkimejk - 2emkamTik (44)

for statistically steady flows, where again @, is the angular velocity of the reference
frame relative to an inertial frame and e;; is the permutation tensor. Here,

ou. ou';
I, =p i I, 45
=P <8xj + 8x,~> (45)
ou’ ou'.
i = 2 ! 71, 46
& v 0Xk 8xk ( )
Cijr = wudjuy + pUdj + P i, (47)

are, respectively, the pressure—strain correlation, dissipation rate tensor and turbulent
diffusion correlation.

In order to achieve closure of the Reynolds stress transport equation (44), models
are needed for:

(a) the pressure—strain correlation, I1;;;

(b) the dissipation rate tensor, &;;

(c) the turbulent diffusion correlation, Cijj.

Usually, the Kolmogorov assumption of local isotropy is invoked whereby at high
Reynolds numbers it is assumed that (Hinze 1975)

&jj = 2851‘]; (48)

3

where the turbulent (scalar) dissipation rate ¢ is obtained from a modelled transport
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equation of the same general form as (17). The pressure-strain correlation IT;; is
modelled in an algebraic form based on a simplified analysis of the Poisson equation
for the pressure (Reynolds 1987). In the Launder et al. (1975) model the following
linear form is chosen:

Hij = _Clgbij + C2K§ij + CSK(bikEjk + bjkgik - %bmngmnéij)

+CaK (bW o + by Wy) (49)
where
po o= T~ K9y
Y 2K ’ (50)
C, =30, C,=08 C3=175 C4=1.31
and, here,
— 1 (on; Ou;
ij = A — m‘iQm 51
Wi 2<axj axi>+ef 1)

is the absolute mean vorticity tensor which, in this flow, has the following non-zero
components:

20r \ r

Launder et al. in fact proposed two different variants for the linear model: a quasi-
isotropic (QI) representation and a much simpler isotropization-of-production (IP)
form in which only the leading term of the QI version was retained. Hirai et al. (1988)
used the QI model to predict the fully developed flow in an axially rotating pipe
with apparent success. However, those authors did not include in their computations
the wall-damping terms that are required for the Launder et al. models to return
approximately correct relative stress levels in the local equilibrium region near a solid
wall. The need for such terms to correct the Launder et al. models in wall-bounded
flows is well documented in the literature. In a recent study Malin & Younis (1997)
found that the QI model, when properly used in conjunction with wall-damping terms,
yields predictions for the axially-rotating pipe flow that are seriously at variance with
measurements. In this study, we shall confine consideration to the IP model, which
we will use here with the wall-damping terms proposed by Gibson & Launder (1978).

An alternative formulation to the linear one of Launder et al. is that of Speziale,
Sarkar & Gatski (1991) (SSG) which is based on the quadratic form

IT;; = —(Cie + C;P)by; + Cse (byby; — Lbisbisdy) +(C, — G311, K,
+C3K (buSj + bjSi — 2bisSksdi;) + CaK by W j + b W i), (52)
where

Ci =34, C' =180, C;=42, C,=08,
(53)

C; = 130, C3 = 125, C4 = 040, IIb = bijbij-

Notice that in the SSG model the rapid part of the pressure—strain correlation is tenso-
rially linear. By definition, the rapid pressure—strain correlation is linear in the energy
spectrum tensor and, hence, linear in the Reynolds stress tensor (Reynolds 1987).
One of the advantages of the SSG model is that it can be applied to wall-bounded
geometries without wall reflection terms (Abid & Speziale 1993). The coefficients
C; and C, in the explicit algebraic stress model (26) are the equilibrium values of
Ci+C;{#?/e and Cz—Cg‘II,f/z; C; and C4 are the same as those given in (53). In the last
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decade, cubic models in b;; have been proposed (see e.g. Fu, Launder & Tselepidakis
1987 and Ristorcelli, Lumley & Abid 1995). However, in most instances they do not
perform any better. This will be discussed in more detail in the next section.

The Daly & Harlow (1970) model is used for the turbulent diffusion terms since it
is the simplest such model. This diffusion model takes the form

K 61,~
Cijk = _Csztkmai;> (54)
where the coeflicient C, ~ 0.22. Henceforth, we use the notation
0C;;
Dy = — ffk. (55)
OXk

Since @ = uy(r)ey + . (r)e, it follows that #-V = 0. Furthermore, at high Reynolds
numbers, the molecular diffusion terms can be neglected in the Reynolds stress
transport equation (44) and the Kolmogorov assumption of local isotropy can be
implemented as given in (48). This yields, from (44), the following transport equation
for the Reynolds shear stress 7,4, that the axial mean velocity #.(r) gives rise to:

II,¢ + @r() - 2Q(Trr - 700) =0. (56)

The last term in this equation comes from Coriolis effects, and viscous effects have
been neglected for simplicity which can be done at high Reynolds numbers. The
leading-order term for I1,y is the return-to-isotropy term — the first term in (49) and
(52) — which takes the form

T,
I,y = _Clszzz (57)
and is present in all second-order closure models. Hence,
C18 R
2 = Y + 2.9 — 2Q(t., — 00, (58)

where I1 i(]R) is predominantly the rapid part of the pressure—strain correlation which
also contains the nonlinear part of the slow pressure—strain correlation (Reynolds
1987). Now, 1, and 79y are two of the principal components of the turbulent kinetic
energy

K = %(‘C,r + Too + Tzz)a (59)

which is non-zero in any pipe flow. Therefore, 7, and 14y are non-zero. Furthermore,
they are not equal since pipe flow is known to be anisotropic (all of the components
of the turbulent kinetic energy in (59) are unequal except near the centreline of the
pipe (Hinze 1975)). So from (58) a non—zero value of 7,y will be predicted yielding
a mean swirl velocity #iy that is rotationally dependent. Thus, a non-zero mean swirl
velocity will be predicted in axially rotating pipe flow by virtually all existing second-
order closures by the presence of Coriolis terms. The simplified Launder et al. model
(the IP model) yields t,, = 79y outside the near-wall region of the pipe so that the
mean swirl velocity arises exclusively from wall reflection terms. Since from (44) it
follows that Cre

1¢

2K
it is clear that 7,, will depend on Q since 7y, is non-zero, as we will see later. Therefore,
all second-order closure models predict the rotationally dependent axial mean velocity
which is observed experimentally. While virtually all second-order closures can predict
the two main physical features of turbulent flow in an axially rotating pipe, the quality

Trz = H;(f) +9, + 29’592; (60)
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of the predictions can vary — particularly depending on what pressure—strain model
is chosen. In the next section, we show that quadratic pressure—strain models perform
the best overall in comparison with experimental data.

4. Tllustrative calculations

Calculations will be presented relative to both the rotating frame of the pipe and
the inertial frame since the latter was used in previous studies (the former, however,
greatly simplifies the analysis). Since high Reynolds number flows will be considered,
the solutions will be matched to the law of the wall in order to avoid the ambiguities
of near-wall modelling. Support for the use in this flow of the conventional log law
(suitably extended by reference to the resultant relative velocity and wall shear stress
vectors) is provided by the measurements of Kitoh (1991) obtained in a swirling flow
in a straight pipe at high Reynolds number. Here, we deduce the resultant wall shear
stress from the extended log law and obtain its axial and tangential components —
to provide boundary conditions for the velocity components in the same directions —
by direct resolution (Gibson & Younis 1986). The mean swirl velocity in the inertial
frame is given by

U@ =g + Qr, (61)
where #iy is the mean swirl velocity relative to the rotating frame. Thus, when there is
the absence of a mean swirl velocity relative to the rotating frame, its profile is linear
relative to the inertial frame. The axial mean velocity is the same in both reference
frames (i.e. U. = ii.) since ii. = ii.(r) and 2 = Qe..

In figure 2, the predictions of various models for the axial mean velocity and
Reynolds shear stress in a stationary circular pipe at a high Reynolds number are
shown as a benchmark and compared with the measurements of Imao et al. (1996)
for a Reynolds number (based on bulk axial mean velocity and pipe radius) of 10000.
(The variable-coefficient SSG model is a non-equilibrium version of this model that
has recently been developed; it was ultimately abandoned since it does not appear to
make much of a difference in pipe flow). It is clear that all of the models predict the
characteristic (flat) turbulent mean velocity profile reasonably well which becomes
more pronounced at higher Reynolds numbers. In figure 3, the predictions of several
two-equation models for the axial mean velocity in an axially rotating pipe are
displayed for a non-dimensional rotation rate of N = 0.5 and compared with the
experimental data of Imao et al. (1996) as well as with the predictions of several
second-order closures. Here,

QR

N= Uy’ (62)
where U, is the bulk axial mean velocity. It is clear from these calculations that,
consistent with the results derived in this paper, the K—& model does not respond to
the rotation, incorrectly yielding a mean velocity that is independent of the rotation
rate of the pipe (the nonlinear K—¢ model yields similar results which are not shown
for simplicity). On the other hand, the two-dimensional explicit algebraic stress model
based on the SSG model (Gatski & Speziale 1993) responds to the rotation and
predicts a reasonably good axial mean velocity in agreement with experiments as
shown in figure 3. However, all of these two-equation models predict that the mean
swirl velocity iy is zero relative to the rotating pipe.

Although the two-dimensional explicit algebraic stress model does not predict the
presence of a mean swirl velocity relative to the rotating pipe, it is not that serious from
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FIGURE 2. Turbulent flow in a stationary circular pipe: comparison of the predictions of various
models with experimental data (EASM denotes the explicit algebraic stress model). (a) Axial mean
velocity and (b) Reynolds shear stress. Data of Imao et al. (1996).
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FIGURE 3. Predictions of various two-equation models and second-order closures (LRR is the
Launder et al. 1975 model) for the axial mean velocity in axially rotating pipe flow. Comparisons
are made with the experimental data of Imao et al. (1996).
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an engineering standpoint. This mean swirl velocity only constitutes approximately
a 15% effect, relative to the axial mean velocity, as shown in figure 4(a), when the
measurements are taken relative to the rotating pipe and normalized by the bulk axial
mean velocity. It appears to be deceptively large when measurements are taken relative
to the inertial frame — and normalized in the traditional way with respect to QR —
because of the angular velocity of the pipe (see figure 4b). Since the two-dimensional
explicit algebraic stress model does a good job in predicting the crucial axial mean
velocity (there is only approximately a 7-8% error), it is adequate from an engineering
standpoint yielding results that are overall only in error of the order of 10%.

In figure 5, it is shown that with a three-dimensional explicit algebraic stress
model it is possible to predict the presence of a mean swirl velocity along with a
rotationally dependent axial mean velocity. For this purpose, calculations are taken
from Wallin & Johansson (1997) where comparisons were made with the experimental
data of Imao et al. (1996). However, the three-dimensional model used by Wallin &
Johansson (1997) only has one of the two cubic generators discussed earlier in §3.3.
This is probably why the specific quantitative agreement is not particularly close (it is,
however, fairly good from a qualitative standpoint). We will not present calculations
for the full three-dimensional explicit algebraic stress model (Gatski & Speziale 1993)
because it is extremely complicated and is in need of regularization which is not
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FIGURE 5. Predictions of the cubic algebraic models of Wallin & Johansson (1997) for the mean
velocity in an axially rotating pipe compared with the experimental data (@) of Imao et al. (1996).
(a) Axial mean velocity and (b) mean swirl velocity relative to the inertial frame. Taken from Wallin
& Johansson (1997).

as straightforward as in the two-dimensional case. As mentioned earlier, Craft et al.
(1993) developed a cubic algebraic model in order to better describe swirling flows.
The results obtained for the axial mean velocity and mean swirl velocity — relative
to the rotating pipe — obtained from second-order closures are displayed in figure 6
side by side for the axially rotating pipe (N = 0.5). The mean swirl velocity given
in the conventional way relative to the inertial frame is shown in figure 7. Again
comparisons are made with the experimental data of Imao et al. (1996). In figures 8
and 9, the associated Reynolds stresses are provided in detail. Both the Launder et al.
(1975) model and the SSG model of Speziale et al. (1991) are displayed along with the
results of the standard K—¢ model. It is clear from the results for the mean velocity
that the Launder et al. model is able to predict both mean effects reasonably well in
an axially rotating pipe while the SSG model yields results that are even better. This
is generally consistent with our earlier analysis in § 3.3. It should be remembered that
second-order closures are equivalent to an algebraic model with a quartic nonlinearity
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when the algebraic stress model approximation is made in three dimensions (Gatski
& Speziale 1993). This explains why both three-dimensional explicit algebraic stress
models and second-order closure models do well. The experimental data for the
Reynolds stresses — except for the crucial Reynolds shear stress t,, that drives the
flow — is probably not that accurate.

These calculations were repeated for the more rapid rotation case of N = 0.71.
Both the Launder et al. model and the SSG model were considered and comparisons
were made with the large-eddy simulations of Eggels et al. (1994) (comparisons were
not made with the direct simulations because of the large disparity in the Reynolds
numbers: the Reynolds number of the large-eddy simulations was 59 500). In large-
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eddy simulations, the full Navier—Stokes equations (1)—(3) are solved numerically with
a subgrid-scale stress model. In figure 10a,b the axial mean velocity and mean swirl
velocity relative to the inertial frame are displayed. The Reynolds stresses are not
compared in detail due to the problem of defiltering that leads to uncertainties. It
appears, however, from the mean velocities that there is no question that second-order
closure models provide a good description of this flow (the results of the SSG model
are excellent). Furthermore, it is clear from these results that quadratic pressure—strain
models — as embodied by the SSG model — perform the best overall consistent with
the recent calculations of Pettersson et al. (1998).

It should be noted that the profile for 7,y is such that the values for the Reynolds
shear stress are zero except close to the wall. From (13) it is clear that in the inviscid
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FiGure 10. Comparison of the predictions of various second-order closure models and the K—¢
model for the mean velocity in the axially rotating pipe with the large-eddy simulations of Eggels
et al. (1994). (a) Axial mean velocity and (b) the mean swirl velocity relative to the inertial frame.

limit — which is a valid approximation for the case of high Reynolds number flows
except for those close to a wall — we have

dr, 2
4, =0, (63)
dr r
which has the solution
constant
Ty = S (64)

Regularity of the solution at the centre of the pipe requires that the constant be zero
and, thus,

Tro = 0, (65)
so that 7,y can only be non-zero in the near-wall region (Yakhot, Private Communica-
tion). This is a somewhat surprising result that will be demonstrated by calculations.
Since 1,9 is the generator for a mean swirl velocity, we can conclude that a non-zero

mean swirl velocity arises largely from near-wall effects in a high-Reynolds-number ax-
ially rotating pipe flow. This is illustrated in figure 11 where the Reynolds number
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FIGURE 11. Predictions of the SSG model for the Reynolds shear stress 7,9 in the axially rotating pipe.
The Reynolds number is successively raised starting from the value of the large-eddy simulations
(LES) of Eggels et al. (1994).

was successively raised starting from the value of the large-eddy simulations. Clearly,
from these results, 7,9 goes to zero as Re — oo consistent with these theoretical re-
sults. Furthermore, these results demonstrate the difficulty of large-eddy simulations
in accurately determinating the Reynolds stresses (notice in figure 11 the waves in the
profile of the Reynolds shear stress obtained from the large-eddy simulations).

Note that formally the solution of the modified Helmholtz equation (13) for the
mean swirl velocity can be written as

1 d
iy z/G(x,x/) — (7 ,9) X (66)
R vi'2 dr!

plus surface terms (where R is the region of the pipe and G(x,x') is the Green’s
function). Here, the Green’s function (Morse & Feshbach 1953) is such that

G(x,x') ~ | (67)

x—x|

so that even though 1,9 is confined to the near-wall region #, will be non-zero
throughout the pipe consistent with experimental observations (see the experimental
data illustrated in figure 4). Thus, in principle, a non-zero mean swirl velocity can
be predicted by the K—¢ model if a more sophisticated near-wall treatment is im-
plemented, namely one that predicts a non-zero 7,9 in the near-wall region. While it
may not be desirable to do this, it is, in principle, possible. Of course, any standard
near-wall treatment in conventional two-equation models will yield 7, — and, hence,
1y — equal to zero as discussed earlier.

According to the Taylor—Proudman theorem, a flow will two-dimensionalize when
subjected to a rapid rotation (Tritton 1977). This will also tend to cause the flow to
laminarize, which explains why the axial velocity profiles become more laminar-like
when there is a discernible rotation. This effect can be observed in figure 3 and
figure 10. The development of a turbulence model that is fully consistent with the
Taylor—Proudman theorem is a very challenging undertaking that has not yet been
fully achieved (Speziale 1998b). It also requires a modification in the dissipation rate
equation to account for rotational effects (Speziale & Gatski 1997). Rotations disturb
the energy cascade causing the dissipation to be reduced.



Turbulent flow in an axially rotating pipe 23

Finally, some comments are warranted concerning the possible development of a
symmetry-breaking bifurcation (i.e. a bifurcation where there can be an azimuthal
dependence) in the axially rotating pipe. A non-zero mean swirl velocity could develop
in simple turbulence models through the breakdown of azimuthal symmetry in the
Reynolds-averaged equations — i.e. through a symmetry-breaking bifurcation. This
would cause there to be a non-zero 0P /90 that could then generate a non-zero mean
swirl velocity in (7). The possible development of a symmetry-breaking bifurcation
was tested for computationally. No such bifurcation was found. Whenever a non-zero
mean swirl velocity was added, without assumed azimuthal symmetry, it decayed to
zero. This was done in the standard two-equation models (i.e. the K—& model) as well
as in the two-dimensional explicit algebraic stress model. Thus, it does not appear
that a mean swirl velocity can be generated in these models by such a bifurcation.

5. Conclusion

Both the analysis and modelling of turbulent flow in an axially rotating pipe have
been considered in depth. Four major conclusions have been arrived at:

(i) The two major effects in this flow — a rotationally dependent axial mean velocity
and the presence of mean swirl velocity relative to the rotating pipe — cannot be
predicted by traditional two-equation models such as the standard K—¢ model with
conventional near-wall treatments.

(i) Two-dimensional explicit algebraic stress models are able to predict the first
effect — namely a rotationally dependent axial mean velocity — quite well from a
quantitative standpoint. However, they are unable to predict the presence of a non-
zero mean swirl velocity — approximately a 15% effect — when conventional near-wall
treatments, such as those used in the K—¢ model, are implemented. This effect,
however, can be predicted by three-dimensional explicit algebraic stress models where
it arises from a frame-dependent cubic nonlinearity. There is a problem, however, in
that these models erroneously predict that 7,9 is non-zero in the inviscid limit, which
is the same as the high Reynolds number limit, whereas 7,y = 0 according to (13)
when v goes to zero (this means that the model will yield incorrect predictions at
high Reynolds numbers when there are no walls).

(iii) Second-order closure models provide a good description of this flow, in that
the two principal effects discussed above can be described by virtually any second-
order closure, since they arise from Coriolis effects which are automatically present in
these models. Quadratic pressure—strain models — as embodied by the SSG model —
performed the best overall when detailed comparisons were made with experiments.
The Launder et al. model — with its linear pressure—strain — yields a reasonably good
description of this flow, but does not perform quite as well.

(iv) The presence of a mean swirl velocity is generated by a non-zero Reynolds
shear stress 7,9 which, at high Reynolds numbers, is confined to the near-wall region.
Thus, even though its effects are felt throughout the pipe, the generation of a non-zero
mean swirl velocity is largely a near-wall effect at high Reynolds numbers. Hence, it is
possible to predict this effect at high Reynolds numbers with traditional two-equation
models if a more sophisticated near-wall treatment that predicts a non-zero 7,9, consis-
tent with experimental observations, is implemented. However, it may be undesirable
to do so, particularly to be able to properly describe low Reynolds number turbulence.

There is no question that three-dimensional frame-dependent models are needed
to adequately describe turbulent flow in an axially rotating pipe. These can be
either three-dimensional algebraic models with a cubic nonlinearity or full second-
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order closures, although there are some problems with the former. Most existing
second-order closure models have pressure—strain that have been developed for two-
dimensional mean turbulent flows that are close to equilibrium. This is decidedly
the case in the SSG model and is implicit in the Launder et al. model. However,
since second-order closures contain production and Coriolis terms — which are exact
terms that account for three-dimensional effects — they can be applied to this three-
dimensional problem. Furthermore, it should be noted that if a more sophisticated
near-wall modelling approach is used to predict this flow with simpler two-equation
models it must account for three-dimensional frame-dependent effects. This transcends
the issue of non-alignment of stress and strain which requires the use of anisotropic
eddy viscosity models, at the minimum, to obtain a good description of this flow.
Three-dimensionality as well as anisotropy is needed. This is lacking in most simple
turbulence models. The problem of turbulent flow in an axially rotating pipe is one
of the simplest three-dimensional turbulent flows that can be constructed and yet, as
shown in this paper, is one that poses a severe test for current turbulence closures.
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residence at ICASE-NASA Langley Research Centre. We are grateful to Professor
M. Y. Hussaini who, as the then Director of ICASE, made this work possible. The first
author (C.G.S.) was supported by the Office of Naval Research under Grant N00014-
94-1-0088 (ARI on Nonequilibrium Turbulence, Dr L. P. Purtell, Program Officer).
Our appreciation goes to Dr V. Y. Yakhot (Boston University) for several helpful
comments and to Professor S. Imao (Gifu University) for providing us with tabulated
experimental data.

Appendix

We briefly discuss here the laminar non-Newtonian version of this problem. For
laminar non-Newtonian flow, the equations of motion for the axially rotating pipe —
under fully developed conditions with azimuthal symmetry — take the form

u2 oP dt,].\,]. 1
—0 = T — S () — ) + 20w, (A1)
2 MH dt% 2 N
(=) 220 =
OP de¥ 1
O v - Ly (3)
z dr r

where ¢, ¢, Y, and Y are components of the kinematic form of the non-Newtonian

rro

viscous stress tensor t[j. Here, the total stress t;; is given by

ou;  Ou;
ti; = —pdi; + u (ax; + axji> — pt], (A4)
where u is the dynamic viscosity and p is the dynamic pressure (v = u/p and P = p/p
given that p is the mass density which is constant). Equations (A 1)—(A 3) are identical
in form to (12)—(14). That is why analogies are often made between the laminar flow
of a non-Newtonian fluid and the mean turbulent flow of a Newtonian fluid (and,
hence, between the velocity # and the mean velocity u as well as between the non-
Newtonian viscous stress tensor t,f}’ and the Reynolds stress tensor 7;;; see Rivlin 1957;
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Hinze 1975). The slow steady flow of dilute non-Newtonian fluids can be described
by the Rivlin—Ericksen fluid model for which

N M+1 M 2
ty = oAy T+ aan A+ e Al

(A3)

where oy are coefficients and AEJM )is the Mth Rivlin-Ericksen tensor that is obtained
from a recursion relation which, for steady flows, is given by (Eringen 1967)

du du
M+1) _ g 4(M) (M) OUy (M) Oy
Ajj =u-VA; + Ay —axj + Ay . (A6)
with
A =28 (AT)
given that
1 Gui 61/!]'
== A
SJ 2 ((%cj + 8x,~> ( 8)

is the rate-of-strain tensor. They are obtained for general simple fluids by an expansion
(Truesdell & Noll 1965). The Rivlin—Ericksen fluids are known to have unidirectional
flow solutions in a stationary straight pipe where u = u,(r)e, so that t¥ is zero
(Truesdell & Noll 1965; Schowalter 1978). They are frame-indifferent, so solutions
for tf]V- are independent of Q (Truesdell & Noll 1965). Thus, no swirl velocity will be
present in an axially rotating pipe and the axial mean velocity will be rotationally
independent.
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