
International Journal of Rotating Machinery
1999, Vol. 5, No. 2, pp. 117-122

Reprints available directly from the publisher
Photocopying permitted by license only

(C) 1999 OPA (Overseas Publishers Association) N.V.
Published by license under

the Gordon and Breach Science
Publishers imprint.

Printed in Malaysia.

Secondary Flow Phenomena in an Axially Rotating Flow
Passage with Sudden Expansion or Contraction*

SHUICHI TORII a’t and WEN-JEI YANGb

Department of Mechanical Engineering, Kagoshima University, 1-21-40 Korimoto, Kagoshima 890, Japan," L’Department of
Mechanical Engineering and Applied Mechanics, University of Michigan, Ann Arbor, MI 48109, USA

(Received 24 April 1998," In finalform 9 June 1998)

This paper investigates rotational effects on secondary flow in rotating flow passages with
sudden expansion or contraction. Consideration is given to laminar flow. The governing
boundary-layer equations are discretized by means of a finite-difference technique and
numerically solved to determine the distributions of velocity vector under the appropriate
boundary conditions. TheReynoldsnumber (Re) and rotation rate are varied to determine their
effects on the formation ofsecondary flows. It is disclosed from the study that: (i) when laminar
flow is introduced into an axially rotating pipe with expansion, the stretch ofthe secondary flow
zone is amplified with an increase in the rotation rate and Re, and (ii) in contrast, for axially
rotating pipe flows with contraction, the secondary flow region is somewhat suppressed due to
pipe rotation, and the change is slightly affected by the rotation rate and Re. Results may find
applications in automotive and rotating hydraulic transmission lines.

Keywords." Secondary flow, Rotational effect, Sudden contraction/expansion of flow passage,
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INTRODUCTION

The convective heat transfer in swirling flows is
often encountered in chemical and mechanical
mixing and separation devices, electrical and
turbo-machinery, combustion chambers, pollution
control devices, swirl nozzles, rocketry, and fusion
reactors. In these flow fields, the heat transport
phenomena in connection with the flow are

substantially influenced by the centrifugal force
induced by the swirl. In other words, the transport

phenomena of heat and momentum are suppressed
or promoted by centrifugal force associated with
the swirl.
The flow in an axially rotating pipe is related to

flows such as the inlet part of fluid machinery,
rotating heat exchangers and cooling systems of
rotors. The effects of pipe rotation on flow have
been studied by several investigators (for example,
White, 1964, Nagib et al., 1971). Murakami
and Kikuyama (1980) measured the velocity pro-
file and hydraulic loss in a hydrodynamically
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fully-developed flow region of a rotating pipe. It
was disclosed that pipe rotation suppresses both
turbulence and hydraulic loss and that the stream-
wise velocity profile is gradually deformed into a

parabolic form with an increase in its speed.
Kikuyama et al. (1983) calculated the variation of
streamwise velocity profiles in the fully-developed
region of the rotating pipe using a modified mixing
length theory. Hirai and Takagi (1988) performed
the experimental and theoretical study to determine
the effects of pipe rotation on fluid flow and heat
transfer in a thermally and hydrodynamically fully-
developed flow region. Fluid flow and heat transfer
characteristics in the thermally and hydrodynami-
cally developing and fully-developed regions of an
axially rotating pipe were investigated by Torii and
Yang (1995a,b) using the existing k-e turbulence
models in which they are modified to include the
swirling effect.
Yamada and Imao (1980) and Kikuyama et al.

(1983) measured the streamwise velocity and
hydraulic loss in a saturated downstream region
of an axially rotating pipe in which a fully-
developed laminar flow was introduced. It was
disclosed that the hydraulic loss and the flow
instability are induced due to the pipe rotation
and that as its speed increases, the streamwise
velocity approaches the turbulent one. This trend
is in prominent contrast to that of the turbulent
swirling flow in a rotating pipe. Velocity profiles in
the laminar developing region of a rotating pipe
were analyzed by Lavan et al. (1969), Mizutani et al.
(1987) and Imao et al. (1989).

In many practical engineering applications, the
working fluid in the rotating machinery flows in
passages with sudden expansion or contraction.
In order to understand transport phenomena in
such passages, it is necessary to investigate the fluid
flow in the axially rotating passages with sudden
expansion or contraction, because the separation
region exists in the expansion or contraction region.
A detailed information on the flow, heat and mass

transfer in the separation region is of great
importance for many engineering applications.
To the authors’ knowledge, there is no experimental

data pertinent to flow characteristics such as the
velocity distribution for the axially rotating pipe
flow case. In contrast, numerical studies have been
conducted to determine fluid flow induced by the
axial rotation of the pipe with sudden expansion or

contraction.
This paper treats the fluid transport phenomena

in the axially rotating pipes with sudden expansion
or contraction. Emphasis is placed on Reynolds
number (Re) and rotation rate on the formation of
secondary flows. A numerical method is employed
to determine velocity profiles.

NUMERICAL ANALYSIS

Consider a steady incompressible laminar flow
through a pipe with sudden expansion or contrac-

tion, which rotates around the axis. The physical
configuration and the cylindrical coordinate system
are shown in Fig. 1. Under the assumption of
constant fluid properties, the governing differential
equations for mass and momentum can be
expressed as:

Continuity equation:

OU OV V
0--- +-r +-r 0. (1)
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 lw 1 Secondary flow,
(b)

FIGURE Schematic diagrams of axially rotating pipe flow
systems and their coordinates: (a) expansion flow case and
(b) contraction flow case.
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Momentum equations:

x direction."
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An isothermal laminar flow in the absence of
rotation is assumed as the inlet condition. Only one-
half of the pipe cross-section is treated because of
the symmetry in the fluid flow. The boundary
conditions in the axially rotating pipe are specified
as

U= V=0, W= Ww at wall,

U=Uin, V=0, W=0 at the inlet, i.e. x=0,

OU
0--- 0, V- W- 0 at canter (r 0).

Kikuyama et al. (1983) reported that when the
laminar flow passes in an axially rotating pipe, a

radial distribution of the tangential velocity shows a
nearly forced vortex type profile, as

W

Ww

The relationship, i.e., a linear radial profile of the
tangential velocity is presented in the appendix.
Kikuyama et al. (1983) found that neither Re
nor rotation rate affects the radial profiles of the

time-averaged tangential velocity at different axial
locations. In the present study, Eq. (5) is employed
to replace Eq. (4) in determining the tangential
velocity, W, because it is effective in saving
computation time.

In order to discretize the governing equations,
the finite difference method proposed by Harlow
and Welch (1965) and Hirt et al. (1975) is employed
here. The system variables P, U, and V are
calculated with a staggered grid as proposed by
Harlow and Welch (1965). Computation reveals
only a small difference when the grid system is
changed from 20 x 200 to 80 x 800. Hence, a grid
system of 20 x 200 uniformly distributed nodal
points is employed here to save computation time.

Numerical computation was performed on a

Fujitsu personal computer (Pentium Pro CPU
200 MHz) which consumed up to 24 CPU hours,
using water as the working fluid (Pr-7.1). The
parameters used in the present study are Re
Re--250 2000, rotation rates N--0.0 2.0 and
radius ratio of expansion or contraction r*= 0.75.

RESULTS AND DISCUSSION

Figure 2(a)-(d), for Re= 2000, depicts the flow
pattern over the r-x cross-section in an axially
rotating pipe with expansion at different rotation
rates N, respectively. N=0 corresponds to no
rotation case. An increase in N implies an increase
in the rotational speed at a given axial velocity. It is
observed that a recirculation zone appears in the
sudden expansion region of the flow passage and is
extended with an increase in the velocity ratio of a
rotating pipe to fluid flow, N. The change in the
recirculation zone, i.e., the secondary flow zone due
to pipe rotation becomes clearer in Fig. 3. Figure 3
illustrates the distance, L, of the expansion location
to the reattachment point, as a function of Re.
One observes that with Re fixed, the reattachment
point is moved in the downstream direction with an
increase in N. Thus the streamwise movement ofthe
reattachment point is ascribed to the pipe rotation.
In other words, the recirculation zone is stretched in
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FIGURE 2 Velocity vector in axially rotating pipe with ex-
pansion at Re--2000: (a) N-0, (b) N-0.5, (c) N-1.0 and
(d) U-- 2.0.

FIGURE 4 Velocity vector in axially rotating pipe with con-
traction at Re=2000: (a) N=0, (b) N=0.5, (c) N= 1.0 and
(d) N 2.0.
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FIGURE 3 Effects of Re and rotation rate on L for expan-
sion flow case.

the streamwise direction due to the pipe rotation.
As mentioned in the introduction, when laminar
flow passes in an axially rotating pipe, an increase in
its speed makes the streamwise velocity approach
the turbulent one. It is postulated, therefore, that in

the swirling case, the velocity in the vicinity of the
wall is stimulated more than that in the absence of
rotation, resulting in a stretch of the recirculartion
zone. This tendency is found to be amplified with an
increase in the Re, as seen in Fig. 3.
The flow pattern over the r-x cross-section in an

axially rotating pipe with contraction is depicted in

Fig. 4 at Re 2000. Figure 4(a)-(d) corresponds to

N 0.0, 0.5, 1.0 and 2.0, respectively. It is observed
that secondary flows occur in the sudden contrac-
tion region of the flow passage and its zone is
somewhat suppressed with an increase in the
velocity ratio of a rotating pipe to fluid flow.
Although there is the effect of pipe rotation on the
formation of secondary flows, its change is only
slight compared to the expansion flow case. The
distance, L, of the separation point to the contrac-
tion location, as seen in Fig. l(b), is illustrated in
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FIGURE 5 Effects of Re and rotation rate on L for con-
traction flow case.

Fig. 5 in the same form as Fig. 3. Re is the
parameter in the figure. It is observed that with
Re fixed, the separation point is slightly moved
toward the contraction section with an increase in
N, i.e, the secondary flows formed in the contrac-
tion zone are suppressed due to pipe rotation. The
effect of Re on L is found to be minor with an
increase in N.

In summary, when laminar flow is introduced into
an axially rotating pipe with expansion, the sec-
ondary flow region is stretched by the axial rotation
of the pipe. This trend is amplified with an increase
in the rotation rate and Re. In contrast, for the
swirling flows with contraction, the secondary flow
region is somewhat suppressed due to pipe rotation
and there is only a slight effect of the rotation rate
and the Re on the formation of the secondary flow.

SUMMARY

Numerical simulation has been employed to inves-
tigate the isothermal flow in an axially rotating pipe
with expansion or contraction. Consideration is

given to the influence ofrotation ratio and Reynolds
number on the formation of the secondary flows.
The results are summarized as follows.
When laminar flow passes in an axially rotating

pipe with expansion, the pipe rotation causes the
stretch of the secondary flows formed in the ex-

pansion region. This trend is amplified with an in-
crease in the rotation rate and Re. On the contrary,
when the flow is introduced into the axially rotating
pipe with contraction, the secondary flow region is

somewhat suppressed due to pipe rotation, and the
formation of the secondary flow is slightly affected
by the rotation rate and Re.

NOMENCLATURE

D
L

N
P
Pr

Fin

r

R
Re
U,V,W

WW

pipe diameter, m
distance of the expansion location
to the reattachment point or

distance of the separation point to
the contraction location, m

rotation rate, Ww/Um
time-averaged pressure, Pa
Prandtl number
radial coordinate, m
radius of pipe with expansion or

contraction, m
pipe diameter with expansion or

contraction, rin/R
pipe radius, D/2, m
Reynolds number, UmD/u
time-averaged velocity components
in axial, radial and tangential
directions, respectively, m/s

axial mean velocity over tube
cross-section at the inlet, m/s

tangential velocity on pipe wall, m/s
axial coordinate, m

Greek Letters

molecular viscosity, m2/s
density of fluid, kg/m

Subscripts

m mean
w wall
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APPENDIX

Equations (4) is reduced as

Or
r u

Or (A-l)

Upon an integration, it yields

O( W/r C’
(A-2)r 0 r2---

in which C’ is an integration constant. Since the
left term in Eq. (A-2) cannot be infinite at r- 0, C
is set equal to zero, resulting in

O(W/r)
r O. (A-3)

Thus, it is found that the rotating fluid moves as a

rigid body.
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