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Studies of Coriolis force-induced transition in
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The subject matter of this paper is transition of the
flow in a channel on a rotating system due to the ef-
fect of Coriolis force. The phenomenon is studied
through flow visualization, the occurrence of transi-
tion showing up as regularly spaced rolls of longitu-
dinal vortices. The effects of channel aspect ratio and
of non-monotonic changes of channel cross-sectional
area on observed transition are studied. The obser-
vations are set against a simple linear theory based
on following the evolution of infinitesimally small
disturbances under the influence of Coriolis force in
a channel of uniform cross section. The comparison
shows the scope and limitations of the linear theory.

1. Introduction

Transition is one of the very fascinating phenomena of
common occurrence in fluid flows. Fluids are known to
flow in a wide diversity of patterns, and transition of
one form or another is observable in almost all of them,
in flows in nature as frequently as in engineering appli-
cations. Transition generally manifests itself through
significant changes in the qualitative characteristics or
scaling behaviour of crucial physical quantities which is
often the feature by which its occurrence is recognized
in an experiment, and, more recently, in direct numeri-
cal simulations (DNS) of fluid flow too. The physical
quantities in which the changes are readily observable
may be either local or global in nature, such as, e.g. the
velocity distribution, or the forces and moments exerted
by the flow on its surroundings. Transition in a flow is
also often accompanied by a dramatic change in the topo-
logical pattern of the streamlines and/or pathlines in the
flow, and this is the feature often most readily accessible
to the experimental technique of flow visualization. The
inherent scientific interest and engineering significance of
transition have made its study a focal point of interest in
fluid mechanics research for several decades. Despite this
incessant effort, there are many questions yet unanswered
and the subject continues to occupy a key position in fluid
mechanics research as of this day.

From a point of view associated with following the
dynamics of fluid flow, transition may be regarded as
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the process taking the flow pattern from one vortical
state to another. Generally, a flow undergoes transition
on the parameter characterizing the state of the flow
crossing a certain threshold. Crossing the threshold up-
sets the delicate balance between the set of forces that is
keeping the flow in its initial state. Commonly, and in
particular in flows met with in engineering applications,
the set of governing forces are primarily of inertial,
pressure and viscous origin. In these flows, therefore,
destabilization of the balance between the governing
forces, and hence transition, sets in on the Reynolds
number, the parameter measuring the relative domi-
nance of the inertial and the viscous forces, crossing a
certain threshold value. However, alternative mecha-
nisms of transition may come into play when other
kinds of forces are involved, striking examples of which
are encountered when body forces are acting on the
flow. Two fundamentally different kinds of body force
come into play when the system is rotating, viz. the cen-
trifugal force and the Coriolis force. The process of
flow transition may then be activated on the parameter
characterizing the influence of either of these body
forces crossing a threshold of its own.

A general account of flows under the influence of the
body forces caused by rotation may be found in stan-
dard works' . A cursory glance through current litera-
ture would show that, among the two kinds of body
force caused by system rotation, transition caused by
the centrifugal force has been more extensively studied
and documented*. With the objective of complementing
this work the first author initiated a few years ago at the
Ruhr University in Bochum, Germany, a set of studies
on transition induced by the Coriolis force. The present
paper draws from this set of studies, some parts of
which have already appeared in journals, some others
have been reported only at conferences and the rest
hitherto unpublished. The studies have been undertaken
with theory and experiment proceeding in parallel, but
the account given in this paper places a slightly stronger
emphasis on the experimental side. The authors' justifi-
cation for this choice of theirs for the present paper, if
one is needed, is that even a casual survey of literature
in the past two decades on this subject shows gains in
insight acquired through numerical studies largely out-
numbering those from experiments’ '. This trend lies of
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course in the natural course of development of the sub-
ject, enabled by the giant leaps in computer technology
going hand in hand with major developments in algo-
rithms, and it is welcomed by the authors too. However,
for a sound scientific understanding of the complex
fluid flow phenomena of transition support of experi-
ment seems to be still indispensable, and it is in this
spirit that the authors wish their present paper to be
read. It is their hope that the experiments presented
herein serve to correct the tilted balance, however mar-
ginal that may be, and draw attention to some of the still
unanswered questions and hitherto unaddressed prob-
lems in this area. Despite the stated emphasis on the
experiments, since a proper interpretation of the out-
come of the experiments cannot be envisaged without
setting them against a suitable theoretical background, a
brief description of the effects of rotation on the flow
expectable from theoretical considerations precedes the
account of the experiments. This is in §2. An account of
the experiments themselves then follows in §3. These
have been chosen to show both the scope and limita-
tions of the simple theory outlined in §2. A brief discus-
sion of the experimental outcome and conclusions
therefrom then follow in §4 and 5.

2. Effects of system rotation on an internal flow

The effect of system rotation on a flow is a subject
dealt with extensively in several standard text-books
and review articles, so we restrict ourselves herein to
sketching them briefly only to ease reading of this
paper.

From a physical point of view, a rotation of the sys-
tem in which the flow is taking place is associated with
two kinds of body force, viz. the centrifugal force and
the Coriolis force. There are similarities and differences
between the effects of these two on the flow, which may
be readily seen on writing the dynamic equation of mo-
tion for the flow in the rotating system. This, after divi-
sion by the density p, is as follows:

‘z—“+u-Vu=—lvp—gx(gxr)—zgxuwvzu,
t p

where Q is the rotation vector and r the radius vector
from the axis of rotation. The two terms following the
pressure gradient are, in that order, the centrifugal force
and the Coriolis force. Cursory inspection of the terms
then shows that the Coriolis force 2pQ x u is present
only when the flow velocity vector u in the rotating sys-
tem has a component perpendicular to the vector of sys-
tem rotation, whereas the centrifugal force is active
even when there is no flow as such in the rotating sys-
tem. It is also straightforward to verify that the cen-
trifugal force field, being irrotational, can be written as
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a gradient of a scalar, hence it permits absorption of its
effect on the flow through a suitable redefinition of
pressure. In contrast, the Coriolis force field is rota-
tional. Besides these outstanding differences, the pa-
rameter characterizing centrifugal force is seen to
depend upon the product of the square of the angular
velocity of system rotation and a characteristic length,
whereas the parameter characterizing the effect of Cori-
olis force is dependent upon the angular velocity of sys-
tem rotation itself, i.e. linearly, and contains no
characteristic length.

Both the kinds of force caused by system rotation,
viz. the centrifugal force and the Coriolis force, may
trigger the flow to undergo transition through mecha-
nisms peculiar to them. When the flow is wall bounded,
it has been observed that in both cases the first stage of
transition takes the flow to a vortical state characterized
by fluid particles describing helical paths around a cy-
lindrical surface whose axis is parallel to the main flow
direction. Such a vortical state is denoted as one with
steady longitudinal vortices. This vortical state is so
steady and well ordered that turbulence is not consid-
ered the appropriate word for its description. When the
force inducing transition is the centrifugal force the
longitudinal vortices that form are familiar under the
name of Taylor or Gortler vortices. Physical reasons
also indicate that in a flow in later stages of transition
with a more complex vortical state for which the label
turbulent is more appropriate, the fluctuating motion,
and hence the transport processes resulting therefrom,
do depend upon the body force acting, which is the cen-
trifugal and/or the Coriolis force. Insofar as the effect of
the Coriolis force is concerned, a crucial role is played
by the relative orientation between the vectors of sys-
tem rotation and of the local rotation of the fluid parti-
cle®. We recall that the latter is defined through the
antisymmetric part of the tensor formed by the spatial
gradient of the velocity field, Vu.

2.1 Effects of Coriolis force

Physical insight into some gross effects of Coriolis
force on the flow in a rotating system may be obtained
from examining the equations of motion for flow in the
relatively simple geometrical configuration of a channel
passage formed by the gap between two plane imperme-
able rigid walls of infinite extent kept parallel to each
other and perpendicular to the plane of rotation (see
Figure 1). The overall flow pattern expectable in this
configuration is such that for an observer rotating with
the system, fluid particles flow in planes parallel to the
plane of rotation. Therefore, in a frame of reference
rotating with the walls, Coriolis force is active and is
directed from one wall to another. This flow geometry
is an idealization closely related to the geometry of the
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Figure 1. Sketch of flow geometry.

experiments to be described in §3. The equations of
motion may then be solved in very simple terms to yield
the velocity profile and the pressure. On solution the
velocity profile turns out to be fully developed, i.e. it
exhibits no changes in the streamwise direction. Fur-
thermore, it possesses the same shape as in the case of
no system rotation, i.e. of a parabola. For this highly
idealized geometrical configuration, the effect of system
rotation is felt only in the pressure field. In a rotating
system there is a difference in pressure present at the
opposite walls at any streamwise location. This pressure
difference would be zero if the system were not in rota-
tion. It is worthy of note that the streamlines/pathlines
of this solution remain straight and parallel.

While the equations of motion as such do admit in the
above idealized situation the simple solution of a para-
bolic velocity profile over the entire range of the rele-
vant flow parameters, viz. the Reynolds number (Re)
and the rotation number (Ro), a closer examination of
the dynamics of the flow that goes under the heading
stability investigations indicates that this solution is not
expected to be actually observable in experiment when
the parameters cross some critical values. The thought
behind this reasoning is based on the conjecture that
incidental disturbances, however small they may be, are
inevitably present in any experiment, so only such states
of flow are observable in an experiment that are stable
with respect to disturbances. For the class of flow prob-
lems in question here, the stability investigation shows
that the solution with the parabolic velocity profile is
not stable with respect to infintesimally small distur-
bances when the flow parameter values lie in a range we
designate supercritical. Such a finding hints at transition
imminent in the flow.

The study of the stability characteristics of solutions
with respect to infinitesimal disturbances is a vast re-
search area in fluid mechanics with a rich tradition of
its own. It attempts to trace the evolution of the entire
class of possible disturbances that could arise. The
method is based on following the dynamics of
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Figure 2. Plot showing disturbance behaviour vs Reynolds number
for the channel flow in a rotating system. A; is the spanwise wave
number of incidental disturbances. A = 0 denotes the class of distur-
bances associable with the formation of longitudinal vortices.

infinitesimally small disturbances through appropriate
linearization of the equations of motion of fluid flow.
The extensive body of research work in this area
stretches over several decades, includes contributions
from leading fluid dynamicists from all over the world,
and continues as of this day to hold a pivotal position in
fluid mechanics research. The studies hitherto have re-
sulted in the development of mathematical methods tai-
lored to handle the wide variety of stability problems
that arise in fluid mechanics. Accounts of these may be
found in standard reference works of today’. Applied to
the stability of the idealized flow problem currently in
question, these investigations lead to a diagram known
as the stability diagram. An important step in obtaining
a stability diagram is getting a plot of disturbance be-
haviour with respect to the parameters characterizing
the flow and the disturbance. Such a plot shows, for a
given set of the flow parameters Re and Ro, which dis-
turbances, characterisable through their wave number
set A, and A3, grow or decay. An example of such a plot
is given in Figure 2 in which for purposes of clarity one
of the flow parameters Ro and one of the wavenumbers
A1 are held fixed at the values given on the figure. The
plot therefore shows, at any value of the Re on the hori-
zontal axis whether a disturbance of a certain wave
number A; on the vertical axis grows or decays. This
leads to a classification of the flow at this value of the
flow parameter as being unstable or stable in that order
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