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ABSTRACT

A direct simulation of turbulent flow in a rotating square
duct using a second-order finite-volume method was per-
formed. The axis of rotation was normal to the direction of
the mean flow in the duct. The simulations are performed at
Req = 4400 and for Rog = 0 up to 0.77. The strong effect of
rotation on both the mean axial and secondary flows is plainly
exhibited. A linear increase in the magnitude of the secondary
flow was found with increasing rate of rotation. Turbulence
quantities are presented to shed some light on the role of the
boundary layer structure on the resistance of the flow. The
growth of large-scale secondary roll-cells in the axial direction
is studied with reference to their dependence on the rotation
number. The case of turbulent flow in a rotating duct that has
been tilted 45° around the axis of the mean flow is presented
to illustrate the importance of geometric constraints on the
characteristics of the flow.

INTRODUCTION

The study of fluid flow in non-inertial frames of reference is
of great interest to both academia and industry. Industrial ap-
plications, such as centrifugal separators, turbines and radial
compressor impellers are all systems that incorporate rotating
bodies of fluid. It is known that Coriolis effects in rotating
flows are of primary importance not only for mean flow quan-
tities, such as bulk velocity, but also for turbulence intensities
and structures. The ability to accurately model these effects
offers the possibility of increasing device performance, while
shortening the time for expensive prototype development. In
order to assess the accuracy of turbulence models that are
developed, both carefully collected experimental and numeri-
cal data from well-defined test cases are needed. This project
attempts to alleviate the lack of rigorous numerical data.

The earliest experimental study of consequence was per-
formed by Dobner (1959). In his thesis, the case of fully
developed turbulent flow was studied by evaluating pressure
measurements along the length of a circular pipe and a rect-
angular duct. Dobner examined in depth the relation between
the friction factor of the flow and Reynolds, Re = Uw/v and
rotation number, Ro = Qw/U, where U is the bulk fluid speed,
w is the duct width, v is the viscosity and €2 is the magnitude
of the system rotation. The Reynolds number in the experi-
ments of Dobner was between 130 and 4-10%, while the rotation
number Ro lay between 0 and approximately 1.

The effects of rotation on the flow in a long high aspect ra-
tio rectangular channel was studied experimentally by Halleen
(1967). Total pressure and static pressure traverses were per-
formed and from these, velocity profiles were deduced. The
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data were taken at downstream positions of 58 and 68 channel
widths.

In an early study of fully developed turbulent flow in an or-
thogonally rotating rectangular duct, Moore (1967) measured
velocity profiles in two channel planes, as well as shear stresses
and turbulence intensities in low aspect ratio rectangular ducts
for a number of moderate rotational velocities.

An extensive study of the effects of system rotation on
separation in diffusers was performed by Rothe (1975). The
experiments revealed a strong correlation between the magni-
tude and direction of rotation and the size of the separation
bubble behind the diffuser step. The authors saw a stabiliza-
tion and destabilization of the separation bubble, manifested
in a shorter and longer reattachment length, on the suction
and pressure sides of the diffuser.

A study of fully developed turbulent flow in a high-aspect
duct was performed by Johnston et al. (1972) in order to
further understand the effects of rotation on two-dimensional
local and global stability. Johnston et al. used bubble-
generation techniques to gather mean flow profiles and in-
directly calculate shear stress profiles. The authors present
three major phenomena caused by rotation, namely the re-
duction (increase) of turbulent wall-layer streak bursting rate
in locally stabilized (destabilized) layers, the total supression
of turbulence production in the locally stabilized layer and
the development of roll cells on the destabilized side of the
channel.

In order to study longitudinal roll-cells, Wagner and Velkoft
(1972) performed experiments on the turbulent flow in a ro-
tating duct of low-aspect ratio. Although they focused on the
secondary flow of the system, measurements of the mean-flow
and other quantities were used to choose the appropriate mea-
surement position for various quantities. The authors did not
observe any major effects of rotation on the pressure or mean
velocity of the flow in the duct.

The experimental study of Koyama and Ohuchi (1985) con-
cerns the turbulent flow in a high ratio (7:1) rectangular duct.
Hot-wire measurements were made at six different downstream
positions for a number of different flow and rotation speeds.
In the case of zero rotation the boundary layers developed
and met in the length of the duct, which was approximately
20H, where H is the channel half-width. Although the veloc-
ity profiles grew as expected, a study of turbulent intensities
revealed that the flow was far from fully-developed. As ro-
tation was applied and increased, the core flow obtained the
characteristic linear velocity profile in the core region, while a
laminar-like profile developed on the suction side.

The experimental work by Watmuff et al. (1985) focused
on studying the development of turbulent boundary layers in



a rectangular duct with a 4:1 height to width ratio at rota-
tion numbers Ro = 1.92, 1.44 and 0.96 based on the hydraulic
diameter and the bulk velocities. The authors conclude that,
contrary to theories based on the analogy between rotation,
buoyancy and surface curvature, the deviations from non-
rotating flow profiles follow a logarithmic relationship, instead
of a linear dito. Turbulence quantities are seen to follow an
inner and outer scaling independent of rotation, with an en-
hanced development on the destabilized side.

A DNS study of rotating plane channel flow driven by a
constant pressure gradient at various Reynolds and rotation
numbers was done by Alvelius and Johansson (1999). They
also found the expected linear core of the mean flow profile
and a strong rotational effect on second order statistics was
detected. Despite an apparently very complicated dependence
on the rotation number, accurate predictions of the wall shear
stresses were obtained using the equation of total shear and a
simple approximation of the mean velocity profile.

Pallares and Davidson (2000) carried out Large Eddy Sim-
ulations (LES) of channel and duct flow using the local-
ized dynamic subgrid-scale model of low Reynolds number
(Rer = 300) duct flow for Rotation numbers in the inter-
vall 0 < Ror < 1.5. The index 7 indicates that the average
friction velocity u, was used. They obtained results for low
order statistics which are in good qualitative agreement with
the DNS data for the case of rotating channel flow.

A direct numerical simulation using pseudospectral meth-
ods was performed by Wu and Kasagi (2004) to investigate the
influence of an arbitrary direction of rotation on the flow in a
turbulent channel. The authors found that spanwise rotation
has an effect over the entire channel, while streamwise rota-
tion, although of comparable magnitude, mainly effects the
suction side of the channel. A wall-normal rotational compo-
nent affects the flow dramatically inducing a strong spanwise
mean velocity.

Pettersson Reif and Andersson (2003) used a differential
Reynolds stress closure to model the flow in a rotating square
duct. The model used an elliptic relaxation technique for the
pressure-strain tensor. Their results showed good agreement
in the major flow features in the duct, while turbulence quan-
tities such as the turbulent correlations were not reproduced
faithfully.

In summary, it can be stated that although a considerable
amount of experimental, analytical and numerical work has
been performed on rotating channels and ducts, there is a
need for accurate direct numerical simulations to increase our
understanding of the complex phenomena tied to the rotation
of fluid flows. Attempts of modelling effects of rotation are
dependent on having reliable data to compare against.

SIMULATIONS

In the present study, a DNS of turbulent flow in a square
duct of width w, height h and length ¢, rotating along an axis
normal to the direction of the mean flow, is carried out, see
figure 1. The flow field is assumed to be fully developed and
therefore periodic boundary conditions in the flow direction
are used. The flow is driven by a pressure gradient.

The instantaneous equations of motion that govern the flow

of an incompressible fluid in a rotating frame of reference can
be expressed as follows,
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Figure 1: A schematic of the flow in a rotating duct. The
asymmetric velocity profile (—-) in the zy-plane is shown, as
well as the symmetric velocity profile (—) in the zz-plane.
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where p is the density of the fluid, u; denotes the instanta-
neous velocity in the z;-direction, 2; is the rotation in the
same direction and e;; is the Levi-Civita symbol. The term
p*, known as the reduced mean static pressure, conveniently
swallows the centrifugal pressure term and is expressed as

P =p— %pﬂsz : (3)
where 7, is the position vector normal to the axis of rotation
to a given mass element.

The system of equations 1 and 2 is discretized by means of
a second-order accurate finite volume method on a staggered
grid. A second-order Adams-Bashforth scheme were used for
the time integration of advective and diffusive terms. For the
solution of the Poisson equation for the pressure we apply a
Fast Fourier Transform in the periodic direction and cyclic
reduction solver for the remaining directions.

The computation is carried out for a domain of size 9.4
X 1 x 1 with 240 x 120 x 120 grid nodes in the z, y, and
z direction, respectively. In order to resolve the boundary
layers of the duct flow which become increasingly thin with
increased rotation number, a criterion of fifteen grid points
within the boundary layer has been set. The grid points are
uniformly distributed in the z-direction, while the grid was
refined exponentially towards the side walls of the duct in the
y and z directions. The Kolmogorov length scale, A of the
flow can be estimated using the relationship A/w ~ Re'/* =
8. The normalized wall viscous scale can be calculated as
Ly/L = 1/(Re\/C_f) ~ 0.01. The first grid point in these
simulations was 0.01 and 30 points resolved the boundary layer
up to It = 30.

Simulations have been performed for a set of rotation num-
bers between 0 and 0.77, where the rotation number based



on the width of the duct, w. The Reynolds numberwas been
chosen to be 4400 in order to facilitate validation comparisons
with the work of Gavrilakis (1992) for turbulent flow in a sta-
tionary duct. A comparison of major flow features for the two
simulations showed good agreement.

RESULTS AND DISCUSSION

The effects of rotation on the flow in a rotating duct are
so many and surprising that only some aspects of its influence
are included here. The discussion will begin with mean flow
quantities such as axial and secondary velocities and patterns
of dito. The effect of rotation on the boundary layer config-
uration in the duct will follow. The discussion will continue
with turbulence quantities, such as the main velocity correla-
tions. Trends in the levels of total kinetic energy in the flow
will be illuminated. The section will be concluded with the
case of a tilted duct configuration, where the implications of
a change of geometric constraint will be considered.

Mean flow quantities

A logical starting point for the analysis of the simulation
results is with mean flow velocities. In figure 2, contours of
the streamwise flow speed are presented for Ro = 0, 0.055,
0.11, 0.22, 0.43 and 0.77. The presentation of the contours in
half-plots exposes the fact that the flow is symmetric around
the plane normal to the axis of rotation. It is also noticed
that an elongation of the contours is evident for increasing ro-
tation number implying that the flow becomes more uniform
in the z-direction. This is not surprising considering the ten-
dency towards a columnar flow of reduced dimensionality that
is characteristic for rotational flows.

As was shown in equation 1, system rotation will introduce
extra acceleration terms to the equations of motion, namely
the centrifugal and Coriolis terms. The Coriolis term can be
seen to act as a pseudo-force in the wall-normal y-direction
in the duct, in a manner similar to that caused by a density
stratification, or surface curvature. The wall at y = 0 is there-
fore referred to as the pressure, or destabilized, side. The low
pressure side of the duct is denoted the suction, or stabilized,
side.

Using the coordinates of figure 1, it is known that a duct
flow in the z-direction subjected to system rotation around
the z-axis will exhibit a skewed mean velocity profile in the
y-direction. Although the skewed velocity profile is present in
the analogous flow case of rotating channel flow, the slope of
the core region is opposite to that of the case of duct flow. The
horizontal surfaces present in the duct configuration result in
a non-homogeneous z-direction resulting in a secondary flow
in the yz-plane. There is also a weak secondary flow in the
non-rotating case, driven by the anisotropy of the turbulent
stresses.

If the velocity profiles of the mean streamwise flow of the
present simulations are studied, see figure 3, we see that the
expected tilting of the mean streamwise velocity profile in the
zy-plane was produced faithfully. The profile in the vertical
xz-plane reinforces the one-dimensionalization of the flow at
high rotation numbers.

Secondary flow
At Ro = 0, there exists a weak secondary flow consisting of
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Figure 2: Umean/Up-contours for Ro = 0, 0.055, 0.11, 0.22,
0.43 and 0.77, from top to bottom. The contours span from 0
to 1.3 in increments of 0.05.

symmetric vortex pairs in each of the corners of the duct. Due
to rotation, secondary flows along the vertical and horizontal
walls will develop, and with them the vertical and horizon-
tal equivalents to Stewartsson and Ekman layers. In figures 2
and 3 b), the dominance of the rotational flow signature is
evident. If the secondary components normal to the stream-
wise flow are studied, this is once again noticed, see figure 4.



Figure 3: Velocity profiles of Umean/Up in a) the zy- and b)
zz-plane for Ro = 0 (4), 0.055 (o), 0.11 (x), 0.22 (x), 0.43
(O) and 0.77 (A). The profiles are presented for y = z = 0.5.

With it was discovered a linear growth of the maximum sec-
ondary velocity which was found in the turbulent equivalent
of the horizontal Ekman layer. The maximum secondary flow
speeds are approximately one tenth that of the streamwise
flow.

In figure 4, the development of secondary vortices at Ro >
0.11 is evident. These secondary Taylor-Gortler-like vortices
develop on the unstable side of the duct in a pair that is sym-
metric around the y-axis. It has been hypothesized that these
vortices may indeed be one of the corner vortices from the
non-rotational case that have developed due to turbulence in-
teractions. The considerable growth of the vortices at Ro=
0.22 encourages further study of this feature. Due to the lim-
ited number of rotation numbers available for study, we are
not able to identify the critical rotation number at which the
secondary vortices develop.The studies that were performed
point to 0.11 < Roer < 0.22. The secondary vortices grow
in strength and then decrease in intensity, a reflection of the
initially destabilizing effect of rotation that is changed to a sta-
bilizing (and laminarizing) effect as Ro increases. This trend
was also found in the LES study of Pallares and Davidson
(2000). The maximum intensity of the secondary vortices lies
at a rotation number somewhere between 0.22 and 0.77.

Martensson et al. (2002) found experimentally that the co-
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efficient of friction grows with an increasing Rotation number.
Evidence was given that the friction coefficient scales with the
width of the duct. The DNS performed shows that the bound-
ary layer thickness in the horizontal Ekman layers is markedly
thinner than those in the vertical Stewartsson-like layers re-
sulting in a dominating contribution to the pressure drop from
the horizontal Ekman layers, supporting the width of the duct
as the proper scaling length.

In figure 5, the total kinetic energy of the secondary flow
integrated over the whole volume is plotted as a function of
the rotation number. The total kinetic energy of the non-
rotating case is naturally very small, but greater than zero.
A natural increase in the kinetic energy of the secondary flow
with increasing rotation number is noticed. The increase has
a linear behaviour until Ro = 0.43. A slower increase is seen
for higher rotation rates.

Turbulence intensities

After having noticed suggestions of the stabilizing effect
of rotation at high rotation rates in the secondary flow, we
turn our attention to turbulence quantities that will give us
more information concerning this subject. In figure 6, contour
plots of the Reynolds stress {(u'?) show a strong dependance
on rotation. As the rate of rotation increases, turbulent events
are found predominantly on the pressure side of the duct, while
a distinct low turbulence region is found on the suction side
of the duct. High turbulence intensities are, of course, also
found in the Ekman layers.

Tilted configuration

Additionally, the case of a duct that has been tilted around
the direction of the mean flow was studied. This case was
studied experimentally by Martensson et al. (2002) for the
rotation angle 45° and the intuitively unexpected result of an
increased friction coefficient for the tilted case compared with
the standard duct configuration was found. Simulations of the
same case show the formation of Ekman-like boundary layers
on all four sides of the duct in this configuration, see figure 7,
which may explain an increase in pressure drop for this case.
It was also shown that this flow was more prone to laminarize
at lower Ro, which points to a decrease in flow resistance.

In line with the reasoning of Pettersson Reif and Andersson
(2003), a comparison of the streamwise flow resistance for the
tilted and non-tilted configuration was carried out. Due to
the fact that the Reynolds number was held constant in this
study, the integrated shear stress of the duct was calculated. A
decrease of 10% of the integrated shear stress was found in the
tilted case which supports the modelling result of Pettersson
Reif and Andersson, but contradicts the experimental findings
of Martensson et al. (2002).

SUMMARY AND CONCLUSIONS

Direct numerical simulations of turbulent flow in a duct
subjected to spanwise rotation have been performed for a num-
ber of rotation numbers. Mean flow quantities exhibit the
characteristic complex three-dimensional flow properties that
are expected for rotational flow. A skewing of the streamwise
flow field and development of the secondary velocity field are
shown to develop very rapidly. The magnitude of the sec-
ondary flow grows approximately linearly with the rotation
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Figure 4: Contour plots of the magnitude, as well as the ve-
locity field, of the secondary flow for Ro = 0, 0.055, 0.11, 0.22,
0.43 and 0.77, from top to bottom. The contours span from 0
to 0.032 in increments of 0.002.

number in the span of rotation numbers that were calculated.
Thin Ekman-like boundary layers on the horizontal surfaces
of the duct are shown to develop. These thin boundary lay-
ers are responsible for the increased pressure drop found in
rotational systems compared to non-rotational systems.

A clear tendency towards stabilization of the flow is no-
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Figure 5: The total kinetic energy of the secondary flow inte-
grated over the whole volume normalized by sz as a function
of the rotation number Ro.

ticed through observation of the decrease in intensity of the
secondary vortices as Ro increases, as well as the intensity of
Reynolds stress components. Where a maximum of instability
may be found has not been answered in this study.

Calculations with a tilted duct configuration were pre-
sented. An increase in the total shear contradicts the exper-
imental findings of Méartensson et al. (2004) concerning an
increased pressure drop in a tilted duct when compared to the
non-tilted configuration.
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