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We present an experimental and numerical study of three-dimensional pulsatile flow in a twisted pipe in
order to show the effects of chaotic advection on mixing in this flow configuration. The numerical study is
done by CFD code with a pulsatile velocity field imposed as an inlet condition. The experimental setup is
composed principally of a “Scotch-yoke” pulsatile flow generator and a twisted duct. The twisted duct con-
sists of six 90° bends of circular cross-section; the plane of curvature of each bend is at 90° to that of its
neighbors. The secondary flow, generated by centrifugal force, the pulsating velocity field and also due to

l[fz{::‘:irlisbean flow the change in curvature plane, leads to irregular fluid particle trajectories. Velocity measurements were
Lyne flow made for a range of stationary Reynolds numbers (300 < Res; < 1200) and frequency parameters

(1 < « < 20)and for two velocity-amplitude ratios (); agreement between the numerical and experimental
results is satisfactory. In the first bend, for certain control parameter values, the secondary flow becomes
more complex due to the pulsation, and in some cases Lyne instability and a siphon phenomenon appear.
However, in the other bends, one passes from four cells (Lyne instability) in the first bend with two cells in
the other bends. The numerical and experimental study revealed modifications in the trajectories’ evolution
due to pulsation. The superposition of an oscillating flow on a stationary curved-pipe flow, in some cases,
causes the destruction of the trapping zones (KAM structures). The number of regular zones that disappear
with an increase in the number of bends decrease with pulsation frequency and velocity-amplitude ratio.

Chaotic advection
Twisted pipe flow
Mass transfer enhancement

Both these phenomena contribute to the mixing and mass transfer enhancement in the flow.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

This work is motivated by the interest in mixing enhancement
by flow manipulation. Previous work on spatial manipulation of
Dean vortices showed significant mixing and heat transfer
enhancement by chaotic advection. In the present work we com-
bine spatial and temporal flow manipulation for increasing this
enhancement beyond chaotic advection.

The study of periodic flows began in earnest in 1950 with much
work in blood flow applications. The first analytical studies for a
fully developed flow regime in circular tubes determined the char-
acteristic parameters controlling a pulsated flow of velocity pulsa-
tion @ [1-3]: the Womersley parameter o, also called the
frequency parameter, the oscillating Reynolds number based on
the maximum oscillating velocity amplitude Re,s, the stationary
Reynolds number Res; based on the stationary mean velocity, the
maximum Reynolds number Rep, = Res: + Reos, the ratio f, charac-
terizing the balance between steady and oscillating components
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of the pulsated flow, and the oscillating velocity amplitude, defined
in a flow cross section. These works were mainly focussed on the
effects of pulsation on the flow in single curved pipes; the effects
of rotation of the curvature plane of a succession of curved pipes
(which is the main focus of this paper) were not considered. In
periodic flows, the interaction between viscous and inertial effects
produces a velocity profile that deviates significantly from the par-
abolic shape of steady flow [1,4,5]. Ohmi et al. [6] have classified
the different regimes in pulsatile flow versus the influence of the
nondimensional frequency parameter «. In 2001, Carpinlioglu
and Giindogdu [7] provided an extensive review of work on pulsat-
ing flows from 1928 to 2000.

In steady laminar flow, the presence of duct curvature generates
a secondary flow in the form of a pair of counter-rotating symmet-
rical vortices called Dean cells. Steady fully developed laminar
Newtonian curved flows of circular cross-section have been stud-
ied extensively; some review of previous work is presented in Ber-
ger et al. [8]. Dean flow [9,10] is thus the fluid flow in a curved
duct, and the corresponding control parameter is the Dean number
Dn. Beyond a critical Dean number another pair of counter-rotating
vortices appears, called hereafter Dean vortices. These vortices are
due to the Dean instability, which belongs to the large family of
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Nomenclature
Ao initial tracer area
C(¥X;,t) scalar in the mesh i

C(X,t)  average value of the scalar in the section

Cp(X,t) mixing degree

d maximum transverse transport due to molecular diffu-
sion

Dy, hydraulic diameter

D, molecular diffusion coefficient

Dn Dean number, Dn = YnPs , /D

r radial coordinate

To pipe radius

R. curvature radius

Re Reynolds number, U,,Dp/v

t time

U axial velocity

X,y,z  coordinates

Greek symbols

o Womersley number, ro(w/v)!/?

B velocity-amplitude ratio = (Umax osc/Ust)
Y Lyapunov exponent

Tq diffusion time scale

) angular position

n nondimensional curvature ratio of curved pipe, ,/R.
) kinematic viscosity

10} angular frequency

Subscripts

m mean

max maximal

0sc oscillation component

st steady component

centrifugal instabilities. Lyne [11] was the first to highlight the
complexity of the fully developed laminar oscillatory flow in
curved pipes. He demonstrated the appearance of a new vortex
pair over and above those observed in the steady case. These re-
sults were confirmed theoretically by Zalosh and Nelson [12] and
experimentally by Bertelsen [13]. Rabadi et al. [14], in an analytical
study of pulsatile flows in curved pipes with strong curvature ra-
dius ratio, observed that the amplitude of the shearing forces de-
creases with increasing frequency. Moreover, considerable
variation in secondary flow intensity occurs at small oscillation fre-
quencies during a pulsation cycle.

Through experimental measurements of the axial and second-
ary velocities in a 180° curved pipe, Talbot and Gong [15] high-
lighted the existence of reverse flows at the inside wall during
the deceleration phase. The reverse flows and the appearance of
the vortex were emphasized in a numerical study by Toshihiro
et al. [16], who observed that the secondary flow is characterized
by more than two vortex pairs. Chang and Tarbell [17] found, how-
ever, that the secondary flow has only one vortex pair at the begin-
ning of the deceleration half-phase; here the secondary flow
becomes complex and a new vortex pair appears near the outside
wall and then disappears with the start of the last third of the
deceleration phase, only to reappear at the end of the acceleration
process. More recently, Hamakiotes and Berger [18,19], studying
the effect of the Reynolds number on pulsatile flow in uniformly
curved pipes, found that the secondary flow becomes much more
complex with increasing average stationary Reynolds number. Ti-
mité et al. [20], in an experimental and numerical study of pulsatile
flow in a curved pipe, present visualizations by laser-induced fluo-
rescence, velocity measurements and the numerical results that
permit analysis of the swirling secondary flow structures develop-
ing along the bend during the pulsation phase. These measure-
ments were made for a range of stationary Reynolds number
(300 < Res; < 1200), frequency parameter (1 < a<20), and two
velocity-component ratios. For a high amplitude parameter g, the
secondary flow structure is modified by a Lyne instability and a si-
phon effect during the deceleration phase. By siphon effect we
mean an apparent suction type effect which occurs during the flow
deceleration phase. The intensity of the secondary flow decreases
as the frequency parameter o increases during the acceleration
phase. During the deceleration phase, under the effect of reverse
flow, the secondary flow intensity increases with the appearance
of Lyne flow. All things considered, then, pulsatile flows in uni-
formly curved pipe are far more complex than those in a straight
tube or steady Dean flows. The fluid motions resulting from the

pulsations have been found to depend on the characteristic oscilla-
tion parameters.

The generation of spatially chaotic behavior from deterministic
flow by simple geometrical perturbations has attracted much
attention in recent years [21-23]. The interest arises both from
the very curious fundamental peculiarities of this Lagrangian chaos
and from its potential application in mixing [24-27] and heat
transfer [28-30]. The necessary conditions for the existence of lam-
inar steady three-dimensional flows with chaotic streamlines were
pointed out by Arnold [31]. The blinking-vortex system [21] emu-
lates a “closed” highly idealized two-dimensional chaotic flow.
However, it has inspired the construction of a more realistic
three-dimensional steady chaotic open flow [22,23]. Here the rec-
tilinear vortex filaments of the blinking-vortex flow are replaced
by a pair of streamwise vortices in a duct flow (Dean cells) and
the temporal periodicity of the vortices is replaced by the spatial
oscillation of a geometrical parameter that is the orientation of
the curvature plane. The flow constructed in this way is a laminar
twisted-duct flow made up of a series of bends; the plane of curva-
ture of each bend makes an angle with the curvature plane of the
neighboring bends. Parametric studies by Jones et al. [22] in
twisted pipe flow have shown the domain of the rotation angle
of the curvature plane for which the Poincaré maps show extended
chaotic regions. A comprehensive review of the state of the art of
chaotic advection can be found in Ottino [25].

Following the study of the steady flow in the twisted pipe and
the demonstration of mixing and heat-transfer enhancement by
Castelain et al. [32], the purpose of this work is to study experi-
mentally and numerically the laminar pulsatile flow in twisted
pipe. The paper is organized as follows: Section 2 describes exper-
imental facilities, procedures and the numerical simulation meth-
odology. Section 3 describes the experimental and numerical
velocity fields and flow visualizations in which the frequency
parameter, the velocity components ratio and the stationary Rey-
nolds number are varied. Section 4 is devoted to results on
Lagrangian properties of the flow and the influence of the pulsa-
tion, and Section 5 gives some concluding remarks.

2. Experimental facilities, procedures and description of the
numerical method

2.1. Water tunnel facility

Steady flow is generated to the test section by a volumetric
pump and its flow rate is measured by three parallel calibrated
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