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Abstract

This thesis deals with turbulent flows in 90 degree curved pipes of circular cross-
section. The flow cases investigated experimentally are turbulent flow with and with-
out an additional motion, swirling or pulsating, superposed on the primary flow. The
aim is to investigate these complex flows in detail both in terms of statistical quanti-
ties as well as vortical structures that are apparent when curvature is present. Such
a flow field can contain strong secondary flow in a plane normal to the main flow
direction as well as reverse flow.

The motivation of the study has mainly been the presence of highly pulsating tur-
bulent flow through complex geometries, including sharp bends, in the gas exchange
system of Internal Combustion Engines (ICE). On the other hand, the industrial
relevance and importance of the other type of flows were not underestimated.

The geometry used was curved pipes of different curvature ratios, mounted at
the exit of straight pipe sections which constituted the inflow conditions. Two ex-
perimental set ups have been used. In the first one, fully developed turbulent flow
with a well defined inflow condition was fed into the pipe bend. A swirling motion
could be applied in order to study the interaction between the swirl and the secondary
flow induced by the bend itself. In the second set up a highly pulsating flow (up to
40 Hz) was achieved by rotating a valve located at a short distance upstream from
the measurement site. In this case engine-like conditions were examined, where the
turbulent flow into the bend is non-developed and the pipe bend is sharp. In addition
to flow measurements, the effect of non-ideal flow conditions on the performance of a
turbocharger was investigated.

Three different experimental techniques were employed to study the flow field.
Time-resolved stereoscopic particle image velocimetry was used in order to visual-
ize but also quantify the secondary motions at different downstream stations from
the pipe bend while combined hot-/cold-wire anemometry was used for statistical
analysis. Laser Doppler velocimetry was mainly employed for validation of the afore-
mentioned experimental methods.

The three-dimensional flow field depicting varying vortical patterns has been
captured under turbulent steady, swirling and pulsating flow conditions, for parameter
values for which experimental evidence has been missing in literature.

Descriptors: Turbulent flow, swirl, pulsation, pipe bend, hot-wire anemometry,
cold-wire anemometry, laser Doppler velocimetry, stereoscopic particle image ve-
locimetry.
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Preface

This licentiate thesis in fluid mechanics deals with turbulent flows, with and without
a swirling or pulsating motion superposed on the primary flow, in 90◦ curved pipes.
The results in this thesis are from experimental work. The thesis is divided into
two parts, with Part I including an introduction on the flows under focus and their
applications, an extended literature review as well as an experimental set ups and
techniques section where the set ups used for the measurements in the present work
are presented and the experimental methods employed are described. Part I ends
with a section where the results and conclusions from this study are summarized
and a section where the respondent’s contributions to all papers are stated. Part II
consists of five papers, three of which are published and one is in print but are here
adjusted to be consistent with the overall thesis format. Paper 5 is at present an
internal report but it is planned to be extended and submitted in the future.

April 2012, Stockholm

Athanasia Kalpakli
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Part I

Overview and summary





CHAPTER 1

Introduction

“Science cannot solve the ultimate mystery of nature. And that is be-
cause, in the last analysis, we ourselves are part of nature and therefore
part of the mystery that we are trying to solve.”

Max Planck (1858–1947)

1.1. Towards increased engine efficiency: can fundamental
research help?

The Internal Combustion Engine (ICE) is still the most common source for powering
both light and heavy-duty road vehicles. With the increasing cost and decreasing
availability of fossil fuels as well as increasing concerns of green house gases on the
climate, a large focus has recently been set on increasing the efficiency of the IC
engine without sacrificing performance. Similar concerns are relevant also for engines
running on alternative fuels, such as bio-fuels.

The gas exchange system has a prominent role in the development towards more
efficient engines, where downsizing is, at least for light duty vehicles, the name of the
game. The gas exchange system should efficiently provide the intake of fresh air to the
engine as well as utilizing the energy (heat) in the exhaust gases, where an important,
if not crucial, component is the turbocharger. However, the gas exchange system is
always a compromise between performance and what is possible from a packaging
viewpoint, e.g. the piping system cannot be designed with straight smooth pipes,
the manifolds have complex geometry resulting in non-ideal flow profiles etc. The
design of such systems is usually made with rather simple one-dimensional models
although one knows a priori that such models cannot give an accurate description of
the flow dynamics. Testing in engine test benches together with empirical knowledge,
rather than scientifically based experimentation, are also used to a large extent for
developing the design. Although one should not downgrade the importance of the
experienced engineer, as stated in Manley et al. (2008): “The challenge of internal
combustion require a broad collection of research discoveries to make the transition
from hardware intensive, experienced based fuel development and engine design to
simulation intensive, science-based design”.

In the present work certain aspects of the gas exchange system are approached
from a basic scientific, rather than an engine application, viewpoint. Three specific
aspects have been addressed, namely the steady flow through curved pipes as well
as the effects of swirl and pulsations on such flows, all features that are apparent
within the gas exchange system. As it will be mentioned in the coming section, such
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2 1. INTRODUCTION

aspects on flows in piping systems are not only dominant in internal combustion
engines, but also in a number of other flow systems, and quite some efforts have
been done earlier, but with other motivations, to investigate such conditions. On the
other hand the parameter ranges for the IC engine flows are quite specific and it is
therefore necessary to make studies for the relevant values of the parameters. The
present studies have been performed through idealized experiments, and the fact that
the quote from Manley et al. (2008) states that one should strive towards simulation
intensive methods, such methods also need qualified boundary data and verification
through quantitative scientific experiments. The aim of the present study is therefore
to allow the reader mainly interested in IC engines per se to realize that it is both
important and rewarding to go outside the immediate neighborhood of the engine
aspects to get a better understanding of the physical processes important for engine
performance.

1.2. Complex flows in nature and technology

Natural phenomena including those initiated from the motion of fluids have been
the subject of many scientific studies and even though the mechanisms which trigger
them remain to a large extent a mystery, science has succeeded to answer some of
the questions regarding their existence and define the parameters which govern their
dynamics.

One of the subjects from the area of fluid dynamics which still constitutes a
“mystery” and is of vital importance is pulsating flow, i.e. the flow composed of a
steady and a periodic component. Pulsating flow is a part of our own being, since
it is the condition under which the human body operates. For instance, the heart
is probably the most well-known pump in nature, it creates a periodic motion and
distributes the blood to the whole body with a specific frequency rate. That causes
also the distinct “beating” sound when listening to our hearts through a stethoscope
(figure 1.1).

One should however not neglect the importance of pulsatile flow in the functioning
of mechanical systems which in return might not be of vital importance but contribute
to our well-being and have changed the way we experience life, such as the engine in
the cars we drive.

On the other side of the spectrum, if we look around us (from heat exchangers to
river banks and the human aorta), almost nothing is straight and how could that be
with the confined space we have been given to live in, therefore most of the systems of
any kind (natural, biological, mechanical) comprise of curved sections and conduits
(figure 1.2).

Luckily or not, in many cases, the two aforementioned conditions are combined
(i.e. pulsatile flows through curved pipes) and they can lead to complex flow phenom-
ena. As stated in literature: “pulsatile flow through a curved tube can induce compli-
cated secondary flows with flow reversals and is very difficult to analyze” (Kundu et al.
2012), “unsteady flows in curved conduits are considerably more complex than those
in straight conduits, and exhibit phenomena not yet fully understood” (Hamakiotes &
Berger 1988). This of course does not underrate the importance of the case of steady
turbulent flow through a curved pipe on its own, which has not been fully explored
yet and studies on its dynamics are being performed until nowdays (Hellström et al.
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Figure 1.1. Examples showing how pulsating flows are
greatly involved in our everyday life. a) A young pa-
tient having his heart examined by means of a stethoscope.
(Source: http://www.chatham-kent.ca) b) A Wiggers diagram
used in cardiac physiology to show the blood (aortic, ven-
tricular and atrial) pressure variation, the ventricular vol-
ume and the electrocardiogram in a common plot. (Source:
http://www.enotes.com) c) A turbocharger (Garrett). d) Mass
flow rate density at the centreline (top) and wall (bottom) of a
pipe. The flow is pulsating (40 Hz) in relevance to the inflow
conditions into a turbine.

2011). The irregular motion of the vortical structures in that case may induce vibra-
tions and cause fatigue in the pipes being part of e.g. the cooling systems of nuclear
reactors. In such cases, the pressure drop caused by bends has to be estimated with
high accuracy in order to achieve optimal plant safety (Ono et al. 2010; Shiraishi et al.
2009; Yuki et al. 2011; Spedding & Benard 2004).



4 1. INTRODUCTION

Varying vortical patterns created by the counteraction between curvature and
pulsation effects both in shape but also in time of appearance might lead to better
or worse performance of systems. For example the role that pulsating flow plays in
the causes of atherosclerosis or how it affects the performance of the turbocharger in
the engine gas exchange system have not yet been clarified or in many cases have not
even been considered. That is because, apart from the complexity of the flow itself
with the corresponding difficulties investigating such complex flow experimentally or
numerically, there is a substantial number of governing parameters to be considered.

a) b)

c) d)

Figure 1.2. Examples showing how curved geometries are
greatly involved in our everyday life. a) The Sandy River
bank with the curve right next to the intersection of Whittier
Road and Route 156 in Farmington, Franklin County, Maine,
USA. (Source: www.dailybulldog.com) b) Illustration of the
branches of the aortic arch. (Source: http://howmed.net) c)
An exhaust manifold. d) Schematic of the cooling system of
the Japan Sodium-cooled Fast Reactor (JSFR). The “hot-leg”
piping which is sharply bended and is used to transport the
reactor coolant to a steam generator is circled. Image taken
from Ono et al. (2010).
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The present thesis is organized as follows: First, an extensive literature review is
presented for flows in curved pipes as well as an introduction on the flow parameters.
Thereafter the different experimental set ups and techniques used are described and in
the last section of Part I a summary of the more important results and contributions
is made. Part II of the thesis, contains the main results obtained so far, organized
in the form of five papers, three of which have been already published and one is
in print, whereas the fifth one is planned to be extended and submitted in the near
future.



CHAPTER 2

Flows in curved pipes

“Learn from yesterday, live for today, hope for tomorrow. The impor-
tant thing is not to stop questioning.”

Albert Einstein (1879–1955)

“The motion of the fluid as a whole can be regarded as made up of
what are roughly screw motions in opposite directions about these two
circular stream-lines”

Dean (1927)

If a fluid is moving along a straight pipe that after some point becomes curved,
the bend will cause the fluid particles to change their main direction of motion. There
will be an adverse pressure gradient generated from the curvature with an increase in
pressure, therefore a decrease in velocity close to the convex wall, and the contrary
will occur towards the outer side of the pipe (figure 2.1).

The centrifugal force (∼ U2/Rc, where U is the velocity and Rc the radius of
curvature) induced from the bend will act stronger on the fluid close to the pipe axis
than close to the walls, since the higher velocity fluid is near the pipe axis. This gives
rise to a secondary motion superposed on the primary flow, with the fluid in the centre
of the pipe being swept towards the outer side of the bend and the fluid near the pipe
wall will return towards the inside of the bend. This secondary motion is expected to
appear as a pair of counter-rotating cells which bear the name of the British scientist
Dean (1927) and are widely known today as Dean vortices (figure 2.2).

Being a pioneer in the study of fluid motion at low Reynolds numbers, Dean
(1927) has been acknowledged for his work on the secondary motion in curved pipes
for laminar flow (Binnie 1978). His work revealed the existence of the two symmetrical
roll-cells but also introduced the parameter that dynamically defines such flows and
is named after him, namely the Dean number1:

1This is how the Dean number is defined in this thesis, based on the mean axial velocity since
it can be readily be measured but this in not always the variant used, especially in analytical
or numerical studies. As mentioned in Berger & Talbot (1983)–where an extended section on
the definition of the Dean number by various authors can be found–: “This [authors using
different forms of the Reynolds number or curvature ratio in their definition of the Dean
number] makes for considerable confusion in reading and interpreting the literature”. The
relation between the rate of flow and curvature of the pipe for a given pressure gradient was
given in Dean (1928) named as the parameter K (see also §2.1) and was later used in various
forms (White 1929; Taylor 1929; McConalogue & Srivastava 1968).

6



2. FLOWS IN CURVED PIPES 7

a) b)

Figure 2.1. Example of the streamwise velocity (Uz) distri-
bution at the exit of a 90◦ pipe bend a) Contour map of the
streamwise velocity field at a pipe cross-section b) Profile of
the streamwise velocity scaled by the bulk speed (Ub) along
the horizontal axis.

De = Re

√

R

Rc

(2.1)

where Re = ρUbD/µ denotes the Reynolds number, with ρ being the fluid density, Ub

the bulk velocity, D = 2R the diameter of the pipe and µ the dynamic viscosity of
the fluid.

In real life flow situations the flow through curved conduits may be further com-
plicated being either laminar, transitional or turbulent (or a combination of these)
and through the existence of swirl and/or pulsations. In this chapter a literature
review summarizes some important aspects of such flows. The chapter is divided into
five parts starting with a section dealing with Dean vortices in steady flow, probably
the most characteristic feature of flows through bends. The second and third sections
deal with studies with a swirling or pulsating motion superposed, respectively. Al-
though this review cannot be complete, due to the large amount and diversity of past
studies, there has been an effort to cover as much information as possible regarding
both the variety of curved geometries (small curvature, 90◦ to U-bends and torus) and
kinds of flows (laminar, steady, pulsating, swirling, turbulent). Section four provides
an overview and summary of the references in a table. The chapter finishes with a
section describing the parameters governing the types of flows investigated in this
study.

One of the aims of this chapter is to learn from what has been achieved in the
past and highlight the differences between the different flow conditions as well as
the challenges researchers encounter with when studying (especially experimentally)
complex flows.
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a) b)

Figure 2.2. a) W. R. Dean (1896–1973) Reprinted from Bin-
nie (1978). b) A schematic of the Dean vortices. Taken from
Dean (1927).

2.1. Dean vortices in steady flow

“The water just rushes out against the outer bank of the river at the
bend and so washes the bank away [. . . ] it allows deposition to occur
at the inner bank [. . . ] the question arose to me: Why does not the
inner bank wear away more than the outer one?”

Thomson (1876)

2.1.1. Mean flow development

Indeed many of us might have observed a similar behavior of the water flowing when
sitting close to a river bank, as expressed by Thomson (1876) who explained theoret-
ically the flow round a bend in a river2. This simple example from nature as well as
the circulatory systems of humans and other mammals that consist of rather curved
veins, arteries and capillaries or the internal combustion engine with its branches and
conduits, show how curved geometries are greatly involved in our everyday life and
how important it is to study their impact on the functionality of both natural and
industrial systems.

Noting in an early study (Eustice 1910) that even a small curvature can affect the
quantity of flow of water through a pipe, Eustice (1911) introduced coloured liquid
through capillary nozzles in various bent configurations made of glass, in order to
visualize the stream fluid motion (figure 2.3). From the behaviour of the filaments
he observed an uneven motion of the fluid compared to what had been known until
that time for the motion of fluids in straight pipes3:

2His observations mainly concerned open-channel flow but is mentioned here for historical
purposes.
3His experiments were later criticized by White (1929) for using non-fully circular sectioned
pipes and by Taylor (1929) for introducing the dye early at the entrance of the curved pipe,
therefore unable to detect a rise in the – as referred to the critical Reynolds number for which
turbulence breaks in – “Reynolds’ criterion” – due to curvature.
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“But in a curved pipe the water is continually changing its position
with respect to the sides of the pipe, and the water which is flowing
near the centre at one part approaches the sides as it moves through
the pipe and flowing near the sides it exerts a ‘scouring’ action on the
pipe walls”

Eustice (1911)

Figure 2.3. The different bend configurations used in the ex-
periments by Eustice and the filaments showing the streamline
motion. Reprinted from Eustice (1911).
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Dean (1927, 1928) was the first to provide a theoretical solution of the fluid
motion through curved pipes for laminar flow by using a perturbation procedure
from a Poiseuille flow in a straight pipe to a flow in a pipe with very small curvature.
He showed that the relation between the flow rate and the curvature of the tube
depends on a single variable K defined as K = 2Re2(R/Rc), where the Reynolds
number is defined here as: Re = RUo/ν with Uo being the maximum velocity for a
flow in a straight pipe of the same radius and with the same pressure gradient as in
a curved pipe and ν is the kinematic viscosity. This relation is only valid for small
curvature ratios R/Rc. He derived a series solution expanded in K to describe the
fully developed, steady flow analytically in a tube with small K and demonstrated
a flow field exhibiting a pair of symmetrical counter-rotating vortices. Since those
findings many researchers have been intrigued to investigate the complicated flow field
through pipe bends and the effect of the different parameters on the flow development.

By the late 1930’s the flow through pipe bends was a topic of high interest
including effects of curvature on the flow stability whereas characteristics of such flows
i.e. the counter-rotating cells were already being reproduced in textbooks (Goldstein
1938). Other textbooks where information about pipe bends can be found are those
by Schlichting (1955), Ward-Smith (1980) (where an extensive section on pipe bends
including mitre bends, ducts with non-circular cross section and short circular arc-
bends is available) but also in Kundu et al. (2012). This shows that the interest and
the knowledge on flows through curved pipes has been expanding through the years
and can be viewed as of fundamental importance to the field of fluid dynamics.

The work by Dean (1927) has been extended both theoretically and numerically
over the years. McConalogue & Srivastava (1968) extended the work by Dean (1927)
solving the equations numerically by Fourier-series expansion and showed that the
secondary flow becomes prevalent for a higher value of the Dean number (defined as

D = 4
√
K) up to which Dean (1927) extended his theory (D ≥ 96, which was also

their lower limit and whereas the upper was 600). This study was later extended by
Greenspan (1973) by using a finite-difference technique and applying the problem to
a wider Dean number range (10 ≤ D ≤ 5000). It was found that by increasing the
Dean number the physical trends observed by McConalogue & Srivastava (1968) were
still developing. Barua (1963) provided an asymptotic boundary-layer solution to the
equations of motion for large Dean numbers when the viscous forces are significant
only in a thin boundary layer and the motion outside that region is mostly confined
to planes parallel to the plane of symmetry of the pipe. Analytical approximation
methods for the flow in a curved pipe have been given in the more recent years by
Topakoglu & Ebadian (1985) and Siggers & Waters (2005) by using series expansion
of the curvature ratio and of the curvature ratio and Dean number, respectively.

White (1929) showed that the theory established by Dean (1927) can be valid for
pipes of different curvatures. Somewhat unexpectedly, laminar flow can be maintained
for larger Reynolds numbers (even by a factor of two for the highest curvature ratios
studied) than for straight pipes, even though curvature is known to cause instability4.

4In Schmid & Henningson (2001) a short description on the Dean vortices as secondary
instability can be found. Here the aim is to investigate the behavior of the Dean vortices in
the turbulent flow regime, therefore the instability mechanisms are not the subject of this
thesis and will not be further discussed.
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Taylor (1929) verified those results (figure 2.4) by introducing a fluorescent colored
band into the stream only after it had traversed at least one whole turn of the helix and
confirmed also the existence of the Dean circulation as indicated by Dean (1927). He
also observed that the flow was steady up to a certain speed at which the color band
began to vibrate in an irregular manner that increased in violence with increasing
speed until the flow became fully turbulent. Transition from laminar to turbulent
flow has been also examined in a number of studies (Ito 1959; Srinivasan et al. 1970).
Relations for the critical Reynolds number as proposed by different studies can be
found in Ward-Smith (1980) and Spedding & Benard (2004) even though no universal
solution exists since the parameter is highly dependent on the curvature ratio.

Kurokawa et al. (1998) examined the relaminarization mechanism in curved pipes
by means of flow visualization and hot-film anemometry employing fully developed
turbulent flow at the entrance of the bend. The secondary flow pattern was (once
more) proved to depend on the magnitude of the Dean number and smoke images of
the evolution of the secondary motions for different downstream positions and stations
along the bend were presented. For the lowest Reynolds number (Re = 2.2 × 103)
a weak secondary flow was formed as two counter rotating vortices. For the higher
Reynolds number (Re = 5.3 × 103) no secondary motions were depicted and it was
concluded that for the case of the 90◦ pipe bend the laminarization process is weak
because of the short development distance. Smoke visualizations for bends of 180◦

(U-bend) and 360◦ (torus) as well as a 720 and a 1800◦ coiled pipe were additionally
performed and weak secondary motions were captured for those cases as well. The
presence of turbulent flow was related to the absence of the secondary motion from

Figure 2.4. Reynolds number vs
√

d/D where d the diameter
of the pipe and D the diameter of the helix into which the pipe
was wound. With + the data by White (1929) are shown. ⊚
indicates lowestRe at which flow appears completely turbulent
in a helical glass tube. ⊡ denotes highest Re at which flow is
quite steady. Image taken from Taylor (1929).
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the images due to smoke diffusion, therefore no secondary structures were captured
under turbulent flow conditions in any of the aforementioned geometries.

Rowe (1970) measured the yaw angle relative to the pipe axis and the total
pressure variation. It was indicated that the secondary motion is greatest at 30◦

from the inlet of the bend reducing afterwards its strength but still persisting until it
reaches 90◦. Later, Patankar et al. (1975) used the k− ǫ model to calculate the same
cases as those of Rowe (1970) and obtained qualitative agreement of the mean flow
profiles.

Azzola et al. (1986) investigated both experimentally and numerically the devel-
oping turbulent flow in a strongly curved 180◦ pipe bend. Mean velocity and Reynolds
stress distributions indicated the existence of two cross stream flow reversals, as also
shown in Rowe (1970). An additional symmetrical pair of counter-rotating vortices
in the core of the flow was observed.

A few studies have also investigated the entry flow into curved pipes due to its
importance in finding the distance required for the flow to reach the fully developed
state or where the maximum shear stress appears. A pioneering study by Singh
(1974) was made on the flow characteristics near the inlet of the pipe. A boundary
layer is formed as the fluid enters the pipe where the viscous forces are confined while
the core is inviscid, like in a straight pipe. Immediately downstream the entrance
of the flow a considerable azimuthal flow is induced in the boundary layer from the
outside to the inside of the bend due to the pressure gradient. The secondary flow
generated by the curvature is therefore moving the slower fluid from the boundary
layer inwards and the faster fluid at the core outwards. The inflow condition greatly
affects the initial development of the flow with a non-uniformity in wall shear stress,
i.e. the shear is largest at the inner wall before the maximum moves to the outer wall,
appearing at two times larger distance for the first inlet condition than for the second
one. It was shown that the smaller the curvature ratio the smaller the disturbances
in the secondary motions and the entry condition affected the initial development of
the flow but did not affect the flow significantly further downstream. Smith (1976)
extended the work by Singh (1974) by applying more realistic inflow conditions, i.e.
the distortion of the incoming flow is due to the curvature of the pipe and not due to
the inflow profile. Yao & Berger (1975) theoretically investigated the development of
the flow from a uniform velocity field at the entrance to a fully developed flow and
for large Dean numbers. It was shown that in order to reach a fully developed state
in the case of large Dean numbers, the entry length needs to be O(

√
RRcDe), (where

the Dean number is defined here as: De = 2
√

R/Rc(2RUb/ν)). This value is smaller
as compared to the case for a straight pipe.

Agrawal et al. (1978) performed LDV and hot-film anemometry measurements
for the investigation of the flow in a curved pipe with a uniform motion as the inlet
condition. Two semi-circular pipes with different curvature ratios were used for a
Dean number range from 138 to 679. Comparison of their results to those of Singh
(1974) and Yao & Berger (1975) gave poor agreement due to certain assumptions in
the analytical procedure of the latter works (small effect of curvature, secondary flow
streamlines parallel to the plane of symmetry). Enayet et al. (1982) also performed
LDV measurements extending the effort by Agrawal et al. (1978) to turbulent flow.
The results showed that the secondary flows were strongly dependent on the thickness
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of the inlet boundary layer which in turn depends on the Reynolds number. For the
turbulent case, the inlet boundary layers are much thinner than for the laminar case
and the presence of a large central region of uniform velocity significantly influences
the development of the secondary flow downstream the bend.

Soh & Berger (1984) investigated the laminar flow at the entrance of a bend for
different Dean numbers and curvature ratios and observed secondary flow separation
at the inner wall as the flow developed which proved to be highly dependent on the
curvature ratio. Similarly to Agrawal et al. (1978) they showed a double peaked axial
velocity profile at the plane of symmetry for large Dean numbers and both for the
fully and non-fully developed flow cases. That phenomenon was explained due to the
highly distorted vortex structure.

Bovendeerd et al. (1987) performed LDV measurements on the entry region of
a 90◦ bend with a laminar parabolic profile as the inflow condition. The secondary
flow at the entrance was directed towards the inner wall while disturbances were
not observed downstream the inlet up to a distance of

√
RRc. They provided a

coherent description of the flow field throughout the bend, presenting the intensity
of the secondary motions and the axial velocity profiles for different stations along
the bend. It was shown that the secondary flow intensifies at an early stage but the
axial flow pattern does not show any changes dominated by the inertial forces up to
some distance. They compared their results with those by Soh & Berger (1984) and
Agrawal et al. (1978) who used a uniform entry profile instead of a parabolic one and
pointed out major differences in the flow development between the two conditions.

Sudo et al. (1998) investigated turbulent flow through a 90◦ curved pipe with
long straight pipes both upstream and downstream at Re = 6 × 104. Longitudinal,
circumferential and radial components of mean and fluctuating velocities as well as
Reynolds stresses were obtained by rotating a probe with an inclined hot-wire, ex-
tending the work by Azzola et al. (1986) and Enayet et al. (1982) who limited their
investigations on measuring only the longitudinal velocity component. Past studies
which showed that at the inlet the primary flow accelerates near the inner wall and a
secondary flow moves from the outer towards the inner wall were confirmed. At 30◦

bend angle the secondary flow is formed as a pair of vortices but the primary flow
stays deflected towards the inner wall until it becomes highly distorted at 75◦ and
90◦ bend angle. At some downstream distance from the bend the vortices start to
break down but they persist up to a distance of ten pipe diameters.

The secondary motion of a fully developed turbulent flow in curved pipes was
analyzed theoretically by Dey (2002) using the boundary-layer approach. Computa-
tional results of the boundary-layer thickness and the wall shear stress were presented
for different Reynolds numbers and curvature ratios up to De = 5×105. It was shown
that the secondary boundary layer thickness along the outer pipe wall increases grad-
ually but it starts growing rapidly near the point of the secondary boundary layer
separation. The normalized thickness (over the radius of curvature) decreased with
increasing Reynolds number while the wall shear stress increased with increasing ra-
dius near the outer wall until it reached some maximum value and then decreased to
obtain its minimum at the separation point.

A summary on the studies performed on both curved pipes and elbow bends for
laminar, transitional and turbulent flow (over 200 references) is given in Spedding
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& Benard (2004), including their own results on the pressure drop in various bent
geometries. They pointed out that the pressure drop is more significant due to flow
separation at the inner wall in elbows as compared to bends.

2.1.2. Vortex structure in turbulent flows

The behavior of Dean vortices in turbulent flow, has not been studied extensively
from an experimental point of view, but numerical simulations (mainly Large-Eddy
Simulations (LES) and Reynolds-Averaged Navier-Stokes (RANS) modeling) have
described a complex vortex pattern consisting of up to four or six cells under certain
flow conditions (Hellström 2010).

Tunstall & Harvey (1968) found that in a sharp bend a unique vortex pattern
exists for Re = 4×104, consisting of a single vortex dominating the pipe cross section,
switching its rotational direction from clockwise to counterclockwise. Three decades

a) b)

Figure 2.5. The “swirl switching” of the vortices at two in-
stants. a) Velocity vector field (“S” marks the saddle point and
the red line indicates the plane of symmetry). b) Contours of
streamwise vorticity (blue dashed lines indicate negative value
and red solid lines indicate positive value). Reprinted from
Brücker (1998).
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later, Brücker (1998) performed Particle Image Velocimetry (PIV) measurements to
investigate this phenomenon further (figure 2.5). Some time later, Rütten et al.
(2005) extended the analysis by means of LES for Re = 5000 − 27000 and proved
the existence of the “swirl switching” that was first observed by Tunstall & Harvey
(1968) and not only for the case of sharp bends where flow separation occurs. The
same phenomenon was later captured also in Sakakibara et al. (2010) by means of
Stereoscopic PIV (SPIV) for a higher Reynolds number (Re = 12 × 104). A similar
behavior of the vortices in turbulent flow was also observed by Ono et al. (2010) for
Re = 5.4 × 105 for a long elbow and more recently by Yuki et al. (2011) at the first
section of a dual elbow by means of PIV at Re = 5 × 104. Whereas a few possible
explanations on the mechanism behind the swirl switching exist (Tunstall & Harvey
1968; Brücker 1998), it is still not fully understood.

An insight on how the secondary motions form due to different parameters was
given in the numerical studies by So et al. (1991) and Lai et al. (1991) who focused
on how the shape of different cells in the flow through a U-bend depends on the inlet
flow profile, the Dean number and the curvature ratio. The flow patterns were shown
to consist of four different vortex pairs: the Dean-type vortex pair, another pressure-
driven pair near the pipe core as a consequence of local pressure imbalance (Rowe
1970; Azzola et al. 1986), a third separation cell near the inner bend (So et al. 1991)
and a fourth one near the outer wall which is a turbulence driven secondary motion
(Lai et al. 1991). For a uniform entry profile, small Dean numbers and curvature ratio

Figure 2.6. Secondary flows in a) Laminar flow with para-
bolic inlet profile at De = 277.5 b) Turbulent flow with fully
developed inlet profile at De = 13874. Image taken from An-
wer & So (1993).
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Figure 2.7. Velocity profiles of the streamwise velocity com-
ponent for a non-swirling (open symbols) and a strongly
swirling (black symbols) flow and for different bend stations.
Image taken from Anwer & So (1993).

only the Dean-type cell is observed while when the entry flow profile to the bend is
parabolic two additional cell structures can appear. For a fully developed turbulent
inlet profile turbulence-driven secondary motion is induced due to anisotropy of the
turbulent normal stresses and their radial and circumferential gradients (figure 2.6).
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2.2. Swirling flow

Turbulent swirling flow is encountered in many industrial applications such as in
hydraulic plants, combustion chambers and any machine that involves a turbine or
fan. However, the effects of the swirl combined with effects from curved geometries,
which are widely met in practice, on the turbulence and its structures have been
studied only to a very limited extent.

The work by Binnie (1962) was among the first efforts to examine swirling flow
in a 90◦ pipe bend, by means of flow visualization in water, though the experiments
were limited to the movement of particles close to the wall. The flow pattern was
explained by additional sketches which showed the existence of an air core, changing
its position through the bend.

Figure 2.8. Flow structures at increasing swirl intensities.
Image taken from Pruvost et al. (2004).
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The effect of swirling flow on hydraulic losses and the flow in U-bends was inves-
tigated experimentally by means of Pitot tubes in Shimizu & Sugino (1980). They
also considered effects of wall roughness and the curvature ratio. Axial and periph-
eral velocity distribution plots and contours for a strong swirling flow revealed a close
relation between the axial velocity and the vortex core center demonstrating that the
maximum velocity moves to the opposite direction as the vortex core center. For the
case of weak swirling flow, the vortex core was positioned at the inlet of the pipe and
disappeared at some downstream angular station with the maximum velocity shifting
towards the outer wall. A pressure difference pushed the fluid close to the wall in a
counter-clockwise direction in that case, causing a reverse force which was stronger
than the clockwise swirl motion existing in the upstream angular positions.

The case of a turbulent swirling flow through a curved pipe (two 90◦ pipes con-
nected) was also examined experimentally by Anwer & So (1993) for Re = 5 × 104

and for a high swirl intensity (defined in their study as: Ns = ΩD/2Ub , where Ω
the angular speed of the rotation section) of Ns = 1 by means of pressure taps, a
hot-film gauge and a rotating hot-wire probe. From the mean velocity profiles (fig-
ure 2.7) along the horizontal and vertical planes it was shown that the profiles are
not as skewed as in the non-swirling case which suggested that a single dominating
cell exists here instead of multiple secondary structures. The extended work by So &
Anwer (1993) showed that in swirling flow, the length needed for the flow to become
fully developed is shorter than that needed in the case of a straight pipe and that the
bend accelerates the decay of the swirl.

For the case when a swirling motion is superposed on the primary flow, CFD
studies (Pruvost et al. 2004) have shown that the Dean cells merge as the swirl
motion intensifies (figure 2.8) until the flow field becomes completely swirl dominated
(the swirl intensity in that case was Sn = 2.5 where Sn = ΩR/2Ub). Once again,
the results so far concerning turbulent swirling flow through bends are based either
on simulations (Pruvost et al. (2004) is one of the few studies considering turbulent
swirling flow using CFD tools) or point-wise measurements (Anwer & So 1993) and
therefore cannot provide an image of the vortices (or more specifically for the case of
simulations a validated one). The work by Chang & Lee (2003) considered 2D-PIV
measurements in turbulent swirling flow in a bend. Streamwise velocity profile plots
showed negative velocity at the centre of the pipe at the inlet due to the strong swirl
motion while later, increased in magnitude, it shifted towards the convex wall until it
reached a bend angle of 45◦ where it allocated again to the concave wall. Additional
turbulence intensity plots showed the existence of a two-cell phenomenon which for
the case of the highest Reynolds number studied, remained distinguishable until the
exit of the pipe.
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2.3. Pulsating flow with and without curvature effects

”With each respiration, and to a lesser extent each heart beat, an
arrest, or reversal of flow took place”

Helps & McDonald (1954)

2.3.1. Pulsating flow in straight pipes

Seminal studies on the fundamental characteristics of pulsating flows started truly
in the mid ’50s (Womersley 1955) with the early studies focusing mainly on the flow
conditions in veins and arteries (McDonald 1952; Helps & McDonald 1954; Hale et al.
1955) and revealed some of the characteristics of pulsating flow such as flow reversal5

which would later be investigated both experimentally and numerically for a number
of different applications. In pulsating flow inertia forces due to pulsations play an
important role and their ratio with the viscous forces define the frequency parameter.
Womersley (1955) has been credited for his work on pulsating flows and for providing
a solution for the equations of motion for a viscous fluid in a circular pipe under a
known oscillatory pressure gradient. He connected the viscous drag and flow rate by
using a universal parameter, named today as the Womersley number, a dimensionless
expression of the pulsatile flow frequency in relation to viscous effects:

α = R

√
n

ν
(2.2)

with R being the radius of the tube, n the circular frequency (i.e. n = ω = 2πf where
f the frequency in cycles per second) and ν the kinematic viscosity of the fluid (see
also § 2.5).

Pulsating flow can appear in different regimes: laminar, transitional and turbu-
lent or depending on the nature of the flow in steady-state or transient form. On the
other hand, steady-state pulsating flow is divided additionally into three categories
due to the flow’s own complexity. For α < 1.32 (or as shown by Shemer & Kit (1984)

for
√

St/Re < 1.8 × 10−2, where St is the Strouhal number, see § 2.5) the region is
quasi-steady i.e. it can be treated as steady. At such low pulsation frequencies the
turbulent structures have time to accommodate to the slowly varying flow rate and
therefore the flow behaves similar to steady turbulent flow. For 1.32 < α < 28 the
region is intermediate (passage between steady to pulsatile flow) and for α > 28 it
is inertia dominated, the pulsation frequency is so high that the turbulent structures
cannot respond to the rapid changes. Hence the turbulence becomes independent of
the phase angle of the pulsations (Carpinlioǧlu & Gündoǧdu 2001).

Even though the transition of steady laminar flow to turbulence has been studied
extensively, the case of transition of pulsating flow has only been studied to a certain
extent. From what has been known so far, the passage between the different pulsating
flow regimes can be rather complicated and the Reynolds number for the transition
to turbulence or for which the flow remains fully turbulent under the full pulse cycle,
there are no definite conclusions made. In general this is rather complicated since
apart from the time-averaged critical Reynolds number (which constitutes the only
criterion for transition in steady flows) the occurrence of turbulence and its persistence

5A flow of fluid in the opposite direction of its regular flow, known also as back flow.
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throughout the whole pulse cycle depend also on the velocity amplitude ratio (Uos/Um

where Uos is the oscillatory velocity component and Um the mean velocity) as well
as the Womersley number (Ohmi et al. 1982; Kirmse 1979).

Tu & Ramaprian (1983) performed measurements at Re = 5×104 and examined
in detail the turbulence characteristics of steady, as well as quasi-steady and inter-
mediate oscillatory flow. The time-mean velocity of quasi-steady turbulent flow was
almost identical to the steady flow case but as the Womersley number increased, there
was a phase lag between the velocity and the pressure gradient observed while mean
axial flow profiles showed increased centerline velocity and an inflexion point was seen
close to the wall. The turbulent flow was divided into the quasi-steady, low-frequency,
intermediate-frequency, high-frequency and rapid-oscillation regimes according to the
turbulent Stokes number introduced in Ramaprian & Tu (1983), see also § 2.5. Other
studies on the effects of pulsations on turbulence are those by Gerrard (1971); Winter
& Nerem (1984); Shemer & Kit (1984); Shemer et al. (1985).

2.3.2. Pulsating flow through curved channels

Under pulsating conditions the laminar vortices in a curved pipe can exhibit a highly
varied pattern during one pulse cycle (Timité et al. 2010; Jarrahi et al. 2010) as
illustrated in figure 2.9. Sudo et al. (1992) compared results from flow visualizations
with numerical calculations and distinguished the secondary flows into five patterns
according to different values of the flow parameters, see figure 2.10. Type I appears
when the frequency parameter is so low that a large viscous layer forms near the wall
and the vortices resemble those when the flow is steady for the full oscillation period.
As the frequency parameter increases but remains in the moderate range (O(10)),
the viscosity effect reduces successively to the wall and the inertial effect increases in
the pipe centre. This force imbalance favors the centrifugal effects in the core region
of the pipe while at the outer wall the tangential velocity becomes larger than the
radial velocity and the fluid at the centre moves towards the outer side of the pipe.
Consequently, symmetrical, stretched vortices are formed with their centers moving
to the top and bottom of the pipe cross-section. Furthermore, when the Womersley
number increases further, the so-called Lyne instability sets in (see below).

The first pioneering study on oscillatory laminar flow through curved pipes is
credited to Lyne (1970), almost 5 decades after the study by Dean (1927) on steady

flow in a curved pipe. In this study small values of the parameter β =
√

2ν/ωR2 were
chosen so that the viscous effects were confined in a thin layer at the wall (Stokes
layer6) and the rest of the flow was assumed to be inviscid in order to simplify the
problem. It was shown that a secondary flow was confined in the Stokes layer due to
centrifugal forces and in Lyne’s words: “. . . the fluid is driven along the wall from the
outer side of the bend to the inner, under the action of the pressure gradient which,
in the Stokes layer, is no longer balanced by the centrifugal force associated with flow
along the pipe; it returns centrifugally within, and at the edge of, the Stokes layer . . . ”
(see figure 2.11). The secondary flow was shown to be governed by a conventional
Reynolds number defined as:

6The boundary layer in oscillatory flows; its thickness is defined as: ℓs =
√

2ν/ω or in inner

scaling: ℓ+s = ℓsuτ/ν, where uτ the friction velocity, ω the angular frequency of pulsations
and ν the kinematic viscosity.
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Rs =
W 2R

Rcων
(2.3)

where W is a typical velocity along the axis of the pipe. The analysis performed was
valid for Rs ≪ 1 or Rs ≫ 1.

Figure 2.9. Secondary flow variation in an oscillation period
at α = 10.26. Highest velocity values (red vectors) are indi-
cated to the left. Image taken from Jarrahi et al. (2010).
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Smith (1975) further examined the counteraction between steady and oscillatory
boundary layers. He also investigated when this inward-outward motion observed
by Lyne (1970) occurs and distinguished the nature of primary and secondary flow
depending on the Dean number and frequency parameter.

Zalosh & Nelson (1973) demonstrated the secondary motions for small values of
the parameter (R/Rc)(QR/ων)2 (where Q and ω are the amplitude and frequency
of the pressure gradient, respectively) and for different pipe radii. Reversal of flow,
confirming also observations by Lyne (1970) was observed. The theory was valid

only for Rs ≪ 1 but for arbitrary values of
√
2β. Bertelsen (1975) investigated

experimentally the case when β ≪ 1 and Rs . 1 (defined as in Lyne (1970); Zalosh
& Nelson (1973)) and compared his results with the two aforementioned theories. He
concluded that in practice the theories are valid for higher Rs than initially expected.
The same observations on the outward-inward motion of the vortices in unsteady
flow of small pulsatile frequency rate and mean Reynolds number were examined

Figure 2.10. Schematic diagrams of the five secondary flow
patterns reprinted from Sudo et al. (1992). a) Dean circula-
tion b) Deformed Dean circulation c) Intermediate circulation
between Dean and Lyne circulations d) Deformed Lyne circu-
lation e) Lyne circulation. Each type is distinguishable from
the other by varying the Dean (40 ≤ De ≤ 491) and Womers-
ley (5.5 ≤ α ≤ 28.2) number.
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a) b)

Figure 2.11. Lyne-type circulation. a) Reprinted from Lyne
(1970) b) Reprinted from Bertelsen (1975).

numerically by Hamakiotes & Berger (1990) as well as the shear rates, which appeared
to be larger at the peak of back flow located at the inner bend.

Studies has been focused, as in the steady flow case as well, on the entrance
region of the bend. Singh et al. (1978), extending his work on the steady inlet flow
conditions to a bend, performed a boundary-layer analysis using a pulsatile velocity
profile as the inflow, relevant to blood flow. The study shows the slower moving fluid
being drifted azimuthally from the outer bend to the inner as the secondary flow
effect increases due to the curvature and induces a cross-flow of faster moving fluid
from the inner bend to the outer. This results in a thinning of the boundary layer at
the outer bend and a thickening at the inner. It was also shown that as the boundary
layer grows during deceleration, back flow and negative wall shear stress develops.

Talbot & Gong (1983) performed an LDV study on the effects of different cur-
vature ratio and Dean number and concluded that a similar classification as the one
made by Smith (1975) for the regimes of fully-developed pulsatile flow in curved pipes
may also be useful to distinguish between different entry-flow regimes.

Another study on the characteristics of the flow through curved geometries when
pulsations are present with application to blood flow is the one by Chandran & Year-
wood (1981). Back flow was observed close to the inner wall during early diastole
which was delayed as the distance from the inner wall increased. Profiles of the axial,
radial and tangential velocity components for both the vertical and horizontal plane
were plotted showing that the reversal of flow in the central region of the vertical
traverse coincides with the flow reversal observed in the same region in the horizontal
traverse. Furthermore during early diastole, when back flow is located near the inner
wall, both the tangential and radial components decrease in magnitude. The progres-
sive reversal of the axial flow into the central core region as the diastole progresses is
explained by the outward momentum caused by the movement of the radial velocity
towards the outer wall. It is shown that tangential and radial components in the
boundary layer of the inner wall are relatively large enough to enhance the rotational
motions. Last, this study postulated one unique characteristic of pulsating flow in
curved pipes in contrast to steady flow through similar geometries, namely that the
maximum axial velocity in the entrance region is observed close to the outer wall and
not the inner, as it has been known for the steady case.
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The detailed nature of pulsatile laminar flow through a pipe bend was examined
by Sumida et al. (1989) who, by means of visualization, provided snapshots of the
secondary motions for a whole cycle. The results from the observations included the
vortex core location and kinetic energy which were compared with numerical analysis.
The effects of the frequency parameter ranging from 5.5 to 18 on the formation of the
secondary structures were visualized. For the low Womersley number case, the flow
appeared to be quasi-steady while at the highest, the axial velocity profile did not
change with the cycle phase apart from the region where back flow occurred while in
that case the core of the vortex did not change significantly. The results presented
were referring to a Dean number of 200 and an amplitude ratio of 1. This work
was later extended in Sumida (2007) where the Womersley and Dean numbers were
5.5 to 18 and 200 and 300, respectively. Results were obtained by means of LDV
in order to examine the entrance length needed under those flow conditions for the
flow to become fully developed. The flow field was found to be more complicated for
moderate values of the Womersley number and the entrance length was shorter for
pulsating flow than for steady flow.

The effect of theWomersley number was also examined numerically in Hamakiotes
& Berger (1990) for a range between 7.5 and 25 and Reynolds numbers based on the
mean velocity between 50 and 450. A Dean-type vortex was always present for the
lower Reynolds number while at higher Re the Lyne-type motion was observed to
occur earlier in the cycle for lower values of the Womersley number.

2.4. Summary of previous studies

In table 1 previous studies on flows through curved pipes have been summarized along
with the parameter range that they investigated as well as the method applied (note
in the various studies difefrent forms of the parameters have been used, see previous
paragraphs for details). A review of the studies on different kind of flows in curved
pipes along with a separate section on experimental work can also be found in (Berger
& Talbot 1983) with more than 130 references while textbooks dedicating sections
on oscillatory flows in curved pipes are the – among others – ones by Ward-Smith
(1980) and Pedley (1980). It can clearly be seen that whereas there has been given
much consideration in laminar pulsating flow or turbulent steady flow, not many
studies exist on turbulent pulsating or swirling flow and there is clear lack also of
experimental work on highly pulsating or swirling turbulent flow, i.e. when both the
Dean and Womersley numbers are high7.

7High enough so that turbulent flow is ensured throughout the whole pulsation cycle.
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2.5. Flow parameters

It feels inherent to close this chapter on flows in curved pipes with a further discussion
on the parameters governing such flows that have been presented in the previous sec-
tions. Most of them have already been mentioned but here a more detailed description
on their definitions and physical meaning will be given.

The flow can in principle be described through the conservation laws, i.e. the
conservation of mass, momentum and energy. As a reference the momentum equation
in its general form (2.4) is given in tensor notation and in Cartesian coordinates.
This will help us later in the section to understand the physical meaning of the flow
parameters which will be presented.

unsteady acceleration
︷ ︸︸ ︷

∂

∂t
(ρui) +

convective acceleration
︷ ︸︸ ︷

uj

∂

∂xj

(ρui)

︸ ︷︷ ︸

Inertia

=
∂τij
∂xj

− ∂p

∂xi
︸ ︷︷ ︸

divergence stress

+ ρfi
︸︷︷︸

other forces

, (2.4)

where p is the pressure, τij the viscous shear stress tensor which is defined as:

τij = µ(
∂ui

∂xj

+
∂uj

∂xi
︸ ︷︷ ︸

viscous shear stress

−2

3
δij

∂uk

∂xk

). (2.5)

The ratio of the inertia forces and the viscous forces acting on the fluid can be
expressed in terms of the well-known non-dimensional Reynolds number :

Re ≡ Inertia force

Viscous force
∝ ρu∂u/∂x

µ∂2u/∂x2
∝ ρU2/L

µU/L2
=

UL

ν
, (2.6)

with ρ [kg/m3] denoting the fluid density, U [m/s] the characteristic velocity (e.g the
bulk velocity Ub), L [m] the characteristic length (for pipe flows this is usually the
radius R or diameter D of the pipe), µ [Pa·s] the dynamic and ν [m2/s] the kinematic
viscosity, respectively. One may also note that the Reynolds number can be seen as
the ratio between two time scales, a convective time scale (L/U) and a viscous one
(ν/U2).

In the case of curved pipes, the Reynolds number is still of great importance but
here an additional force is added to the problem (equation 2.4), the centrifugal force
introduced by the curvature of the pipe. This is expressed through the curvature ratio
defined as:

γ ≡ radius of pipe

radius of curvature
=

R

Rc

, (2.7)

where Rc the centerline radius of the bent pipe.

Together the Reynolds number and the curvature ratio yield the Dean number,
defined for the first time by Dean (1927):

De =
√
γ ×Re. (2.8)
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When an additional motion is superposed on the primary flow, the balance be-
tween the forces changes. For example when a swirling motion is added, a Coriolis
force is acting on the fluid (in the rotating system) and the centrifugal forces weaken
as the swirl intensity increases (see paper 5 ). This is expressed through the swirl num-
ber S for which different definitions exist in literature. In cases where the swirling
motion is introduced by means of tangential injection of secondary flow or passive
methods (guiding vanes) one needs to calculate the so called integral swirl number,

the ratio between the fluxes of angular momentum to streamwise momentum (Örlü
2009). However, with the present experimental apparatus the mean velocity both in
axial and tangential direction are well defined by rotating the whole pipe and the
Swirl number can be defined as:

S =
Vw

Ub

, (2.9)

where in the case of an axially rotating pipe, Vw is the angular speed of the pipe wall.
This is a convenient way to define the swirl intensity since the wall velocity can be
directly obtained by the rotational speed of the pipe (which is in this study can be
monitored, see also § 3.1).

Last, when a pulsating motion is superposed on the flow, transient inertial forces
act on the fluid in counteraction with viscous forces. This is expressed by the Wom-
ersley number:

α =
D

2

√
ωρ

µ
, (2.10)

where ω = 2πf [rad/s] is the angular speed with f being the frequency of the pulsa-
tions. Sometimes the Womersley number8 is referred to in literature as the dimen-
sionless frequency parameter:

√
ω′.

Equation 2.10 shows that the Womersley number is a composition of the Reynolds
number and the Strouhal number9:

St ≡ unsteady acceleration

advective acceleration
∝ ∂u/∂t

u(∂u/∂x)
∝ ωU

U2/L
=

ωL

U
(2.11)

where L the characteristic length, in our case the diameter of the pipe. Similar to
the Reynolds number the non-dimensional Strouhal number can be seen as a ratio
between two time scales, the time scale inherent to the flow motion (L/U) and the
time scale of oscillatory motion (ω−1).

For small Womersley numbers the flow behaves quasi-steady since decreasing α
means increasing viscous effects which become dominant when α < 1. With increasing
Womersley number on the other hand the inertial forces become more and more

8It should be mentioned here that even though not used within the context of this study
an inner scaled frequency parameter can also be defined (inner scaled Strouhal number) as
ω+ = ων/u2

τ where uτ the friction velocity, for more details see He & Jackson (2009).
9It is more frequently used to describe the shedding frequency of a vortex behind a cylinder
since it was introduced by Vincenc Strouhal (1850–1922), a Czech physicist, after experi-
menting with vortex shedding behind wires. It is therefore defined as St = fL/U , based on
the vortex shedding frequency, f .
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important and the velocity starts to show phase lag with respect to the pressure
gradient. This phase lag becomes 90◦ for laminar flow but less than 90◦ for turbulent
flow (Ramaprian & Tu 1983). In literature sometimes the Stokes number is used
which for laminar oscillatory flow reads:

Sto = R

√
ω

8ν
(2.12)

and in turbulent flow as explained in Ramaprian & Tu (1983) becomes:

Sto =
ωD

Ub

, (2.13)

The turbulent Stokes number is much smaller than the equivalent laminar one for
the same frequency rates and it can be seen as the ratio of two characteristic length
scales, the pipe radius and the viscous scale

√
2ν/ω. The Stokes number was named

after G. G. Stokes (1819–1903)10 in honour for his study on the boundary layer in
laminar oscillatory flows.

An important parameter for pulsating flows which together with the Womersley
and Dean number define the different regimes of the pulsating flow (quasi-steady,
intermediate, inertia dominant, see also § 5) is the velocity amplitude ratio:

A =
Qo

Q
, (2.14)

where Qo is the flow rate amplitude of the oscillatory component and Q is the am-
plitude of the mean flow rate.

Throughout the thesis, the aforementioned numbers are going to be mentioned
several times since they are the governing parameters of the flows in focus and from
now on the reader will be referred to this section for their definitions.

10Physicist and mathematician who has been known for his great contribution to fluid dy-
namics, including the Navier-Stokes equations on the fluid motion and the Stokes’ law on
the frictional forces acting on a spherical object e.g. a particle with small Reynolds number
in a viscous fluid.
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Author(s) (year) Type Superposed Type Measurement Range of

of flow motion of approach technique(s) De α S

Dean (1927) laminar – analytical – up to 96 0 0

White (1929) transitional – experimental Visualization 50–1950 0 0

Taylor (1929) transitional – experimental Visualization 886–1647 0 0

Tunstall & Harvey (1968) turbulent – experimental Visualization, hot-wire,

gold-shim flag 28280–153440 0 0

McConalogue & Srivastava laminar – numerical – 96–600 0 0

(1968)

Rowe (1970) turbulent – numerical &

experimental yawmeter, pitot tube 47200 0 0

Lyne (1970) laminar oscillating analytical &

experimental photographs 6.57 0.05 0

Greenspan (1973) laminar – numerical – 10–5000 0 0

Bertelsen (1975) laminar oscillating experimental tracer method 22.8–1840 8.69–22 0

Agrawal et al. (1978) laminar – experimental LDV 138–679 0 0

Chandran & Yearwood laminar pulsating experimental hot-film 320 & 1140 20.76 0

(1981)

Enayet et al. (1982) laminar &

turbulent – experimental LDV 212, 463 & 18243 0 0

Talbot & Gong (1983) laminar pulsating experimental LDV 120 & 372 8 & 12.5 0

Soh & Berger (1984) laminar – numerical – 108.2–680.3 0 0
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Author(s) (year) Type Superposed Type Measurement Range of

of flow motion of approach technique(s) De α S

Bovendeerd et al. (1987) laminar – experimental LDV 286 0 0

Hamakiotes & Berger laminar pulsating numerical – 0.7–756 15 0

(1988)

Sumida et al. (1989) laminar pulsating numerical &

experimental Visualization 90 & 200 5.5–18 0

Hamakiotes & Berger laminar pulsating numerical – 38–340 7.5–25 0

(1990)

So et al. (1991) laminar – numerical – 277.5–1360 0 0

Lai et al. (1991) turbulent – numerical – 13875 0 0

Sudo et al. (1992) laminar pulsating numerical &

experimental photographs 40–500 5.5–28 0

Anwer & So (1993) turbulent swirling experimental hot-film gauge,

rotating-wires &

pressure taps 13875 0 1

Sudo et al. (1998) turbulent – experimental hot-wire 30000 0 0

Brücker (1998) turbulent – experimental PIV 1400 & 3500 0 0

Pruvost et al. (2004) turbulent – numerical – 14000 & 30000 0 0.125, 0.25,

0.5 & 2.5

Rütten et al. (2005) turbulent – simulations (LES) – 1400, 2000, 3500

4000,11000 & 19000 0 0

Ono et al. (2010) turbulent – experimental PIV 100000, 250000,

318000 & 381000 0 0

Timité et al. (2010) laminar pulsating numerical &

experimental LDV &

Visualization 286–1144 1–20 0

Jarrahi et al. (2010) laminar pulsating experimental PIV 126.6–301.5 8.37–24.5 0
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CHAPTER 3

Experimental set ups & techniques

“A scientist in his laboratory is not a mere technician: he is also a
child confronting natural phenomena that impress him as though they
were fairy tales”

Marie Curie (1867–1934)

“No amount of experimentation can ever prove me right; a single ex-
periment can prove me wrong”

Albert Einstein (1879–1955)

In the following chapter the experimental set ups and techniques that have been
used for the purposes of the current study are going to be presented. Two experi-
mental set ups have been used, one where a swirling motion could be generated by
rotating a long pipe upstream the pipe bend in order to study effects of a swirling
motion on the vortical structures and one where pulsating flow could be created by
rotating a valve in order to study pulsatile effects on the flow structures downstream
the curved pipe. Due to the complexity of the flow, different techniques had to be
used in order to fully investigate the flow field both in terms of statistical quantities
and large scale structures. Therefore, PIV was employed to visualize and quantify the
coherent structures while combined HWA/CWA was used to statistically analyze the
flow field. Finally, LDV has also been applied for further investigation of some of the
results from the two aforementioned techniques. Their principles and how they have
been applied in the present study are explained in details in the following sections.

3.1. The rotating pipe facillity

One of the aims of the current study is to visualize the Dean vortices in turbulent flow
and examine the effect of a swirling motion, superposed on the primary flow, on their
behaviour. For that purpose Time-resolved Stereoscopic Particle Image Velocimetry
(TS-PIV) measurements were conducted at the rotating pipe facillity in the Fluid
Physics Laboratory at KTH Mechanics. Here a general description of the facility
(figure 3.1) will be provided, for further details on the set up the reader is referred to

(Facciolo 2006; Örlü 2009).

Figure 3.2 shows a schematic of the main experimental set up. The air is provided
by a centrifugal fan and the mass flow rate can be controlled by means of a butterfly
valve monitored through the pressure drop across an orifice plate. A distribution
chamber is implemented in order to minimize the vibrations created by the fan while a

30
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Figure 3.1. Close-up of the set up showing the rotating pipe
mounted within a triangular shaped framework and connected
to the stagnation chamber covered by an elastic membrane in
order to further reduce pressure fluctuations.

C A B 

D

M K 

L 

J G E F 

H

Figure 3.2. Schematic of the experimental set up. A) Cen-
trifugal fan, B) flow meter, C) electrical heater, D) distribu-
tion chamber, E) stagnation chamber, F) coupling between
stationary and rotating pipe, G) honeycomb, H) DC motor,
J) ball bearings, K) rotating pipe, L) circular end plate, M)
pipe outlet.
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Figure 3.3. Mean velocity profiles at the exit of the 100 D
pipe (see pointM in figure 1) forReD = 24000 and for different
swirl numbers (S = 0, 0.1, 0.3, 0.5). Repr. from Sattarzadeh
(2011)

a) b)

Figure 3.4. a) Pipe bend that was mounted at the exit of
the 100 D long straight pipe. b) Dimensional details of the
pipe bend.

honeycomb installed inside a stagnation chamber, where the air is fed into, distributes
the air evenly. The air is first led into a one meter long stationary section which is
connected to the rotating pipe, which has at its entrance a 12 cm long honeycomb and
brings the flow into more or less solid body rotation. The pipe can rotate to speeds up
to 2000 rpm by means of DC motor which is connected to the pipe through a belt. The
total length of the pipe section is 100 D where D denotes the inner diameter of the
pipe, equal to 60 mm. Figure 3.3 shows the mean velocity profiles for different swirl
intensities at a Reynolds number based on the pipe diameter, ReD = 24000 at the exit
of the pipe. The profile for the non-swirling case, depicts very closely what is known
for fully-developed turbulent flow while as the swirl number increases the profile shape
approaches that of the laminar pipe flow (Sattarzadeh 2011). This constitutes also
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Figure 3.5. Layout of the Cicero rig. Image taken from Lau-
rantzon et al. (2010b).
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Figure 3.6. a) The rotating valve (its housing is also shown).
b) Relative open area change caused by the rotating valve as
function of the revolution angle.

the entrance length for the flow which is fed into the bent pipe (figure 3.4). Note that
while the straight pipe is rotating, the bend is remaining still. The curved pipe has
an inner diameter of D = 60.3 mm and curvature radius of Rc = 95.3 mm, giving a
curvature ratio (γ = D/2Rc) of 0.31. The length of the straight section after the 90◦

curvature is 0.67 D.

3.2. The CICERO rig

The main goal of the current work is to investigate the flow field under the counter-
action between centrifugal, inertial and viscous forces and for that purpose the case
of a turbulent pulsating flow downstream a pipe bend is considered.
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a) b)

Figure 3.7. The two bend pipes used for the measurements
performed in the CICERO laboratory. a) Bend I b) Bend II
with the 1 D extension mounted on it.

Three experimental techniques have been utilized (see § 3.3-3.5) in order to fully
examine the complex flow field and stress the applicability of classical and state-
of-the-art experimental methods under harsh flow conditions. The measurements
took place at the CICERO Laboratory at KTH CCGEx (Competence Centre for
Gas Exchange), where a compressor installation facility (two Ingersoll Rand screw
compressors) has been developed (Laurantzon et al. 2010b) that can deliver up to
500 g/s air flow at 6 bar. The CICERO rig (see figure 3.5) can be operated under
both steady and pulsating flow conditions while the mass flow rate is being monitored
by a hot-film type mass flow meter (ABB Thermal Mass Flowmeter FMT500-IG)
which is located around 10 m upstream from the measurement site. The pulsations
are being supplied by a rotating valve, consisting of a sphere with a tight fitting in
a 55 mm pipe, which is located upstream of the pipe test section. The sphere is cut
off at two sides, thereby the valve opens twice per revolution (Figure 3.6 depicts the
relative open area change caused by the rotating valve as function of the revolution
angle). The rotation rate of the valve can be set by a frequency-controlled AC motor
and the maximum open area is approximately 15% of the pipe area.

The total entrance length before the flow is fed into the pipe bend (Figure 3.7) is
approximately 20 D, therefore the flow reaching the pipe bend is not fully developed;
a condition which is met in most industrial applications (for example in the internal
combustion engine which is the focal point in this study, due to packaging constraints
the pipe sections connecting the different bends are quite short). Two pipe bends
have been used for the experiments performed in the CICERO laboratory and are
shown in Figure 3.7 with their geometrical details listed in table 1. At the exit of
Bend II straight pipe extensions were connected in order to study the flow evolution,
which were 0.2, 1, 2 and 3 D long each. Both bends are considered to be sharp, in
accordance with the geometrical characteristics of bent sections found in the engine.

In order to study the effect of the steady and pulsatile flow through a sharp
curved bend on the turbine map of a turbocharger an additional set of measurements
was performed (see paper 4 for more details) with the pipe Bend II having the 0.2 D
extension mounted upstream of the turbocharger (Garrett). Figure 3.8 shows the ex-
perimental configuration used for these measurement run tests and has been designed,
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Table 1. Geometrical details of the pipe bends used in the
Cicero Laboratory. The diameter of the pipe, the curvature
radius and the length of the extension downstream the bend
are shown.

D [mm] Rc [mm] Lext/D

Bend I 39 45.8 1
Bend II 40.5 51 0.2, 1, 2, 3

built and taken into operation in connection with the work in Laurantzon et al. (2012).
Instantaneous pressure and mass flow rate measurements were performed across the
turbocharger by means of fast response pressure transducers (Kistler) and the vortex
mass flow meter introduced in Laurantzon et al. (2012), respectively.

Figure 3.8. Set up for the instantaneous pressure and mass
flow rate measurements across the turbocharger. Hot wire
probes (see next section) comprising the vortex flow meter
were placed downstream and upstream of the turbocharger
(Garrett).

3.3. Hot/Cold-Wire Anemometry (HWA/CWA)

The use of a heated wire with temperature dependent resistance exposed in air flow
to measure the fluid velocity is the basic principle of hot-wire anemometry. It is a
relatively cheap, easy-to use technique with high frequency response and has greatly
contributed to develop our understanding of turbulence, probably more than any
other technique1. Evidence of interest on the hot-wire principle is traced back to

1This is referring mostly to the long time that hot-wire anemometry has been available (over
a century) to study turbulence compared to other techniques which have also contributed
(each one in different ways) to our understanding of turbulence and its structures but they
have only been used the last few decades (§ 3.4, 3.5).
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Oberbeck (1895) and King (1914), with the first hot-wire sensor being 10 cm long
with a diameter of a few tenths of a millimeter (Oberbeck 1895). This shows the
great improvements that the technique has gone through, since today subminiature
wires down to 0.6 micron diameter can be operated to study the smaller scales of
turbulence (Ligrani & Bradshaw 1987).

A few textbooks have been devoted to hot-wire anemometry and its principles
such as: Perry (1982); Lomas (1986); Bruun (1995). The aim of the current section
is therefore to introduce the reader to the technique and highlight the usability of the
method for the purposes of the current study, for more details about the progresses
on the method through the years and its applicability on various flows the reader is
referred to Comte-Bellot (1976) and Stainback et al. (1996).

The hot-wire is simply made by a probe which holds the metal prongs on which
the sensor element is soldered or welded on (see also figure 3.9). The number of
prongs/sensors as well as the way they are manufactured may vary depending on the
applications and/or number of velocity components that need to be measured. The
wire element is usually made of tungsten or platinum and the diameters or lengths
vary depending on the frequency and spatial resolution required. Typically, a 1 mm
long sensor with a diameter of a few microns is used.

The wire is connected to an electrical circuit, so-called Wheatstone bridge, and
different operation modes are available. The most common modes are the CTA
(Constant Temperature Anemometry) and the CCA (Constant Current Anemometry)
mode. The names speak for themselves, i.e. in CTA mode the wire is operated under
constant temperature by means of a servo amplifier. This keeps the bridge in balance
by controlling the current to the sensor and keeps the resistance constant, independent
from the cooling of the element due to the fluid flow. The change in voltage gives a
measure of the fluid velocity (indirectly through the heat transfer). The resistance of
the hot-wire is given by:

Rw = R0[1 + α0(Tw − T0)] (3.1)

Figure 3.9. A single hot-wire with diameter d = 2.5µm and
length l = 0.5 mm. The probe has been manufactured at the
Fluid Physics Laboratory, KTH Mechanics.
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and is a function of the wire temperature, Tw. Usually the reference temperature is
chosen as T0 = 20◦C and the temperature coefficient of resistivity of the wire, α0,
can be determined through an iterative method (see § 3.3.2). The resistance overheat
ratio aR = (Rw(Tw)−R0(T0))/R0(T0) is a function of the temperature overheat ratio:
aT = (Tw − T0)/T0 and determines the velocity sensitivity of the wire.

In CCA mode the current is kept constant and the decreasing voltage with in-
creasing effective cooling velocity is measured. This has been the first mode of oper-
ation for hot-wires but due to the thermal inertia of the wire element the frequency
response is limited and it is today mainly used for temperature measurements. This
requires that the response from the wire (cold-wire in that case) is only due to tem-
perature variations, therefore the current in CCA mode should be set by the user
high enough to get satisfactory temperature resolution but small enough so that the
sensitivity to velocity variations is negligible.

One of the main drawbacks of hot-wire anemometry for measurements in highly
pulsating flows is the so-called “forward-reverse ambiguity” (Bruun 1995) as well as
its fragility. A few techniques have been developed through the years in order to
measure reverse flow with a hot-wire but they are cumbersome and have certain lim-
itations (Moulin et al. 1997; Günkel et al. 1971). Furthermore, flows through bends
are three-dimensional and even though there is the possibility of measuring all three
velocity components, this is a complicated and time-consuming procedure. Last but
not least, another disadvantage of the technique is the need for compensation for
the temperature variations which can be quite large depending on the amplitude of
the periodic component in a pulsating flow. Measurements performed in the CI-
CERO Laboratory (Laurantzon et al. 2010b) have shown temperature variations of
up to 6◦ which correspond to underestimation of the flow speed by around 20 m/sec.
Therefore, hot-wire measurements in a highly pulsating environment should always
be corrected for temperature variations, consequently cold-wire measurements should
be performed simultaneously with the hot-wire measurements (see also § 3.3.2). For
a more detailed usability of the hot-wire technique under pulsating flow conditions,
the reader is referred to Berson et al. (2010). One can not neglect though, even
under those limitations, the advantages of the hot-wire compared to non-intrusive
techniques (see also § 3.4 and 3.5), namely its high frequency response and temporal
resolution. When studying turbulence statistics for example or the small scales of
turbulence, hot-wires cannot be easily replaced.

In the present study both a manual and a semi-automatic traversing mechanism
for the movement of the hot-wire probe have been used (figure 3.10). In the case of
the manual traverse (see also Paper 1 ) the measurements were performed by means
of a single hot-wire, neglecting the effects from temperature variations with the aim
to get a first impression of the velocity profile at high Reynolds and Womersley num-
bers. The semi-automatic traverse was later designed in order to rotate a combined
HW/CW probe controlled by a DC motor and map the whole cross-sectional area of
the curved pipe. The reader should keep in mind that when comparing the results in
the present study from the different experimental techniques employed, the geometry
was slightly different, as apparent from figure 3.10, i.e. due to technical restrictions a
6 D long straight pipe had to be mounted downstream the measurement plane. The
effects of such a configuration are planned to be examined in the future. Typically
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a) b)

Figure 3.10. a) The manual traversing system with the sin-
gle wire probe mounted. b) Automatic traversing mechanism
showing the direction of flow and the combined HW/CW probe
being positioned upstream of a 6 D long straight pipe.

a 5 µm hot-wire with ℓ/d = 200 was used in both cases while a cold-wire of 2.5 µm
diameter and ℓ/d = 600 (where ℓ and d are the length and diameter of the wire,
respectively) was used in the case where hot/cold-wire measurements were performed
simultaneously in accordance to Bruun (1995).

3.3.1. Hot-wire calibration

Since with the hot-wire we can only measure velocity indirectly, a calibration pro-
cedure in order to translate the measured voltage into velocity is required. The
calibration can be done either in situ, which is of course recommended but also in
some cases where this is not possible, the calibration can be done outside of the
measurement site.

The hot-wire is here calibrated in a nozzle facility where a differential pressure
transducer gives the dynamic pressure. The voltage acquired from the hot-wire is
plotted against the velocity of the flow (the dynamic pressure is translated in velocity)
for the whole range of the expected velocities during the measurements, therefore a
complete mapping between voltage of sensor and flow velocity is obtained by fitting
a curve between the acquired points using the following equation introduced by King
(1914), therefore named after him as King’s law :

E2 = A+B(ρU)n (3.2)

A typical calibration curve is shown in figure 3.112.

3.3.2. Temperature compensation

As mentioned already, the temperature varies under one cycle in pulsating flows.
This will lead to considerable errors when measuring the velocity by means of a

2Note that the voltage here is amplified as well as in figure 3.12
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Figure 3.11. Calibration curve for a hot-wire (E vs ρU).
The calibration points have been acquired in reference with
two pressure transducers for two speed ranges.

hot-wire in CTA mode (Bruun 1995; Berson et al. 2010). In the present study, cold-
wire measurements were performed simultaneously with the hot-wire measurements
in order to compensate the voltage readings for temperature variations according to
equation:

E2
c = E2

(

1− T − T0

αR/α0

)
−1

(3.3)

where Ec the compensated voltage, T0 the reference temperature and α0 the temper-
ature coefficient of resistivity of the wire.

The calibration of the cold-wire provides a linear relation between the voltage
and the temperature since the resistance of the wire is proportional to the voltage
and therefore to the temperature (T ). A typical calibration curve for a cold-wire is
shown in figure 3.12.

For the determination of the temperature coefficient of resistivity of the wire,
α0 in relation 3.3, the hot-wire is calibrated first under ambient room temperature
and then calibrated in heated flow. The temperature variations are monitored by
means of a thermocouple. The two calibration curves obtained for the two cases are
thereafter fitted using King’s law as described above and the value of α0 for which the
two calibration curves collapse on top of each other is chosen. The values found in
the present measurements were α0 = 0.0015K−1 when platinum-rhodium was used
as the hot-wire material and α0 = 0.0039K−1 when platinum was used. These values
are quite close to those reported in Bruun (1995) at 20◦C.
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Figure 3.12. Calibration curve for a cold-wire (T vs E)

3.4. Particle Image Velocimetry (PIV)

“Any sufficiently advanced technology is indistinguishable from magic.”

Arthur C. Clarke (1917–2008)

“A picture shows me at a glance what it takes dozens of pages of a
book to expound.” (in Fathers and Sons)

Ivan Sergeyevich Turegev (1818–1883)

Phrases that people use in everyday life such as: “A picture is worth a thousand
words”3 (figure 3.13), “I believe only what i see” etc, express perfectly how a complex
idea or a large amount of data can be conveyed by a single image as well as the
tendency of humans to believe what their eyes can evince.

Those facts but also human curiosity led to the progress of visualization. The
first efforts of visualizing natural phenomena and the people who mastered them
can be found in Nakayama & Aoki (2001), including–among others– scientists such
as the avant-garde Leonardo DaVinci (1452–1519), the innovative Osborne Reynolds
(1842–1912) and the father of modern aerodynamics Ludwig Prandtl (1875–1953).

3This adage is believed to have its origins in an article promoting the use of images in
advertisements that appeared on the sides of streetcars. The article was published in 1921
and had the title “One look is worth a thousand words” but a few years later the quote
appeared in the same journal rephrased to “One picture is worth ten thousand words” and
was credited to Confucius (551 BC–479 BC). It is also sometimes attributed to Napoleon
Bonaparte (1769–1821) who used to say “A good sketch is better than a long speech” (“Un

bon croquis vaut mieux qu’un long discours”). Nevertheless, the adage expresses perfectly
the aim of visualization.
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Figure 3.13. Comical illustration of the famous quote.
(Source: http://cartoosh.com/gigglebites)

The need to not only visualize but also determine quantitatively flow phenomena,
led to the development of particle image velocimetry. Making possible one of the great
challenges of the 20th century in fluid mechanics, to both determine flow structures
with high accuracy and visualize them at the same time, established PIV one of the
“hot topics” the past few years in experimental techniques. Being a relatively new
method (“making an entrance” in the fluid mechanics community almost a century
after HWA) it has developed rapidly taking into account the cost of operation and
complexity of components involved.

The principle of PIV is quite simple (figure 3.14). The flow is seeded with particles
matching the density of the fluid medium so that they follow the flow ideally. This
of course is never perfectly the case so one has to make the assumption that the
distribution of particles is uniform and that they track the flow truly. How well
the particles follow the flow can be indicated by the particle response time: τp =
d2p(ρp/18µ) (where the transcript p denotes particle), and is a convenient measure of
the tendency of particles to follow the flow, even if the acceleration of the fluid is
not constant or if the Stokes’ drag law4 does not apply. Also the ratio of τp to the
Kolmogorov time scales in turbulent flows can be used and in that case a ratio value
less than 0.1 is desired to assume that the particles follow the flow satisfactorily.

After the flow is seeded homogeneously, the measurement plane is illuminated
twice by some light source (usually a powerful laser) in a very short interval of time ∆t
and the light scattered by the particles is recorded either on a single frame or sequence
of frames. Here we will consider the double-frame/single-exposure recording technique

4In 1851, G. G. Stokes derived an expression for the frictional force exerted on spherical
objects with very small Reynolds numbers (Re ≪ 1) in a continuous viscous fluid making
the assumptions of laminar flow, spherical particles which do not interact with each other.
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which preserves the temporal order of the PIV recordings and is usually preferred if
appropriate equipment is available (for a description of all the possible PIV recording
techniques the reader is referred to c.f. (Raffel et al. 2007)). Since the aim of PIV is
not only to visualize the flow but estimate it quantitatively, the post-processing and
evaluation of the images and the methods used to reach a high accuracy level is of great
importance. The basis of the analysis of PIV data is cross-correlation. The images
taken at the two different instances are divided in small interrogation windows (or
areas or spots) and thereafter for each one of those areas a correlation peak is obtained
which gives the particle (pixel) displacement. Sophisticated algorithms to increase
resolution and accuracy have been developed such as multi-pass processing of the
images with adaptive interrogation window sizes as well as window deformation. The
fundamentals of PIV as well as information on data validation algorithms to increase
accuracy and minimize the measurement error can be found in Westerweel (1994,
1997). Thereafter, knowing the time between the illuminations and determining the
displacement of the particles within that time as described above, one can “simply”
obtain the flow velocity.

The accuracy and the resolution of PIV data can be limited due to technical re-
strictions of the PIV hardware as well as the noise which is apparent when electronics
are involved in the measurements. Furthermore the Signal-to-Noise ratio (S/N) can
be affected from velocity gradients (for example in pulsating flows or flows after cur-
vatures) or particles which move outside the interrogation window between one frame
and the next. Nevertheless, technological advances have made it possible to succeed
high enough spatial resolution in order to resolve small scale structures and record

Figure 3.14. Basic principle of planar 2D PIV.
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Figure 3.15. Geometric description used for reconstruction
of the three-dimensional displacement vector. Image taken
from Willert (1997).

flows at supersonic speeds with acceptable noise levels5 while there exists a rule to
choose the time between the two illuminations so that the particle displacement ds
is: 0.1 pixel< ds < 1/4 (where 0.1 pixel equals the accuracy of the system) the
interrogation area size to avoid particle image pair losses.

A typical 2D-PIV set up to measure two velocity components consists of one cam-
era and one light source. Stereoscopic PIV (SPIV) with two cameras set at a known
angle in-between them (typically 90◦) can be performed and the third displacement
field can be reconstructed i.e. the displacements from each image plane are mapped
to the object plane and by combining them the three-dimensional velocity vectors is

5Today, CMOS (Complementary Metaloxide Semiconductor) cameras allow acquisition of
images with a few kHz frequency with an interframing of less than 1 µs and diode pumped
lasers (e.g. Nd:YLF) operate at repetition rates of tenths of kHz.
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obtained6 (Willert 1997; Prasad 2000; Calluaud & David 2004; Doorne & Westerweel
2007).

The reconstruction geometry is simple, here the imaging geometry shown in
Willert (1997) is considered but the following formulae can be adapted to any other
case. If an origin point O in the light sheet has coordinates (x0, y0, z0) and assuming
the coordinate system shown in figure 3.15 we place two cameras at any angle in-
between them (note here both cameras are placed on either side of the laser sheet i.e.
in forward scatter mode), the displacement vector at a point P (xp, yp, zp) within the
light sheet is given by:

dx =
dx2 tanα1 − dx1 tanα2

tanα1 − tanα2

(3.4)

dy =
dy2 tanβ1 − dy1 tan β2

tanβ1 − tan β2

(3.5)

dz =
dx2 − dx1

tanα1 − tanα2

=
dy2 − dy1

tan β1 − tan β2

(3.6)

where:

tanα1 =
xp − x1

zp − z1
tanα2 =

xp − x2

zp − z2

tan β1 =
yp − y1
zp − z1

tan β2 =
yp − y2
zp − z2

with dx1 and dx2 being the displacements in the x-direction as viewed from the two
cameras (which here are assumed to be the points L1(x1, y1, z1) and L2(x2, y2, z2)).
α1 and α2 compose the angle enclosed by the viewing ray and the light sheet par-
allel to the z-axis for the respective viewing directions projected onto the xz-plane.
Accordingly, the same can be defined by projecting the yz-plane and therefore the
angles between the cameras are β1 and β2 and the displacement components are dy1
and dy2.

In the case when the cameras are set in the same vertical position as the field of
view the angles β1 and β2 become small, therefore equation 3.5 must be rewritten to:

dy =
dy1 + dy2

2
+

dz

2
(tan β2 − tanβ1) = (3.7)

dy1 + dy2
2

+
dx2 − dx1

2

(
tan β2 − tan β1

tanα1 − tanα2

)

(3.8)

The aforementioned reconstruction (Willert 1997) requires that the displacement
data set is translated to true displacements in the global coordinate system. Addi-
tionally, in the case of stereo PIV special adapters (Scheimpflug) should be used on

6It should be mentioned here that nowadays it is also possible to perform tomo-PIV, i.e. to
directly measure the three velocity components in a volume instead of a plane (Elsinga et al.

2006) but this technique is far beyond the scopes of this thesis.
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the lenses so that the image, lens and object plane intersect in a common line (Prasad
& Jensen 1995)(figure 3.16). This however introduces a strong perspective distortion
since the factor of magnification is no longer constant across the complete field of
view. Therefore calibration of the cameras is essential to tackle the above issues and
different approaches exist in literature (Prasad 2000).

In the present study, Time-resolved Stereo-PIV (TS-PIV) has been used to mea-
sure turbulent flow with and without a swirling or pulsating motion superposed at
high velocities, that requires a high-speed PIV system. Two high-speed C-MOS cam-
eras (Fastcam APX RS, Photron, 3000 fps at 1024 ×1024 pixels) were positioned at
an angle of approximately 90◦ (figure 3.17) and at forward-backward scatter mode
at the vicinity of the pipe bend exit and 105 mm Nikon Nikkor lenses were adjusted
using a Scheimpflug adapter. A laser light sheet of approximately 1 mm thickness
was produced by a Nd-YLF laser (Pegasus, 10 kHz maximum frequency, New Wave
Research) and a water-based solution (Jem Pro Smoke Super ZR-Mix) was atomized
using a high volume liquid seeding generator (10F03 Seeding Generator, DANTEC).
A calibration-based reconstruction approach that also provides information about the
viewing direction of the cameras was undertaken. Images of a two level7 calibration
plate (figure 3.18) which has equally spaced marks and is coincident with the laser
sheet, are acquired and thereafter the information from those images are used to map
the object plane to the measurement plane. In the present study the calibration is
done using the pinhole model in order to fit the dewarping mapping function to the
marks found in each image, using the DaVis 7.2 software by LaVision GmbH. The
images are first dewarped and then the 2D2C vectors are computed at the correct
world grid but the dewarping and image deformation is done here once before each
step of the multi-pass iterative scheme. In the end, a self-calibration procedure to
eliminate errors from misalignment of the laser light sheet with the calibration target

7Multiple-level calibration plates with reference targets at different heights are essential if
information on the viewing angle of the cameras is needed to be obtained to reconstruct the
three-component displacement vector in the case of SPIV.

a) b)

Figure 3.16. a) The cameras in an angular position and ac-
cording to the Scheimpflug condition. b) The camera lens
(Nikon Nikkor, 60 mm shown here) having the Scheimpflug
adapter mounted on it.
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is being performed. Disparity correction of the recordings is advised in general when
performing SPIV since considerable errors in PIV measurements might arise if the

Figure 3.17. Set up of the PIV system at the vicinity (≈ 0.5
mm from the pipe exit) of the pipe bend exit.

Figure 3.18. Two-level calibration plate provided by LaVi-
sion GmbH. Levels are separated by 2 mm, dots are equally
spaced within 15 mm from each other.
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light sheet does not coincide with the z = 0 plane. Details about the aforementioned
approach can be found in Wieneke (2005).

For details on the post-processing of the data the reader is referred to the corre-
sponding papers in Part II of the thesis. In all the cases a median test8 has been used
to detect outliers, i.e. data deviating strongly from neighboring data and replaced by
a linear interpolation of the neighboring vectors.

8A median vector is computed from eight neighboring vectors and the middle vector is com-
pared with this median vector. The center vector is rejected when it is outside the allowed
range of the average vector. For details see Westerweel (1994)
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3.5. Laser Doppler Velocimetry (LDV)

The first work on LDV was done in the early ’60’s (Yeh & Cummins 1964) and now
almost 50 years later it is a well used single-point technique to determine the flow
velocity. An extended description on the principle of LDV and its applications is
found in Zhang (2010). The flow is seeded here as well and two coherent beams
of monochromatic light intersect at a point in the measurement volume creating a
fringe pattern. The transmitter (laser) light impinges on the moving particle and
light is scattered and received by a stationary detector (figure 3.19). By knowing the
Doppler-equivalent frequency of the laser beam and the frequency of the scattered
light the velocity of the particle and therefore the flow velocity can be determined.

In the present study LDV measurements were performed with a single component
DANTEC FlowLite system and a BSA 60 processor. The emitting light source is a
10 mW He-Ne laser with wavelength of 632.8 mm. The lens mounted on the laser is
400 mm in focal length. The liquid used for seeding is a Shell Odina 27 oil.

Figure 3.19. Laser Doppler Velocimetry set up
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3.6. Experimental methods for the study of complex flows

The techniques mentioned in § 3.3-3.5 are three of the most commonly employed
techniques nowadays in experimental fluid mechanics for the measurement of the
unsteady flow velocity. Each one of them has its own unique capabilities which can
be exploited to gain specific information depending on the flow under study and the
aim of the respective work. A comparison between the three techniques is quite
revealing (table 2) and from a first impression it is obvious that the decision on which
technique to choose for the experiment relies greatly on the nature of the flow and
which features need to be investigated (e.g. structures, statistics). PIV for example,
provides extreme possibilities for the study of structures but it is still limited when
studying statistics, where the hot-wire is unrivaled due to its much higher spatial
and temporal resolution. On the other hand, to consider mapping a pipe cross-
section for all velocity components with a single-point technique is time-consuming
and complicated (e.g. manufacturing of multiple-probe hot-wires, calibration and so
on).

In the case of a complex flow, that might be described by three-dimensionality,
flow skewness, streamline curvature, adverse and favorable pressure gradients, tem-
perature and velocity variations in time and so on, a combination of the experimental
methods is necessary. In such cases, errors or limitations of each technique cannot
be neglected in a highly complex flow as maybe done in simpler flows. For example,
in low speed steady flows through straight pipes, the temperature variations or the
secondary flow are normally not large and their effect on the hot-wire readings can
be disregarded or the time resolution needed for statistical analysis of the flow can
be covered satisfactorily by the features of the present PIV hardware available.

Table 2. Typical properties of experimental techniques for
the measurement of flow velocity

HWA LDV PIV

Type single-point single-point multiple point

Spatial resolution 5 µm × 1 mm 100 µm × 1 mm 32×32 px
for 2048×2048 px image

Intrusive X × ×

Dynamic Range 12-16 bit 16-bit 6-10 bit

Frequency response up to 50 kHz up to 30 kHz

Within the framework of this project a data base including hot-wire, LDV and
PIV data has been obtained with the aim to further study the features of each tech-
nique in a highly complex flow environment (curved and pulsating flow). Preliminary
results will be presented here, however future analysis is intended to be performed.
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Table 3. Flow parameter range considered in the present project.

Re (× 104) γ α z/ D

HWA 4.2 0.4 0 1
4.2 0.4 0 2
4.2 0.4 40 3
2.7 0.4 40 3
8.7 0.4 40 3

LDV 2.7 0.4 0, 40, 70 0.2
2.7 0.4 0, 40, 70 3

PIV 2.7 0.4 0, 40, 60, 70 0.2
2.7 0.4 0, 60 1
2.7 0.4 0, 60 2
4.2 0.4 0, 40 3
2.7 0.4 0, 40, 70 3
4.2 0.4 0 3

The hot-wire data have been acquired by means of the semi-automatic traversing
mechanism described in § 3.3 while for the PIV and LDV the respective set ups are
described in § 3.4 and 3.5.

Table 1 shows the parameters for which data have been acquired with each tech-
nique. In this section results will be shown only for the data sets which are highlighted
in blue.

The parameter range varies depending on the technique used. The reader should
note that the aim of the study is not to compare the data obtained with the dif-
ferent techniques but rather emphasize the necessity of combining them to exploit
the features each one offers for the study of complex flows like the ones considered
here. Therefore, the Reynolds and Womersley numbers were higher for the hot-wire
measurements than for the PIV. At such high speeds the particles leave the thin laser
sheet while the time between the laser pulses can not be easily adjusted since the ve-
locity gradient is becoming larger after the bend with increase in speed and pulsation
frequency. On the other hand at low speeds and pulsation frequencies, the PIV was
employed in order to visualize the secondary structures. Finally, LDV was used to
check the dynamic range capabilities of the PIV (in pulsating flow conditions where
the velocity might range from negative velocities to a few times the bulk velocity)
and the falsifying effects of the temperature variations and back flow on the hot-wire
readings.



3.6. EXPERIMENTAL METHODS FOR THE STUDY OF COMPLEX FLOWS 51

Table 4. Sampling conditions for the experiments.

Sampling time [s] Sampling frequency [kHz] Number samples

HWA 20 20 400000

LDV 30 1 (average) 30000 (average)

PIV 1 & 0.66 1 (steady flow )
& 1.5 (pulsating flow) 1000

Table 4 shows the different conditions under which the data for the present study
were acquired for each experimental method. The sampling differences are quite
remarkable due to the different features of each method and they should be kept in
mind when evaluating the results from each one of them. Also as mentioned already
in § 3.3, for the hot-/cold-wire data due to technical restrictions, the experimental
set up was quite different than for the PIV and LDV measurements.

Figure 3.20 shows contour plots of the mass flow rate density (denoted here as
ρW ) sensed by the hot-wire. The asterisk denotes scaling by the bulk mass flow rate
density obtained with the ABB mass flow meter (see also § 3.3). The flow development
for three downstream stations (1, 2 and 3 D) from the pipe bend exit is shown and
for De = 2.7 × 104. All the hot-/cold-wire data shown here have been obtained
by rotating the probe by means of the semi-automatic traversing mechanism. The
development of the flow is illustrated, with the flow field being highly skewed at the 1
D station depicting the faster moving fluid positioned distinctively near the outer wall
and the slower fluid close to the inner. However, traveling further downstream, the
flow slowly starts to recover from the bend effects and a more homogeneous flow field
is being formed at the 3 D station. The development of the flow at different stations
downstream the pipe bend has also been studied by means of PIV (papers 2 and
3 ) and the same flow behavior was depicted. The advantage of using PIV compared
to hot-wires in this case is the much less acquisition time but most important, the
development of the secondary flow could additionally be obtained. To serve as an
indication of the complexity involved in the mapping of a pipe cross-section by means
of single-point techniques, it should be mentioned that the sampling frequency for the
hot-/cold-wire measurements was 20 kHz and the number of samples 400000, which
yields a sampling time of Ts = 20 s for each measurement point. This translates into
a total acquisition time of more than one hour for the positions taken (8 positions
along the axis and 24 angular positions). This underlines the large differences in the
acquisition time, needed to map a pipe cross-section between single- and multi-point
measurement techniques. Similar experiments performed with the PIV (see papers 2
and 3 ) provided the velocity field across a pipe cross-section in a total time of one
second. Nevertheless, the high temporal resolution of the hot-wire data will be used
in the future for further statistical analysis of the flow, similarly to what has been
done before (Paper 1 ) but for the whole cross-sectional area and for correcting the
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hot-wire readings for temperature variations which has not been done in the previous
work.

A surface plot of the phase-averaged mass flow rate density for different phase
angles and for De = 1.5 × 104 and α = 40 is shown in figure 3.21. It can be seen
that even though at the end of acceleration the velocity reaches three times the bulk
velocity, the effect of the secondary flow is still evident from the skewed shape of the
velocity field.

In figure 3.22 both the instantaneous and phase-averaged signals at the centerline
of the pipe are shown for De = 1.5× 104 and α = 40 and for data obtained with the
three experimental methods, i.e. hot-/cold-wire, PIV and LDV. Here, the differences
between the three techniques are highlighted for a complex flow (curved and pulsat-
ing). From the instantaneous data it can be seen that the samples from the LDV
are not equidistant, especially in low velocities (this is due to the random arrival of
seeding particles to the measuring volume which might bias statistical quantities that
depend on the time resolution) while the temporal resolution of the hot-wire can not
be rivaled by any of the other two techniques. The dynamic range of the PIV seems
to be quite broad, expanding from almost zero velocity to three times the bulk and
agreeing satisfactorily with the results from LDV. The low temporal resolution of the
PIV can clearly be seen in both figures, especially when comparing with the hot-wire
where the phase-averaged signal was calculated for many more valve cycles than for
the PIV where only a few could be used for the number of images available.
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Figure 3.20. Contour plots (a) and velocity profiles of the
streamwise component along the horizontal (◦) and vertical
(�) pipe axis (b) from hot-wire data acquired at three down-
stream stations (1, 2 and 3 D from top to bottom) from the
bend exit. The mass flow rate density (ρW ) has been scaled by
the bulk mass flow rate density obtained with the ABB mass
flow meter. De = 2.7× 104.
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Figure 3.21. Surface plots of phase-averaged mass flow rate
density for four different phase angles from hot-wire data
acquired three diameters downstream from the bend exit.
De = 1.5 × 104 and α = 40. Insert depicts the phase aver-
aged (––) and instantaneous (––) signal at the centerline of
the pipe with blue dashed lines indicating the phase angle at
which the surface plots correspond to.
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Figure 3.22. Instantaneous (a) and phase-averaged (b) sig-
nal of the streamwise velocity component at the centerline of
the pipe, 3 D downstream distance from the bend exit. PIV
(––), hot-/cold-wire (– –) and LDV (– ·–). Velocities are scaled
with the bulk speed. De = 1.5× 104 and α = 40.



CHAPTER 4

Main contribution and conclusions

In this chapter the main contributions and conclusions from the papers presented in
Part II are given. For details on the results the reader is referred to the appended
papers.

4.1. Highly pulsating turbulent flow downstream a pipe
bend–statistical analysis

• Highly pulsating (α = 80) turbulent flow 1 D distance downstream a pipe
bend (De = 1.5 × 105) has been examined by means of a single hot-wire
probe traversed along the symmetry axis of the pipe from the inner to the
outer side. The investigation of the effects of the pulsatile motion on turbulent
flow was done by means of statistical analysis and through comparison with
the steady flow case.

• The mean velocity profile is not significantly affected by the pulsations (com-
pared to the steady flow case) while the r.m.s. is dominated by the pulsations
which is furthermore supported by a trimodal PDF distribution due to the
pulsations.

• Back flow (a well-known phenomenon in pulsating flows) has been encountered
as well and it has been indicated from the weighted PDF distributions towards
zero and also from the phase-averaged signal at the pipe centerline where a
mirrored “dimple” is depicted. Additional LDV measurements (since the
hot-wire cannot sense direction of flow) were performed and back flow of a
magnitude of almost 50% of the bulk velocity was substantiated.

• The pulsatile flow has been decomposed by means of a high- and low-pass
filter and it has been shown that the pulsatile motion is superposed on the
turbulence with the high-pass filtered signal being not only qualitatively, but
also to some degree quantitatively identical to the r.m.s. distribution of the
steady flow.

4.2. Secondary flow under pulsating turbulent flow

• Pulsating and steady turbulent flow (α = 72, De = 1.5 × 104) was visualized
and measured quantitatively by means of TS-PIV 3 D downstream a sharp
pipe bend (γ = 0.4). The flow field at a pipe cross-section under steady
conditions exhibits two vortices which on average appear symmetrical to each
other whereas instantaneously their behavior is unsteady, oscillating between
three states, viz. a clockwise, an anti-clockwise and a symmetrical one.

55
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• During high pulsations, the vortical pattern appears to depend highly on the
cycle phase, with no secondary motions being evident during acceleration
while symmetrical vortical structures are formed during deceleration and a
strong back flow sets in.

4.3. Secondary flow development

• The three-dimensional flow field development at three different stations down-
stream a sharp pipe bend was captured by means of TS-PIV forDe = 1.5×104.
A highly skewed velocity field was depicted at the closest to the bend station.
For that case, symmetrical vortices smaller in size as for the other bend sta-
tions were confined on the most upper and lower pipe walls and depicted
the same behavior both on average and instantaneously. For the more down-
stream positions the flow field starts to recover from the curvature effects,
even though secondary motion is still evident with a more unsteady behavior
instantaneously as observed according to a previous work.

• The development of the secondary motions was captured also for the case of a
pulsating turbulent flow (α = 30). For the station closest to the bend, similar
vortical structures as those appearing in the steady flow case were depicted
during deceleration and acceleration (where the streamwise velocity reaches
almost four times the bulk velocity) while at the end of deceleration they
change shape into more rounded roll cells which vanish soon after the onset
of reversed flow.

4.4. The effect of curved pulsating flow on turbine
performance

• Turbine maps at two different mass flow rates and at a pulsation frequency
of 40 Hz are plotted for the case when a sharp bend, as the one used for the
PIV measurements, is mounted upstream the turbine in order to account for
effects of the presence of curvature on the turbocharger performance. The
hysteresis loop due to the filling and emptying of the turbine under a pulse
period, was observed to expand to greater magnitudes as the mass flow rate
increased. A slight effect of the presence of the bend at the inlet of the turbine
was shown on the average quantities but a significant change was observed in
the instantaneous results with the hysteresis loop significantly damped due to
the presence of the bend.

4.5. The effect of a swirling motion on the vortices

• Fully developed turbulent flow at different Reynolds numbers through a curved
pipe bend with Rc/D = 1.6 was examined by means of TS-PIV. The effect of
Reynolds number on the secondary flow appeared to be insignificant, at least
for the range that was considered in this study.

• The unsteady behavior of the Dean vortices was visualized and the so-called
“swirl-switching” phenomenon was studied through the POD reconstructed
fields from the TS-PIV measurements. The analysis showed that only a few
modes were needed to reconstruct the flow field and reveal the unsteady vor-
tical motion while the inhomogeneous filtering that the POD is applying on
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the flow field helped in order to study the phenomenon further by means of
spectral analysis.

• Turbulent swirling flow through the bend was studied for a wide range of swirl
numbers. The Dean vortices become pertubed even for a weak swirl motion
imposed, with the lower vortex being more sensitive to the motion since it
is rotating at the opposite direction (counter-clockwise) as compared to the
applied motion (clockwise direction). The upper vortex grows in strength and
size as the swirl number increases until the flow becomes fully swirl dominated
with a single vortex located at the centre of the pipe. Velocity profiles of the
streamwise component for the different swirl numbers show that the flow field
gradually becomes symmetrical and the centrifugal effects become weaker as
the swirl number increases.

• The effect of the swirling motion on the secondary flow has been further
examined by means of POD. It was shown that the swirling motion contributes
mostly to the total energy of the flow field, being the most energetic structure.
The energy percentage of the 0-mode (mean field) increases from 60% for the
lowest swirl number to almost 90% for the swirl dominated flow field. From
the first two spatial modes (considering only the fluctuating part of the flow
field) it is shown that coherent structures, constituting the most energetic
features (regardless the 0-mode which shows the swirling motion) resemble
the Dean vortices for all the swirl number cases studied. These structures are
not as well structured as the Dean vortices but show the existence of other
large scale features in the flow field, co-existing with the swirling motion.

• The effect of swirl and curvature on the very-large-scale motions (VLSM)
has been examined. Both instantaneous and reconstructed streamwise ve-
locity fluctuations by using the most energetic POD modes were visualized,
constructed using Taylor’s hypothesis. Elongated meandering structures, as
described in literature were observed spanning a streamwise extent of about
5R. Nevertheless, the effect of curvature was seen as an inclination of the
structures as compared to the case of a corresponding flow case in a straight
pipe, considered in the literature. Moreover, in a swirling motion the struc-
tures are tilted due to the change in the mean flow direction while for the swirl
dominated flow motion they are teared up into shorter and wider structures.



CHAPTER 5

Papers and authors contributions

Paper 1
Experimental investigation on the effect of pulsations on turbulent flow through a 90
degrees pipe bend
A. Kalpakli (AK), R. Örlü (RÖ), N. Tillmark (NT) & P. H. Alfredsson (HAL).

3rd Int. Conf. on Jets, Wakes & Separated Flows.

This work deals with hot-wire measurements on pulsating turbulent flow downstream
a pipe bend in order to assess the effects of pulsations on the statistics of turbulence.
The experiments were performed by AK under the supervision of RÖ & NT. The
data analysis and the writing was done jointly by AK & RÖ with help by HAL. The
work has been presented in Cincinnati, OH, USA, 2010.

Paper 2
Pulsatile turbulent flow through pipe bends at high Dean and Womersley numbers
A. Kalpakli (AK), R. Örlü (RÖ), N. Tillmark (NT) & P. H. Alfredsson (HAL).
J. Phys.: Conf. Series, 318, 092023

The three-dimensional flow field at a cross-section at the exit of a pipe bend under
pulsating turbulent flow conditions has been captured by means of Particle Image
Velocimetry (PIV). The experiments were done by AK in the facility designed by

NT. The data analysis was done by AK with help by RÖ. The writing was done by
AK with input from RÖ & HAL. The work has been presented at the 13th European
Turbulence Conference (ETC13), 12-15 Sept., in Warsaw, Poland, 2011.
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Paper 3
Dean vortices in turbulent flows: rocking or rolling?
A. Kalpakli (AK), R. Örlü (RÖ) & P. H. Alfredsson (HAL).
J. Visualization, 15, 37-38, 2011

This work presents clear snapshots of the secondary motions as well as the mean
three-dimensional flow field at a cross-section downstream a curved pipe. The ex-
periments were done by AK. The data analysis and the writing was done jointly by
AK & RÖ with input from HAL. This work has been published in Journal of Visu-
alization. Part of this work has been presented at the 64th Annual Meeting of the
American Physical Society (DFD), 20-22 Nov., Baltimore, MD, USA, 2011 and has
been selected to appear online at the APS Gallery of fluid motion, Virtual Pressroom
(http://www.aps.org/units/dfd/pressroom/gallery/kalpakli11.cfm).

Paper 4
Experimental investigation on the effect of pulsations on exhaust manifold-related
flows aiming at improved efficiency
A. Kalpakli (AK), R. Örlü (RÖ), N. Tillmark (NT) & P. H. Alfredsson (HAL).

10th Int. Conf. on Turbochargers and Turbocharging

This work is a continuation of paper 2. Additional measurements to examine the
effect of a pipe bend at the inlet of a turbocharger have been performed. The experi-
ments were done by AK. The set up for the turbocharger measurements was designed
by NT1. The data analysis was done by AK (PIV data) & RÖ (turbine maps). The

writing was done by AK with input from RÖ and HAL. This work has been accepted
for presentation at Institute of Mechanical Engineers (IMechE), 15-16 May, London,
2012 and will be published in the conference proceedings.

Paper 5
POD analysis of stereoscopic PIV data from swirling turbulent flow through a pipe
bend
A. Kalpakli (AK)
Internal Technical Report

This work deals with swirling turbulent flow downstream a pipe bend. The report is
a work in progress and is planned to be submitted.

1Fredrik Laurantzon is also greatly acknowledged for his help with this set up and for pro-
viding the LabView code for the turbocharger measurements
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Laurantzon, F., Segalini, A., Örlü, R., Tillmark, N. & Alfredson, P. H.

2012 Experimental analysis of turbocharger interaction with a pulsatile flow thr-
ough time-resolved flow measurements upstream and downstream the turbine.
10th Int. Conf. on Turbochargers and Turbocharging (IMechE), UK .

Laurantzon, F., Tillmark, N. & Alfredsson, P. H. 2010b A pulsating flow rig
for analyzing turbocharger performance. 9th Int. Conf. on Turbochargers and
Turbocharging (IMechE) pp. 363–372.

Ligrani, P. M. & Bradshaw, P. 1987 Subminiature hot-wire sensors: development
and use. J. Phys. E: Scient. Instrum. 20, 323–332.

Lomas, G. C. 1986 Fundamentals of Hot Wire Anemometry. Cambridge Univ. Press.

Lyne, W. H. 1970 Unsteady viscous flow in a curved pipe. J. Fluid Mech. 45, 13–31.

Manley, D. K., Mcllroy, A. & Taatjes, C. 2008 Research needs for future
internal combustion engines. Physics Today 11, 47–52.

McConalogue, D. J. & Srivastava, R. S. 1968 Motion of a fluid in a curved tube.
Proc. Roy. Soc. 307, 37–53.

McDonald, D. A. 1952 The occurrence of turbulent flow in the rabbit aorta. J.
Physiol. 118, 340–347.

Moulin, A. M., Gaster, M., Woodburn, C. N., Barnes, J. R. & Welland,

M. E. 1997 A directionally sensitive hot-wire anemometer. Exp. Fluids 22, 458–
462.

Nakayama, Y. & Aoki, K. 2001 Progress of visualization. J. Vis. 4, 9–18.
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Rütten, F., Schröder, W. & Meinke, M. 2005 Large-eddy simulation of low
frequency oscillations of the Dean vortices in turbulent pipe bend flows. Phys.
Fluids 17, 035107.

Sakakibara, J., Sonobe, R., Goto, H., Tezuka, H., Tada, H. & Tezuka, K.

2010 Stereo-PIV study of turbulent flow downstream of a bend in a round pipe.
14th Int. Symp. Flow Vis., 21-24 June, EXCO Daegu, Korea pp. 1–11.

Sattarzadeh, S. S. 2011 Experimental study of complex pipe flows. MSc. thesis,
KTH Mechanics, Stockholm, Sweden.

Schlichting, H. 1955 Boundary-layer theory. McGraw-Hill, 7th ed .

Schmid, P. J. & Henningson, D. S. 2001 Stability and transition in shear flows.
Springer Verlag .

Shemer, L. & Kit, E. 1984 An experimental investigation of the quasisteady tur-
bulent pulsating flow in a pipe. Phys. Fluids 27, 72–76.

Shemer, L., Wygnanski, I. & Kit, E. 1985 Pulsating flow in a pipe. J. Fluid Mech.
153, 313–337.

Shimizu, Y. & Sugino, K. 1980 Hydraulic losses and flow patterns of a swirling flow
in U-bends. JSME 23, 1443–1450.

Shiraishi, T., Watakabe, H., Sago, H. & Yamano, H. 2009 Pressure fluctuation
characteristics of the short-radius elbow pipe for FBR in the postcritical Reynolds
regime. J. Fluid Sci. Technol. 4, 430–441.



REFERENCES 67

Siggers, J. H. & Waters, S. L. 2005 Steady flows in pipes with finite curvature.
Phys. Fluids 17, 077102.

Singh, M. P. 1974 Entry flow in a curved pipe. J. Fluid Mech. 65, 517–539.

Singh, M. P., Sinha, P. C. & Aggarwal, M. 1978 Flow in the entrance of the
aorta. J. Fluid Mech. 87, 97–120.

Smith, F. T. 1975 Pulsatile flow in curved pipes. J. Fluid Mech. 71, 15–42.

Smith, F. T. 1976 Fluid flow into a curved pipe. Proc. Roy. Soc. 351, 71–87.

So, R. M. C. & Anwer, M. 1993 Swirling turbulent flow through a curved pipe.
Part 2: Recovery from swirl and bend curvature. Exp. Fluids 14, 169–177.

So, R. M. C., Zhang, H. S. & Lai, Y. G. 1991 Secondary cells and separation in
developing laminar curved-pipe flows. Theoret. Comput. Fluid Dyn. 3, 141–162.

Soh, W. Y. & Berger, S. A. 1984 Laminar entrance flow in a curved pipe. J. Fluid
Mech. 148, 109–135.

Spedding, P. L. & Benard, E. 2004 Fluid flow through 90 degree bends. Dev.
Chem. Eng. Mineral Process 12, 107–128.

Srinivasan, P. S., Nandapurkar, S. S. & Holland, F. A. 1970 Friction factors
for coils. Trans. Inst. Chem. Eng 48, 156–161.

Stainback, P. C. & Nagabushana, K. A.1996 Review of Hot-Wire Anemometry
Techniques and the Range of their Applicability for Various Flows. Electro. J.
Fluid Eng. Trans. ASME .

Sudo, K., Sumida, M. & Hibara, H. 1998 Experimental investigation on turbulent
flow in a circular-sectioned 90-degree bend. Exp. Fluids 25, 42–49.

Sudo, K., Sumida, M. & Yamane, R. 1992 Secondary motion of fully developed
oscillatory flow in a curved pipe. J. Fluid Mech. 237, 189–208.

Sumida, M. 2007 Pulsatile entrance flow in curved pipes: effect of various parameters.
Exp. Fluids 43, 949–958.

Sumida, M., Sudou, K. & Wada, H. 1989 Pulsating Flow in a curved pipe. JSME
32, 523–531.

Talbot, L. & Gong, K. O. 1983 Pulsatile entrance flow in a curved pipe. J. Fluid
Mech. 127, 1–25.

Taylor, G. I. 1929 The criterion for turbulence in curved pipes. Proc. Roy. Soc.
124, 243–249.

Thomson, J. 1876 On the origin of windings of rivers in alluvial plains with remarks
on the flow of water round bends in pipes. Proc. Roy. Soc. 25, 5–8.
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Pulsatile turbulent flows in curved pipes at high Dean numbers are prevalent in
various components of internal combustion engines, particularly the intake of
exhaust manifolds. Despite their technological importance, there is a clear lack
of experimental data. The present paper provides preliminary, albeit unique,
data from an experimental investigation, thereby addressing this gap and de-
picts impressions of the phase evolution of the complex flow including a back
flow region. It is also shown, that due to the scale separation of the pulsations
and the turbulence, the pulsatile flow can statistically be decomposed into its
large-scale pulsations and the steady case.

1. Introduction

The gas flow in the exhaust system of an internal combustion engine (ICE) is quite
complex due to several complications such as complex geometry, pulsating flow, com-
pressibility, high temperatures, partly transonic conditions etc. Numerical simula-
tions of such flow systems are generally favored, however these need to be validated
against experiments in which the main physical features of interest are captured, in
order to assess the accuracy and limitations of the simulations.

Besides the importance of gas flows in ICE, pulsatile flows in curved pipes are
also present in e.g. respiratory flows and blood flows. This explains why most of the
past studies reported in the literature are restricted to laminar (Sumida 2007) and
incompressible (Mullin & Greated 1980) flows under low pulsation frequencies (Sudo
et al. 1992). Although there are studies dealing with the flow in exhaust manifolds
(Capobianco et al. 1993), these are mainly focused on straight pipes or the heat
transfer in pipe bends (Bauer et al. 1998). Hence, there is a need for experimental
data in pulsating turbulent flows in curved pipes at high Dean (De) and Womersley
(α) numbers, defined by equations (1) and (2), respectively.

De =
√
γ Re, (1)
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α =
D

2

√
ωρ

µ
. (2)

Hereby Re = ρUD/µ and γ = D/(2R2) denote the Reynolds number and the
curvature ratio, respectively, with R2 being the bend centreline radius (see also fig-
ure 1).

In the present work the turbulent flow through a straight pipe and 90 degree
pipe bend has been studied both under steady and pulsating conditions.

Mean and turbulence intensity profiles, probability density distributions, as well
as phased-averaged statistics will be presented together with evolution snapshots
from the mean flow development under a cycle. It will be shown, that despite the
complexity of the flow under pulsating conditions in curved pipes, a simple scale
decomposition of the pulsating flow can be performed to reveal the statistics of the
steady case. This consequently suggests that the turbulence is merely superposed
on the large-scale pulsating motion. Furthermore, back flow during the deceleration
phase has been observed not only for the bend pipe, but also for the straight pipe
section.

2. Experimental set-up

The experiments were performed at the Laboratory of KTH CICERO (Centre for
Internal Combustion Engine Research Opus) in a newly developed flow rig that can
be used both under steady and pulsating conditions. The set up, sketched in figure 1,
consists of a long steel pipe (I) and a transparent Plexiglas (II) pipe section. The long
pipe ends with either a straight pipe section (III) or a 90 degrees pipe bend (II). A
rotating valve (V) in the pipe provides the pulsations and its frequency is controlled
by means of a frequency regulated AC motor, which sets the rotation rate. The air
is supplied through a compressor rig installation that can deliver up to 500 g/s at 6
bar. For details of the CICERO flow rig the reader is referred to Laurantzon et al.
(2010).

Fluctuating mass flow rate density (ρu) measurements were performed with a
hot-wire probe with a welded 5 micron tungsten wire of 1 mm length. The hot-wire
was operated by means of a DISA 55M01 main frame with a 55M10 standard CTA
channel. The hot-wire was manually traversed across the horizontal and vertical
axes, i.e. the y- and z-axes respectively, as indicated in figure 1. The mass flow was
furthermore monitored by a hot-film type ABB mass flowmeter, that was mounted
upstream the rotating valve. This was done to ensure steady inflow conditions to
the flow rig as well as to provide a correct bulk mean mass flow rate for the non-
dimensionalisation of the hot-wire readings.

Measurements were performed both under steady and pulsating conditions. The
pipe has an inner diameter (D) of 39 mm, while the curved pipe section has a curvature
ratio (γ) of 0.61. The results presented here were obtained at a mean mass flow rate
of 120 g/s, corresponding to a Reynolds and Dean number of around 2×105 and

1Note that due to an error the curvature ratio depicted here and the centerline pipe bend
radius in figure 1 have been misprinted in the original paper. The correct values are: γ = 0.42
and R2 = 1.17D.
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Figure 1. Schematic of the pipe bend configuration: I) Steel
pipe section, II) Plexiglas pipe section, III) interchangeable
straight brass pipe section, IV) interchangeable 90 degrees
brass pipe bend, V) rotating valve, VI) smoke injection muff.
The insert depicts the relative open area change caused by the
rotating valve as function of revolution angle.

1.5×105, respectively. In the case of pulsating flow, a pulsation frequency of 40 Hz
was chosen, giving a Womersley number of 80.

Although the flow under pulsating conditions is non-isothermal, the hot-wire
readings presented here were not corrected for pulsatile temperature variations, due
to missing instantaneous temperature measurements. Secondary flows in curved pipes
are additionally present and falsify the hot-wire readings as well. However, based on
the concept of effective velocity, the secondary components will not assert a too strong
effect on the readings of a single hot-wire probe (Bruun 1995). Hence the primary goal
of the present investigation is not to provide an accurate quantitative assessment of
the mass density rate, but rather to illuminate the qualitative effects of the pulsation
and the curvature on the turbulent flow itself.

To ensure the correctness of the conclusions based on hot-wire measurements
during the low speed phases, supplementary laser Doppler velocimetry (LDV) mea-
surements have been performed for the straight pipe section at the pipe centreline.
The LDV system is a single component DANTEC FlowLite system comprising a
backscatter fibre optics probe, a 400 mm lens and a BSA F/P 60 processor. The
source is a He-Ne laser of 10 mW emitting light with a wave length of 632.8 nm.
The seeding particles were atomized oil (Shell Ondina 27 ) that was injected through
an opening in a muff (VI) interconnecting the steel pipe section (I) and the pulse
generator (V).

All measurements, both with the hot-wire and the LDV, were taken directly at
the outlet of the straight pipe and the pipe bend, respectively.
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3. Results & Discussion

3.1. General flow description

In figure 2 we show the mass flow rate measured by the hot-wire both in terms of
the probability density distribution (pdf) as the colored band as well as the cor-
responding mean and rms-distributions (red and blue dots, respectively). Under
steady conditions (left figure), despite the relatively short length of the straight
pipe section between the pulse generator and the pipe outlet, the flow at the pipe
outlet exhibits a well developed axi-symmetry, as evident from the mean and rms-
distributions. Also the skewness and flatness distributions as well as profiles taken
along the z-axis show axi-symmetry. Quantities with an asterisk in the superscript
indicate non-dimensionalisation with the bulk mass flow rate density obtained from
the ABB flowmeter. Furthermore the quantitative values agree well with what is
known from fully developed turbulent pipe flow studies (Schlichting 1955).

Under pulsating conditions the mean profile changes only slightly towards a more
top-hat like profile, however the rms distribution exhibits quantitative and qualitative
differences with respect to the steady counterpart. Here the rms is calculated on the
full signal and is clearly dominated by the pulsating motion which is furthermore
supported by the trimodal probability density function (pdf), which occurs due to
the pulsatile motion. The time traces of the signal at two different radial positions
are seen in figure 3. The trimodal behaviour of the pdf is apparent from the signals,
there are three plateau-like regions, one just above zero (as will be discussed below

y/R

 

 

−1 −0.5 0 0.5 1
0

0.2

0.4

0.6

0.8

1

y/R

(ρ
 u

)*

 

 

−1 −0.5 0 0.5 1
0

1

2

3
pdf
mean
rms

Figure 2. Contour plots of the probability density function
of the mass flow rate density along the y-axis at the exit of
the straight pipe together with its mean and root mean square
value. Left: steady conditions, right: pulsating conditions
(40 Hz).
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Figure 3. Instantaneous signal of the mass flow rate density
at the exit of the straight pipe together with its low-pass fil-
tered (fc = 400 Hz) and phase-averaged (≈ 200 valve cycles)
counterpart. Top: y/R = 0, bottom: y/R = 0.87.

this includes a region of back flow) and two at higher values. As can be seen both
the latter have higher instantaneous flow rate than the mean value for the steady
case. As expected the turbulence fluctuations, that seem to be merely superposed
on the large scale pulsating motion, are higher closer to the wall as compared to the
centreline, although this is not reflected in the rms-distribution.

In the case of the steady flow in the pipe bend, the mean profile, shown in the
left part of figure 4, indicates that the fluid is strongly accelerated near the outer
wall but also on the centreline the mass flow rate is higher, while simultaneously, it
is decelerated near the inner wall, which is a result of an adverse pressure gradient
generated by flow over a curved surface (Chandran & Yearwood 1981). The pdf
shows large fluctuations near the inner wall and the local turbulence level here is of
the order of 50% or higher. Under pulsating conditions (right part of figure 4) the
rms distribution resembles again very closely the one of the mean profile, similar to
the steady case. In the outer part of the bend the pdf also resembles that of the
straight pipe with three (or maybe even four) different plateaus.

Considering the pulsating flow cases, both in the straight pipe and pipe bend, it
becomes evident that the pdf is particularly weighted towards the lower mass flow rate
density side, and in particular it seems to have been squeezed towards zero. Recalling
the inability of a hot-wire to sense the flow direction, the so called forward-reverse
ambiguity (Bruun 1995), it seems plausible that instantaneous back flow is sensed as
an equally strong velocity in the mean streamwise direction, i.e. x-direction. This can
furthermore be observed when inspecting the instantaneous signals for the pulsating
flow, as depicted in figures 3 and 5, for the straight pipe and pipe bend, respectively.
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Figure 4. Contour plots of the probability density function
of the mass flow rate density along the y-axis at the exit of the
pipe bend together with its mean and root mean square value.
Left: steady conditions, right: pulsating conditions (40 Hz).
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Figure 5. Instantaneous signal of the mass flow rate density
at the exit of the pipe bend together with its low-pass filtered
(fc = 400 Hz) and phase-averaged (≈ 200 valve cycles) coun-
terpart. Top: y/R = 0, bottom: y/R = 0.87.
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While under steady conditions the instantaneous as well as low-pass filtered signals are
unambiguously positive, the signals under pulsating conditions exhibit “reflections”
at the abscissa, e.g. at around 160–200 and 340–20 degrees, which can be seen as an
indication of back flow (cf. Bruun (1995); Chandran & Yearwood (1981)).

While the low-pass filtered and phase averaged signals for the straight pipe, shown
in figure 3, demonstrate that both large-scale extraction techniques are equivalent,
minor differences can be observed for the pipe bend, where the small-scale (high
frequency) turbulence is more amplified compared to the straight pipe section. Here,
the low-pass filtered representation of the instantaneous signal appears to be more
representative than the phase averaged representation. Figure 6, on the other hand,
demonstrates that phase averaging is a very robust method to extract the large-scale
motion, while the low-pass filtered signal –as inherent in its definition– improves
with increasing cut-off frequency, fc. For the example shown in figure 6 the low-pass
filtered signal approaches the phase averaged one at around 280 Hz and continues
to improve further with increase in cut-off frequency. However, since the low-pass
filtered signal for fc → fs/2 approaches the instantaneous one, use of the low-pass
filter requires pre-knowledge about the pulsatile motion (which albeit known here,
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Figure 6. Same signal as in upper subplot of figure 3.
Demonstration of the effect of different low-pass cut-off fre-
quencies (shown in the region 0 ≤ φ ≤ 180) as well as the num-
ber of employed valve cycles for the phase averaging (shown
in the region 180 ≤ φ ≤ 360).
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Figure 7. Ensemble averaged mean mass flow rate density
profile along the y-axis for the straight pipe under pulsations
for various phases. Top: deceleration phase, middle: acceler-
ation phase, bottom: back flow region. Subplots on the right
indicate the position in the phase averaged profile for y/R = 0
(red) and 0.87 (blue). Increasing phase positions are shown in
progressively lighter shades of magenta. Note that the scale of
the lower subplot is different.

is not always known in practise) in order to select a certain cut-off frequency. The
phase averaging technique on the other hand appears to give a good and robust
large-scale representation with as few as only 10 ensemble averages, in accordance
with Chandran & Yearwood (1981). This also emphasises the excellent stability of
the pulse generator.

3.2. Evidence of back flow

Back flow is a common phenomena in pulsating flows where the amplitude of the
pulsations exceeds the bulk value, but even where this is not the case it can occur
in curved pipes, due to secondary motions. As mentioned in the context of the pdfs
shown in figure 2 and 4 and the instantaneous and phased-averaged signals depicted
in figure 3 and 5, there are strong indications of back flow in both the straight and
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curved pipe. To further illuminate the presence of back flow ensemble averaged mean
profiles have been computed for the deceleration and acceleration phase as well as for
the region in which back flow is suspected.

Figures 7 and 8 depict these ensemble averaged mean profiles for the straight
and curved pipe, respectively. Considering the flow in the straight pipe, figure 7, it
can be observed that the axi-symmetry is not only fulfilled in the long-time average,
but throughout the pulsations. In particular for the deceleration and acceleration
phase it becomes clear, that a flat turbulent pipe flow profile is present and appears
to be carried on the large-scale pulsations. In accordance with Chandran & Yearwood
(1981), the profiles for the acceleration phase are flat over a large part of the central
region. Flows starting from rest depict an even more profound top-hat profile (Boiron
et al. 2007) as evident from the middle subplots in figures 7 and 8 (see profile for
φ ≈ 200◦).

At the end of the deceleration phase the profiles approach the zero level and
suspicion of back flow is supported by the inversion of the profile shape, i.e. the
velocity around the centre of the pipe appears to be lower than closer to the wall.
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Figure 8. Ensemble averaged mean mass flow rate density
profile along the y-axis for the pipe bend under pulsations for
various phases. See caption of figure 7 for further details. Note
that the scale of the lower subplot is different.
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Figure 9. Comparison of phased-averaged mean streamwise
velocity component at the exit at y/R = 0 for the straight
pipe under pulsating conditions measured by means of hot-
wire anemometry (dashed) and laser Doppler velocimetry (red
circles). Left: Close-up of the deceleration and acceleration
phase, right: close-up of the back flow region.

Similar observations can be made for the pipe bend, figure 8. However, here the
strength of the back flow appears to be stronger.

The indication of back flow through the shown contour plots of the pdfs, fig-
ures 2–4, the phase-averaged signals, figures 3–6, as well as the ensemble averaged
mean profiles, figures 7–8, was further substantiated by LDV measurements per-
formed for the straight pipe under pulsating conditions to qualitatively confirm and
quantitatively assess the presence of back flow. Due to the limitations of the optical
arrangement of the present LDV settings velocity measurements were restricted to
± 100 m/s. In order to cover the back flow region this range was set to -50 to 150 m/s
and hence leaves out the high speed phases. Figure 9 therefore depicts a comparison
between the phase-averaged mean streamwise velocity component measured by means
of the hot-wire and the laser Doppler system. The close-up of the back flow region
clearly indicates the fraction of back flow between 165 and 195 degrees, coinciding
with the anticipated range from figures 3–6. It is also interesting to note that, despite
the inability of the hot-wire to measure near zero velocity or to indicate the direction,
it measures the correct amplitude of the back flow.

3.3. Decomposition into pulsatile and turbulent motions

Having concluded that the large-scale pulsatile motion is merely superposed on the
small-scale “background” turbulence consequently leads to the statement that these
scale separated motions can be considered independently from each other. In turn, it
should be possible to decompose– to a high degree independent of the (reasonably)
chosen cut-off frequency –the pulsatile flow into two superposed scale-separated mo-
tions; one low-pass and one high-pass filtered signal, where the latter one gives very
similar statistics to the one of the flow under steady conditions. To verify this, fig-
ure 10 depicts the rms distribution of both the steady and pulsed flow in the straight
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and the bend pipe. As anticipated the large-scale pulsatile motion is mainly respon-
sible for the rms value of the pulsatile flow. Interestingly, the high-pass filtered signal
(i.e. the “background” turbulence) is not only qualitatively, but also to some degree
quantitatively identical to the rms distribution of the steady flow. It is also shown
that the choice of the cut-off frequency is a rather insensitive parameter, which again
supports the view of a linear superposition of two independent motions. It should,
however, be kept in mind, that the turbulence time scale is around two orders of
magnitude smaller than the pulsation period, and hence the conclusions drawn here
should not be carried over to cases where the time scales are of the same order of
magnitude. Nevertheless, the scale separation found here is comparable to those that
can be found in intake pipes of exhaust manifolds and the conclusions drawn should
therefore be relevant in this context.
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Figure 10. Root mean square distribution of the mass flow
rate density along the y-axis for the steady (solid line) and pul-
sating (dash-dotted line) flow. Decomposition into a periodic
large-scale (LS) and “background” small-scale (SS) contribu-
tion of the rms distribution by means of a filter with the cut-off
frequencies employed in figure 6, viz. 80, 160, 280 (open sym-
bols) and 400 (filled symbols) Hz. Top: straight pipe, bottom:
pipe bend.
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4. Summary & Conclusions

Hot-wire measurements of the mass flow rate density were performed in a newly devel-
oped flow rig for steady and pulsating flows. Mean and rms profiles, pdf distributions,
time series, phase-averaged and low-pass filtered signals, as well as ensemble averaged
phase evolution of the mean profiles have been presented for a straight pipe and a pipe
bent at high Reynolds number. Due to the lack of studies for the parameter range
covered here, these results provide unique, albeit preliminary, data in a parameter
range related to the exhaust manifold of ICE.

Despite the complexity of the flow under pulsating conditions as well as in curved
pipes, it has here been shown that a simple decomposition into a large-scale pulsating
and a small-scale “background” turbulence is possible. In fact, the long-time statistics
of the decomposed small-scale part of the pulsating flow resemble to a high degree
qualitatively and quantitatively the statistics from the steady flow. This indicates,
that the large-scale pulsating motion, due to the wide scale separation, is merely
superposed on the turbulence.

Furthermore, a back flow region has been observed for the pulsatile flow, not
only for the bend pipe section, but also for the straight pipe. In pulsatile flows the
possibility of a non-negligible fraction of back flow should particularly be considered
in light of its consequences for mass flow rate measurement techniques based on hot-
wire/film anemometry, where the inability to detect the flow direction can lead to
an overestimation of the mass flow rate. Nevertheless, it has also been demonstrated
that hot-wire data can indicate back flow and even give its correct amplitude.

Acknowledgments

This research was done within KTH CICERO, a centre supported by the Swedish
Energy Agency, Swedish Vehicle Industry and KTH. The first author acknowledges
the travel grant from the Erik Petersohns foundation.



References

Bauer, W.D., Wenisch, J. & Heywood, J.B. 1998 Averaged and time-resolved
heat transfer of steady and pulsating entry flow in intake manifold of a spark-
ignition engine. Int. J. Heat Mass Transfer 19, 1–9.

Boiron, O., Deplano, V. & Pelissier, R. 2007 Experimental and numerical studies
on the starting effect on the secondary flow in a bend. J. Fluid Mech. 574, 109–
129.

Bruun, H.H. 1995 Hot-wire anemometry. Priciples and signal analysis. Oxford Uni-
versity Press.

Capobianco, M., Gambarotta, A. & Nocchi, M. 1993 Unsteady Flow Phenom-
ena and Volume Effects in Automotive Engines Manifolds. SAE Tech. paper pp.
1–13.

Chandran, K. B. & Yearwood, T. L. 1981 Experimental study of physiological
pulsatile flow in a curved tube. J. Fluid Mech. 111, 59–85.

Laurantzon, F., Tillmark, N. & Alfredsson, P. H. 2010 A pulsating flow rig
for analyzing turbocharger performance. 9th Int. Conf. on Turbochargers and
Turbocharging (IMechE) pp. 363–372.

Mullin, T. & Greated, C. A. 1980 Oscillatory flow in curved pipes. Part 2. The
fully developed case. J. Fluid Mech. 98, 397–416.

Schlichting, H. 1955 Boundary-layer theory. McGraw-Hill .

Sudo, K., Sumida, M. & Yamane, R. 1992 Secondary motion of fully developed
oscillatory flow in a curved pipe. J. Fluid Mech. 237, 189–208.

Sumida, M. 2007 Pulsatile entrance flow in curved pipes: effect of various parameters.
Exp. Fluids 43, 949–958.

85





Paper 2

2





Pulsatile turbulent flow through pipe bends at

high Dean and Womersley numbers

By Athanasia Kalpakli, Ramis Örlü, Nils Tillmark &
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Turbulent pulsatile flows through pipe bends are prevalent in internal com-
bustion engine components which consist of bent pipe sections and branching
conduits. Nonetheless, most of the studies related to pulsatile flows in pipe
bends focus on incompressible, low Womersley and low Dean number flows,
primarily because they aim in modeling blood flow, while internal combustion
engine related flows have mainly been addressed in terms of integral quantities
and consist of single point measurements. The present study aims at bridg-
ing the gap between these two fields by means of time-resolved stereoscopic
particle image velocimetry measurements in a pipe bend with conditions that
are close to those encountered in exhaust manifolds. The time/phase-resolved
three-dimensional cross-sectional flow-field 3 pipe diameters downstream the
pipe bend is captured and the interplay between different secondary motions
throughout a pulse cycle is discussed.

1. Introduction

1.1. Background

The study of fluid flow through pipe bends is often associated with Dean (1927), who
provided an analytical solution to this problem under steady and laminar conditions.
His study revealed the existence of two symmetrical counter-rotating vortices located
in the upper and lower half of the pipe. These unique structures, that have become
the driving force for many research studies, are nowadays widely known as Dean
vortices. While Dean’s study as well as those following (McConalogue & Srivastava
1968; Greenspan 1973) were dealing with laminar and steady flows, the question
whether the vortical picture found in steady flows would remain under more practical,
i.e. unsteady or turbulent, conditions remained to a large extent untouched. Almost
five decades after the seminal work by Dean, the problem of unsteadiness of a viscous
fluid motion in a curved pipe was addressed by Lyne (1970), who revealed that the
flow pattern can change drastically depending on the frequency of the oscillations.
A series of studies, which confirmed and extended Lyne’s work followed (Zalosh &
Nelson 1973; Bertelsen 1975), but were still limited to smaller parameter values than
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those met for example in the internal combustion engine environment, for which this
study is aimed at. A great interest in pulsating flow through pipe bends was also
shown by a number of authors due to its relevance to physiological mechanisms such
as the causes of atherosclerosis and the blood flow in the aortic arch (Chandran &
Yearwood 1981; Hamakiotes & Berger 1990) and consequently did not extend their
investigation to high values of the parameters.

Up to now, the interest for pulsating flow through pipe bends remains vibrantly
alive while no clear conclusion has been made yet on the structural picture of the
flow field under turbulent, pulsating flow conditions. The most important parameters
that control the flow under turbulent, pulsating conditions through pipe bends are the
Dean andWomersley (or frequency parameter) number, which are defined respectively

as: De =
√
γ Re and α = D/2

√
ωρ/µ, where Re denotes the Reynolds number based

on the pipe diameter D, γ the curvature ratio, ω the angular frequency, ρ the density
and µ the dynamic viscosity of the fluid. The Reynolds number itself is of course
also of importance, here we assume that it is high enough so that the flow is fully
turbulent. The Womersley number can be said to be the ratio of the oscillatory
inertial forces related to the pulsations and the viscous forces. Recently, Timité et al.
(2010) performed both simulations and experiments in developing laminar pulsating
flow, adding information on the evolution of the secondary flow under the effect of
different, but low, Reynolds numbers and a wide range of the frequency parameter. In
the same kind of flow, but for a slightly different parameter range, Jarrahi et al. (2010)
performed Particle Image Velocimetry (PIV) measurements, revealing secondary flow
patterns varying from a single dominating vortex to more complex constellations with
up to four vortices.

1.2. Motivation

The aforementioned studies show that increasing the Dean and Womersley number
has a large effect on the strength of the secondary motions and makes the flow field
more complicated, varying between multiple vortex patterns at certain instances and
no vortex patterns at other instances. Our motivation to study high Dean and Wom-
ersley number flows in curved pipes stems from the fact that such flows are widely
met in internal combustion engines (for example in the exhaust manifold) and can
strongly affect the engine performance, especially for turbo-charged engines.

Studies focusing on engine research often regard single point measurements (Szymko
et al. 2005; Capobianco et al. 1993) which do not provide a full picture of the nature
and structures of the turbulent pulsating flow field. The way for example the Dean
vortices behave under harsh engine flow conditions (reportably of the 102 and 105 or-
der for the Womersley and Dean number respectively) and how the three dimensional
velocity field looks during the phases is to a large extent unknown. Some efforts have
been reported in more recent years to show how the vortices behave under high Dean
number conditions. Rütten et al. (2005) performed Large Eddy Simulation (LES) and
comparing results with these from PIV measurements by Brücker (1998), confirmed
the existence of the so-called “swirl switching” phenomenon first observed by Tunstall
& Harvey (1968). This phenomenon exhibits one vortex that alternatively dominates
the two different sides of the pipe, “switching” between the two positions with varying
strength. The same phenomenon was depicted in the results from Stereoscopic PIV
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Figure 1. Left: Schematic of the pipe bend configuration
and the set-up of the cameras for the TS-PIV measurements.
D = 40.5 mm and Rc = 51 mm: I) smoke injection section,
II) rotating valve. The insert depicts the relative open area
change caused by the rotating valve as function of revolution
angle.

measurements by Sakakibara et al. (2010) at a Reynolds number of Re = 1.2 × 105.
Sudo et al. (1998) on the other hand, presented results from hot-wire measurements
providing information on the velocity field and Reynolds stresses distribution in a 90◦

pipe bend with long straight upstream and downstream pipes at Re = 6×104. These
studies, addressing the effect of the pipe bend, considered only steady flow conditions.
Hellström (2010) computed the turbulent steady and pulsatile flow field by LES and
Reynolds Averaged Navier-Stokes (RANS). The steady turbulent case at De = 3×104

was computed in a single pipe bend while the pulsating case at De = 6.3 × 102 and
α = 8 was calculated for the case of a double bended pipe revealing very complex
secondary patterns during a cycle.

It is now made clear that studies need to be performed on high Dean and Womer-
sley number flows in order to investigate the parameters that affect the performance
of the engine but also to give useful information on the limitations of classical exper-
imental techniques in highly unsteady, turbulent and three dimensional flows, as well
as to provide a unique data base for the CFD community. Above all, these studies will
give new insight into the complex flow field, during a cycle and its vortical structures.

2. Experimental set-up

2.1. Pulsating pipe flow rig

The experiments were conducted in a newly developed flow rig in the CICERO Lab-
oratory at KTH CCGEx. The rig can be operated both under steady and pulsating
flow conditions and the air is supplied through a compressor installation facility that
can deliver up to 500 g/s at 6 bar. The pulses are obtained from a rotating valve lo-
cated upstream of the pipe test section and its rotation rate can be set by a frequency
controlled AC motor. The insert in Figure 1 depicts the relative open area change
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caused by the rotating valve as function of the revolution angle. The flow rate is
monitored for accuracy by means of a hot-film type mass flow meter (ABB Thermal
Mass Flowmeter FMT500-IG) which is located around 10 m upstream from the mea-
surement site. For details on the CICERO rig the reader is referred to Laurantzon
et al. (2010).

For the present measurements, a 90◦ pipe bend of inner diameter D = 40.5 mm
and curvature radius Rc = 51 mm was connected to the downstream end of a straight
pipe section which provided a total entrance length of 20 D downstream of the pulse
generator. All measurements were taken at the exit of an extension pipe with the
same inner diameter and length 3 D downstream of the bend as depicted in Figure 1.

2.2. Measurement technique

Time-Resolved Stereoscopic Particle Image Velocimetry (TS-PIV) was employed in
order to capture snapshots of the instantaneous in-plane velocity components as well
as the streamwise velocity across the pipe cross-section. Two high-speed C-MOS
cameras (Fastcam APX RS, 3000 fps at full resolution, 1024 × 1024 px, Photron)
were positioned in backward-forward scattering mode at an angle of approximately
70◦ between the observation axes (see figure 1). The 105 mm camera lenses (Nikon
Nikkor) mounted on the cameras were adjusted by means of a Scheimpflug adapter.
The raw images from the measurements had a resolution of 1024 × 1024 px and a
10-bit dynamic range. For the steady flow measurements the images were taken at
a sampling frequency of 1 kHz and for the pulsating flow measurements images were
acquired at 1.5 kHz while the laser was additionally triggered externally by the valve
rotation in order to enable phase averaging of the snapshots.

A laser light sheet of 1 mm thickness was produced by a Nd-YLF laser (Pega-
sus PIV-Laser, 10 kHz maximum frequency, New Wave) which was aligned 1 mm
downstream from the exit of the pipe and oriented perpendicular to the main flow
direction. For the in-situ calibration of the cameras, images were taken of a two-level
calibration plate (#20, LaVision GmbH).

A water-based solution (Jem Pro Smoke Super ZR-Mix) was atomized using a
high volume liquid seeding generator (10F03 Seeding Generator, DANTEC Dynam-
ics). Smoke was injected homogeneously through 4 holes drilled symmetrically around
a steel pipe section which was mounted upstream of the pulse generator in order to
avoid effects on the smoke distribution from the valve rotation. The post-processing
of the PIV data was performed using a commercial software (DaVis 7.2, LaVision
GmbH). The vector fields were calculated by a multi-pass iteration procedure start-
ing with a 64 × 64 px interrogation window and decreasing down to 16 × 16 px
interrogation window with 50 % area overlapping.

3. Results & Discussion

3.1. Steady Turbulent Flow

Steady turbulent flow measurements were performed by means of TS-PIV at a down-
stream position of 3 D from the bend. Figure 2 shows snapshots of the streamwise
velocity field and the in-plane velocity components. Nearly symmetrical structures
at the upper and lower section of the pipe are observed at certain instances (left
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Figure 2. Left, Middle & Right: Snapshots of the streamwise
and in-plane velocity field from TS-PIV measurements 3 D
downstream the 90◦ pipe bend. Streamwise (W ) and in-plane
(U and V ) velocities are depicted through the contour map as
well as vector field, respectively. The asterisk denotes scaling
by the bulk velocity obtained from the ABB mass flow meter.

figure) while at other instances the vortices are seen to move either in clockwise
(middle figure) or anti-clockwise (right figure) direction in varying strength. Similar
observations were also made by Hellström (2010) who performed simulations on the
experimental set-up by Sudo et al. (1998) in a 90◦ pipe bend, for De = 3×104 . Even
though no direct comparison can be made due to the different flow and geometrical
parameters between the two studies, the instantaneous results from the simulations
show a behaviour of the vortical structures that can also be seen in the present study.

Figure 3 depicts the time-averaged flow field computed over 500 snapshots ac-
quired at a sampling frequency of 1 kHz, which corresponds to about 400 integral time
scales. In principle the figure should be symmetric around the centreline, however the
difference between the lower and upper half is probably due to an insufficient number
of independent snapshots.

The vortex structure is clearly illustrated by the streamlines in Figure 3, though
the upper vortex is not captured entirely. Note also that the region r/R > 0.95 is
excluded here due to reflections which cause spurious vectors. One observation in our
study is that the streamwise velocity maxima is not at the outer wall but two maxima
are found along the upper and lower sides, respectively. A similar effect was seen by
Sudo et al. (1998) where the evolution of the flow field at different stations after the
bend showed a tendency of the higher speed side slowly moving from the outer wall
until the flow profile becomes fully symmetrical. Contour maps featuring the highest
velocity located closer to the inner wall at downstream locations after the bend was
also shown in Enayet et al. (1982), who studied developing turbulent flow by means of
Laser-Doppler Velocimetry (LDV) in a 90◦ pipe bend at Re = 43000. For the present
experimental configurations, additional measurements at further upstream locations
(not presented here), showed the maximum velocity located closer to the outer wall
revealing a tendency of the velocity maxima to move from the outer wall towards the
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Figure 3. Time-averaged streamwise and in-plane velocity
field from TS-PIV measurements 3D downstream the 90◦ pipe
bend at De = 1.5 × 104. Left: time-averaged vector field,
and Right: time-averaged streamlines. The time-average was
computed over 500 snapshots with ∆t = 1/1000 s. The largest
time-averaged in-plane velocity component is around 0.3 of the
bulk velocity.

centre while under the effect of the secondary motions exhibiting a slight “overshoot”
towards the inner wall at 3 D distance from the bend.

3.2. Time/Phase-Resolved results: Pulsating turbulent flow

For a high Womerlsey number the unsteady inertia forces dominate in comparison
with the viscous forces while interacting with the centrifugal forces under one cycle,
providing more complicated and varying secondary flow structures than those seen
in the steady flow case. TS-PIV measurements under pulsatile conditions were per-
formed at De = 1.5 × 104 and α = 72. Snapshots of the streamwise and in-plane
velocities are shown in Figure 4 for different phases of the pulse cycle. The phase
averaged velocity at the centreline of the pipe is also shown as an indication of what
instance during the pulse cycle each one of the figures represent. At the end of the
first acceleration phase the highest velocity reaches 3.5 times the bulk speed, while
at the end of the deceleration phase back flow with a magnitude of the bulk speed
sets in.

During the whole acceleration phase (top of Figure 4) no clear cross flow struc-
tures can be seen, and at the beginning of the phase shown the highest streamwise
velocity is at the inner half of the pipe whereas the flow becomes more uniform with
time. Timité et al. (2010) showed that for laminar flow, as the frequency parameter
increases, the secondary flow intensity decreases which can also be seen here for a
large value of α, even though for a completely different type of flow.

A completely different vortical picture is shown during the deceleration phase
(centre of Figure 4) where almost symmetrical vortical structures are seen and the
position of the maximum streamwise velocity has switched to the outer wall, thereby
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resembling a C-shaped velocity distribution similar to those observed in steady flows
in the vicinity of the pipe bend.

Reversed flow is an often observed phenomenon under pulsating flow conditions
(Timité et al. 2010; Hellström 2010). As the deceleration phase ends and back flow
sets in (bottom of Figure 4), a pair of vortical structures can be distinguished which
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Figure 4. Left: Snapshots of the streamwise velocity and in-
plane vector field at subsequent instances 3 D downstream the
90◦ pipe bend at De = 1.5 × 104 at a pulsating frequency of
30 Hz corresponding to α = 72. Right: Instantaneous stream-
wise velocity (thin black line) and its phase average (thick red
line) at the centreline of the pipe. The phase angle correspond-
ing to the shown snapshots is indicated through the vertical
dashed lines. Top: Acceleration phase, middle: Deceleration
phase, Bottom: Back flow.
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are seen later on being almost “squeezed” inside the back flow region until they are
completely vanished.

The phase averaged streamwise and in-plane velocities are shown as contour
and vector plots respectively in Figure 5 depicting a similar and smoother structural
picture as in the instantaneous figures, as expected. During the acceleration phase,
no vortical structures can be recognized even here, due probably to the dominant
inertial forces. The almost symmetrical vortices observed in the instantaneous figures
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Figure 5. Left: Phase averaged streamwise velocity and in-
plane vector field for the same case as in Figure 4. Right:
Phase averaged streamwise velocity (thick red line) at the
centreline of the pipe. The phase angle corresponding to the
shown phase averages is indicated through the vertical dashed
lines. Top: Acceleration phase, middle: Deceleration phase,
Bottom: Back flow.



Pulsatile turbulent flow at high Dean and Womersley numbers 97

w
*

 

 

PDF

−1 −0.5 0 0.5 1

−1

0

1

2

3

4

0

0.2

0.4

0.6

0.8

1

−1 −0.5 0 0.5 1

Figure 6. Contour plots of the probabillity density function
of the streamwise velocity along the horizontal axis at 3 D
downstream distance from the pipe bend exit, plotted together
with its mean value (thick black line) at De = 1.5× 104. Left:
Steady flow Right: Pulsating flow (α = 72). Note that the
PDFs have been scaled to unity in order to ease comparison
between the steady and pulsating flow case.

during the deceleration phase appear smoother now as a result of the phase averaging,
though at the last considered phase angle here, the two vortices at the lower and upper
part of the pipe appear to have been smoothed out. This effect can also be seen in
the figure which corresponds to the onset of back flow, where the two small vortical
structures positioned close to the inner pipe wall each one at one side of the pipe
in the corresponding snapshot, have been filtered out. At the peak of the negative
velocity region the vortices have already vanished and no significant feature can be
observed.

Figure 6 shows the probabillity density function (PDF) of the streamwise velocity
component for both the steady and the pulsating flow case together with its mean
value along the horizontal axis. The time-averaged profiles between the two flow cases
do not differ considerably from each other; i.e. both exhibit a “saddle”-like profile
with a slightly larger amplitude on the inner side of the pipe (see also § 3.1). It
is interesting to note, that for the steady flow case the PDF looks as expected, i.e.
with the most frequent velocity appearing around its time-average value, while for
the pulsating flow it is accumulated around zero velocity. The bimodal behaviour of
the PDF (Left Figure) caused by the pulsatile motion, is apparent from the phase
averaged signal at the centreline (thick red line) shown in Figure 5.

4. Summary & Conclusions

The present investigation aims at understanding the behaviour of the secondary mo-
tions and the distribution of the axial velocity under the effect of the pipe bend in
a parameter range that is relevant to the flow environment for internal combustion
engines. TS-PIV measurements have been conducted in a high Dean and Womersley
number flow, through a 90◦ pipe bend.
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It was shown that the flow has started to recover from the bend at a downstream
distance of 3 D, depicting the highest axial velocity located close to the inner wall.
Measurements conducted in highly pulsating flow revealed that the secondary flow
appeared to be very weak during the acceleration phase while the highest velocity
reached 3.5 times the bulk speed. A different vortical picture was observed during the
deceleration phase, where symmetrical structures were present at certain instances.
The streamwise velocity was observed to have moved its maximum from the inner
wall during the acceleration phase to the outer wall during deceleration. The al-
most symmetrical vortices were observed at the beginning of back flow, being quickly
“squeezed” into the centre of the pipe until vanishing in the peak of the reversed flow
region.
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Rütten, F., Schröder, W. & Meinke, M. 2005 Large-eddy simulation of low
frequency oscillations of the Dean vortices in turbulent pipe bend flows. Phys.
Fluids 17, 035107.

99



Sakakibara, J., Sonobe, R., Goto, H., Tezuka, H., Tada, H. & Tezuka, K.

2010 Stereo-PIV study of turbulent flow downstream of a bend in a round pipe.
14th Int. Symp. Flow Vis., 21-24 June, EXCO Daegu, Korea pp. 1–11.

Sudo, K., Sumida, M. & Hibara, H. 1998 Experimental investigation on turbulent
flow in a circular-sectioned 90-degree bend. Exp. Fluids 25, 42–49.

Szymko, S., Martinez-Botas, R. F. & Pullen, K. R. 2005 Experimental evalua-
tion of turbocharger turbine performance under pulsating flow conditions. Proc.
GT2005: ASME TURBO EXPO pp. 1–11.
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Flows in pipe bends have been studied extensively over the last decades due to their
occurrence both in the human respiratory and blood systems as well as in many
technical applications. When a fluid flows through a pipe bend an adverse pressure
gradient is generated forcing high velocity fluid towards the outer wall which is then
replaced by low velocity fluid moving along the wall towards the inner side of the bend.
The physical effect is that the high velocity fluid is experiencing a large centrifugal
force, resulting in an unstable “stratification” making the high velocity fluid in the
centre deflect outwards along the pipe bend, thereby forming two counter-rotating roll
cells, so-called Dean vortices. While their behavior in laminar flows has been nicely
visualized, the picture of their unsteady behavior in turbulent flows still remains
rather blurry, and in fact the question “whether the Dean vortices stay symmetric
with respect to the geometric plane of symmetry or whether the strength of the Dean
vortices varies with time are hardly addressed” (Rütten et al. 2005).

In the present study stereoscopic particle image velocimetry has been employed
to seize the unsteady behavior of the Dean vortices at the exit of a 90◦ pipe bend
at a Reynolds number and Dean number of 34 000 and 19 000, respectively. While
the time-averaged flow field shows two symmetrical roll cells, that can be observed
both in the streamwise (Fig. 1a) and cross stream (Fig. 1b) velocities1, as well as in
the streamwise vorticity (Fig. 1c), the instantaneous snapshots reveal an unsteady
behavior where the roll cells are pushing one another alternatively towards the lower
or upper half of the pipe, in what could be described as a “rocking” motion of the
high speed “stem” in between the roll cells (Fig. 2).

Hence the real question is not whether “to be, or not to be” in regards to the
instantaneous existence of the Dean vortices in turbulent flows, but rather why, when
and how they roll (as their time-averaged counterpart) or rock between the states
caught in the presented snapshots.

Acknowledgements
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system and the post-processing of the PIV images.

1In the original version there has been an error and the extension after the curvature was
misprinted as 0.5 D.
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a) b) c)

Figure 1. Time-averaged streamlines from stereoscopic par-
ticle image velocimetry measurements across the pipe cross
section 0.67 D downstream the 90◦ pipe bend. The Reynolds
number (based on bulk velocity Ub = 8.5 m/s and pipe di-
ameter D = 0.06 m) and Dean number (Reynolds number ×
square root of the curvature ratio) were 34 000 and 19 000,
respectively. Contours denote the a) streamwise velocity com-
ponent Uz, b) magnitude of the in-plane components |Uxy|,
and c) streamwise vorticity ωz. The averages were performed
over 3000 snapshots with ∆t =1 ms. Note that the stream-
lines were smoothed by means of a spatial low-pass filter and
that the region close to the wall in the vorticity map has been
blinded out due to spurious vectors.



a) b) c)

Figure 2. Snapshots of the in-plane vector field at three in-
dependent time instances for the same conditions as described
in Fig. 1. The small-scale fluctuations have been suppressed
through a moving average of ∆t = 2 ms in time and a spatial
low-pass filter. The instantaneous snapshots reveal the three
states between which the two Dean vortices are switching, viz.
a) symmetric, as well as dominant b) clockwise and c) coun-
terclockwise Dean cell.





Paper 4

4





Experimental investigation on the effect of

pulsations on exhaust manifold-related flows

aiming at improved efficiency

By Athanasia Kalpakli, Ramis Örlü, Nils Tillmark &
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The gas flowing through the exhaust manifold of the internal combustion en-
gine to the inlet of the turbine side of a turbocharger is highly pulsating and
turbulent. The gas enters the turbine after travelling through a complex curved
and branched pipe system where the effect of centrifugal (from the acute curva-
ture), inertia and viscous forces result in a three-dimensional, non-symmetric
flow field. Additionally, vortical structures are being formed and dissolved due
to the co-existence of these forces that change in magnitude under a pulse pe-
riod. This complex flow field, typical for the inflow condition to the turbine, is
the focus of the present study. Instantaneous mass flow rate and pressure mea-
surements that provide information on changes in the turbine map when a sharp
bend is mounted at the inlet of the turbine are performed and complemented
with time-resolved stereoscopic particle image velocimetry measurements of the
pulsating turbulent flow downstream a 90◦ pipe bend. The results indicate, that
the time-averaged operation point in a turbine map is only marginally affected
by the inflow conditions and the pulsation frequency. The hysteresis loops, on
the other hand, exhibit differences not only for different pulsation frequencies,
but also for different inflow conditions as a comparison between a straight and
a curved pipe section upstream the turbine shows.

1. Introduction

Flows through curved pipes are widely met in nature and in industry. Scientific
interest on such flows is traced back to the 1800s (Thomson 1876) and up to this
moment it remains vibrantly alive (Timité et al. 2011). Nevertheless, a lot of infor-
mation about the behaviour of the various flow structures under the existence of a
centrifugal force is still missing. The presence of non-ideal components in the inter-
nal combustion engine, such as sharp pipe bends comprising the exhaust manifold
together with the highly pulsatile turbulent flow from the engine cylinders, leads to
very complex flow phenomena that may affect the engines performance. Despite its
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technical importance, not many studies through pipe bends have been conducted
aimed at the engine flow environment, i.e. highly pulsatile turbulent flow, but most
studies instead focus on laminar, low frequency pulsatile flows related to biological or
natural mechanisms.

At KTH CCGEx (Competence Centre for Gas Exchange), a new approach to
investigate the effect of pulsations and curved geometries on the flow field entering the
turbine of a turbocharger and the pressure ratio across it has been undertaken. For
that purpose, state of the art experimental techniques such as Time-resolved Stereo-
scopic Particle Image Velocimetry (TS-PIV), high frequency pressure transducers,
and a time-resolved vortex shedding mass flow meter (Laurantzon et al. 2010a) have
been implemented. This gives the possibility to obtain the instantaneous, phase-
averaged and time-averaged velocity fields after a sharp pipe bend together with the
phase-resolved turbine maps. The obtained results constitute valuable information on
the effect of pulsations on the flow field resembling the inflow to an exhaust manifold
under practically relevant conditions.

The present study aims at providing new insight into the flow field evolution with
particular focus on the secondary motion behaviour in steady and highly pulsatile
turbulent flow conditions through curved pipes, which –to the authors knowledge–
has not been considered in the literature yet. § 2 gives the background and defines
the relevant parameters, whereas § 3 describes the experimental set-up and the Time
resolved Stereoscopic Particle Image Velocimetry (TS-PIV) system1. § 4 describes
and discusses the results and finally § 5 gives a short summary and some concluding
remarks.

2. Pulsating flow through curved pipes

Laminar and steady flow through curved pipes has been studied extensively through-
out the last decades. The main characteristic feature of such a flow is the development
of a secondary flow due to the formation of two symmetrical counter-rotating vortices,
the so called Dean vortices. Such flows have been considered in the literature with
investigations initiated many years ago (Eustice 1911; Dean 1927). An important
consequence of the vortices is that they shift high-speed fluid towards the outer pipe
wall whereas a region of low velocity fluid develops at the inner wall.

Studies on turbulent steady flows (Rütten et al. 2005) or laminar pulsating flows
(Jarrahi et al. 2010) through curved pipes have been conducted in recent years re-
vealing a complicated flow field which is highly dependent on the value of certain flow
parameters. On the other hand, studies of highly pulsatile turbulent flows through
curved pipes with regard to the flow field evolution, and in particular the existence
and importance of the secondary motion behaviour, is missing.

The most important parameters which convey the pulsatile flow through curved
pipes are the Dean number (De =

√
γRe, where γ = D/(2Rc) is the curvature ratio

and Re = UD/ν the Reynolds number with U the characteristic velocity, D(= 2R)
the pipe diameter and ν the kinematic viscosity) and the Womersley number or

the so-called frequency parameter (α = D/2
√

ωρ/µ, where ω denotes the angular

1Note that most of the figures in this paper are better viewed in colour therefore the reader
is kindly redirected to the CD version of the proceedings.
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frequency of the pulsation). These two parameters define the interplay between the
centrifugal, inertial and viscous forces. The values of the parameters used in the
current measurements are close to the ones found in a real engine environment, viz.
the Dean and Womersley numbers that are of the order of 105 and 102, respectively.

3. Experimental procedure

3.1. Set ups

The experiments were conducted at the CICERO laboratory at KTH CCGEx. com-
pressor installation facility delivers air at a maximum mass flow rate of 500g/s at 6
bar while the flow rig can be operated under both steady and pulsating flow condi-
tions. A rotating valve generates pulses where the rotation rate is set by a frequency
controlled AC motor. In order to ensure steady flow conditions, the mass flow rate
is additionally monitored by a hot-film type mass flow meter (ABB Thermal Mass
Flow meter FMT500-IG). For details on the CICERO rig the reader is referred to
Laurantzon et al. (2010b). Two different set-ups were used: one was used to study
the details of flow downstream a pipe bend under steady and pulsating conditions,
whereas the second was used to investigate how the pipe bend itself affected the
turbine characteristics.

For the pipe bend measurements, a 90◦ pipe bend of inner diameter D = 40.5 mm
and curvature radius of Rc = 51 mm is mounted downstream a 20 D long straight
pipe. The bend used for the present investigation was chosen to be sharp (γ = 0.4),
since the aim of the study was to consider typical geometries met in engines where
curved sections usually are sharp due to packaging constraints. Straight pipes of dif-
ferent lengths can be mounted at the exit of the curved pipe in order to study the
flow evolution downstream the bend. For the results presented here the measure-
ments were made with time resolved stereoscopic PIV (TS-PIV) at three downstream
stations at 0.2 D, 1 D, and 2 D (see figure 1).

The second set up (figure 2) was used in order to study how the turbine map is
affected by a pulsating inlet flow using the same pipe bend geometry as for the flow
measurements (with the shortest downstream station i.e. 0.2 D mounted). For that
purpose, measurements by means of high frequency response pressure transducers
(Kistler) and an in-house developed vortex shedding mass flow meter (Laurantzon
et al. 2010a, 2012) were made in order to obtain the instantaneous pressure and mass
flow rate across the turbine. In these experiments the mass flow rate was higher than
that used for the flow measurements due to certain limitations of the TS-PIV system.
Nevertheless, the two set ups is believed to complement well each other and the reader
should bear in mind that the aim of the present study is not to compare them but
exploit the unique features that each one offers in order to get as much information
as possible of the flow conditions into the turbine.

3.2. Time-resolved Stereoscopic Particle Image Velocimetry (TS-PIV)

Time-resolved stereoscopic particle image velocimetry measurements were performed
in order to obtain instantaneous snapshots of the three-dimensional velocity field after
a 90◦ pipe bend and examine the behaviour of the secondary flow structures. To seed
the flow an alcohol-based solution (Jem Pro Smoke Super ZR-Mix) was atomized
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Figure 1. Geometrical configuration used in the experiments
and camera set up for the TS-PIV measurements (top view).
D = 40.5 mm, Rc = 51 mm, I) smoke injection inlet, II)
rotating valve. The insert depicts the relative open valve area
change as function of the revolution angle.

Figure 2. Set up for the instantaneous pressure and mass
flow rate measurements across the turbocharger (Garrett).

using a high volume liquid seeding generator (10F03 Seeding Generator, DANTEC
Dynamics). The resulting smoke was injected homogeneously through 4 holes drilled
symmetrically around a steel pipe section mounted upstream of the pulse generator
in order to avoid effects on the smoke distribution from the valve rotation.

A laser light sheet of 1 mm thickness was produced by an Nd-YLF laser (Pegasus,
10kHz maximum frequency, New Wave Research). The laser was externally triggered
by the valve rotation in order to enable phase averaging of the snapshots.
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Two high-speed C-MOS cameras (Fastcam APX RS, Photron, 3000 fps at full
resolution 1024 × 1024 pixels) were positioned at an angle of approximately 70◦ be-
tween their viewing axes (Figure 1). The 105 mm Nikon Nikkor lenses of the cameras
were adjusted using a Scheimpflug adapter so that the image plane, lens plane and
object plane for each camera intersect along a common line. For the in-situ calibration
of the cameras, images were taken of a two-level calibration plate (#20, LaVision,
GmbH). Small discrepancies between the object and image planes due to vibrations
during the measurements were eliminated by means of a disparity correction.

The number of acquired images was 1000 for each case and was taken with a
sampling frequency of 1 kHz and 1.5 kHz for the steady and pulsating flow cases,
respectively. The post-processing of the data was performed with a commercial soft-
ware (DaVis 7.2, LaVision GmbH). The vector fields were calculated with a multi-pass
iteration procedure for increased resolution (starting with an interrogation window of
64×64 pixels and decreasing to 16×16 pixels with an overlapping area of 50%). Infor-
mation about the principal of PIV and data evaluation methods along with examples
of applications can be found in Raffel et al. (2007).

4. Results & discussion

4.1. Flow field under steady turbulent conditions

In the following section time-averaged and instantaneous results from the TS-PIV
measurements from the steady flow downstream the pipe bend will be presented to
discuss the evolution of the three-dimensional flow field. Figure 3 shows the time-
averaged flow field with the streamwise component shown as a (coloured) contour
map and the in-plane components as streamlines at the three downstream stations
for a Dean number of De = 1.5× 104.

The well-known flow field formed through curved pipes with two symmetrical
vortices at the lower and upper parts of the pipe are clearly seen at 0.2 D downstream
from the bend. This is due to the centrifugal effects and as expected the vortices give
rise to a high streamwise velocity at the outer wall and low velocity at the inner wall.

Following the development of both the secondary and primary flow at the other
two downstream planes, the flow attempts to overcome the effects from the curvature
with the high speed moving consequently towards the inner wall as the distance from
the bend increases. Symmetrical vortical structures are evident, changing shape from
“bean”-like (at 1 D) to almost round (at 2 D) structures. The magnitude of the
largest in-plane component throughout the development process is 0.3 times the bulk
velocity.

While for laminar flow symmetrical counter-rotating cells, i.e. Dean vortices,
appear, under turbulent flow conditions, the behaviour of the vortices remains unclear
both on average as well as instantaneously (Rütten et al. 2005). Snapshots of the
secondary flow field are shown in figure 4 for the different downstream stations. An
interesting feature is that for the 0.2 D station, the vortices that appear on average at
the lower and upper part of the pipe cross section, appear similarly instantaneously,
exhibiting a behaviour similar to that known for laminar flows. No additional vortical
structures can be seen in that case, as for the other two stations where up to three
cells can be captured at certain instants (see figure 4c middle). This can probably be
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Figure 3. Time-averaged velocity flow field at 0.2 D (left),
1 D (middle) and 2 D (right) downstream the 90◦ pipe bend
at De = 1.5x104. The streamwise component is shown as the
background contour map while the in-plane components as
streamlines. Quantities with asterisk indicate scaling by the
bulk velocity obtained from the ABB mass flow meter. View
from the exit plane, whereas the flow comes from the right
side.

explained by the interaction between the centrifugal forces introduced by the sharp
bend which is the dominating factor in that case.

A different and highly unsteady behaviour is observed for the 1 D and 2 D down-
stream stations. Symmetrical vortices resembling the ones seen on average (Figures
4b & 4c, left) as well as dominating “bean”-like shaped vortices following a clockwise
or anti-clockwise rotation of the plane of symmetry (Figure 4b middle & right and
Figure 4c, right) and vortices breaking up in smaller cells are depicted (Figure 4b,
middle). An explanation of the reason of the existence of dominating vortices and
their change of position is given in Brücker (1998), even though the exact mechanism
that creates the phenomenon remains unclear. The switching between dominating
vortices in the pipe cross section for a fully developed turbulent pipe flow into a 90◦

pipe bend has also been visualized experimentally in Kalpakli et al. (2011). To be
able to predict such a phenomenon is of great importance due to the low frequency os-
cillations it creates (Rütten et al. 2005) and the fatigue that can be caused in systems
comprised of pipe bends.

4.2. Flow field under pulsatile conditions

Results from TS-PIV measurements conducted in a pulsating turbulent flow at the
same Dean number as the one in the steady flow case (De = 1.5x104) and aWomersley
number of α = 30 (corresponding to a pulsation frequency of 20 Hz) are presented
for the same cross-planes as described in § 4.1.
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a)

b)

c)

Figure 4. Snapshots at various time instances of the in-plane
velocity vector field at three instances for the: 0.2 D (a), 1 D
(b) & 2 D (c) downstream stations from the pipe bend. The
small-scale fluctuations have been subtracted using a moving
average of 3 ms and spatial low pass filtering. The magnitude
of the largest in-plane component (red vectors) is 0.3 times the
bulk velocity.

Figure 5 shows the phase-averaged flow field plotted with the streamwise com-
ponent as the background contour map and in-plane components as vectors, for the
three downstream stations. As a reference, the phase-averaged streamwise velocity at
the centreline of the pipe is plotted for each of the three cross plane cases to indicate
the phase angle to which each of the shown phase averages belongs.
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Figure 5. Left : Phase averaged flow field at α = 30 and
De = 1.5x104 for the 0.2 D (a) 1 D (b) & 2 D (c) station.
Right : Phase averaged streamwise velocity (red line) at the
centreline of the pipe. The phase angle corresponding to the
shown phase averages is indicated through the dashed lines.

For the 0.2 D downstream station the stagnation region at the inner side of the
pipe, which was observed under steady flow conditions, appears here as well during
the acceleration and deceleration phases. At the end of the deceleration phase, a zone
with substantially lower velocity around the centreline than that at the outer wall
is depicted. Comparing the flow field evolution under the different phases between
the three cross planes, it can be seen that the effects of pulsations are much larger
directly after the bend. Here (i.e. at 0.2 D) the mass flow rate varies from 4 times
the bulk velocity down to zero (and slightly negative) within a fraction of a pulse.
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Such drastic changes may affect the performance of the turbine and will be discussed
within the context of turbine maps in the next section (cf. § 4.3).

Numerical studies have indicated that vortical structures appearing at the inlet
of the turbocharger strongly affect the performance of the turbine (Hellström 2010),
therefore an assessment of their behaviour is also of great importance for the flow
characterization of the engine. At the end of the acceleration phase, one of the
two symmetrical vortices, which were evident under steady flow conditions (§ 4.1),
appears at the upper part of the pipe while during deceleration both of the vortices
are captured. The persistence of these vortices is explained merely by the highly
skewed velocity profile and the co-existence of the near zero-velocity region close to
the inner wall and high velocity region at the core region. This is further supported
by the way they deform at the end of deceleration phase where the flow seems more
“relaxed” with the minimum possible flow rate in the pipe and the higher velocity
region confined to a small C-shaped area close to the wall. The two vortices expand
in bigger, almost round-shaped structures covering the cross section area between the
upper and lower walls and the centre of the pipe. Their existence in combination with
almost no flow entering the turbine during this phase, should be further investigated
for efficiency effects.

At the 1 D station no large scale vortices are observed at the peak of acceleration,
due to the dominance of the inertia forces from the pulsations. During deceleration,
small vortical structures start to form, as the flow inside the pipe decreases, until
the valve closes and two roll cells move towards the centre of the pipe, accumulated
around its circumference. When the valve closes and there is almost no mass flow,
the centrifugal effects are favored causing the cells to whirl at the centre of the pipe
where the velocity is close to zero. At the end of the deceleration phase the same
vortex pattern at the centre of the pipe, is also observed for the far most downstream
station considered here.

4.3. Turbine maps

One of the most important parameters that affect the efficiency of the turbocharger
is the ratio between the inlet stagnation pressure and the outlet static pressure, i.e.
the pressure ratio. It is known that large pressure drops can occur along a bend
depending on its curvature as well as the flow conditions. Having already obtained a
quantitative and qualitative picture of the flow § 4.2) entering the turbine, the next
step is to connect this information to the pressure changes across the turbocharger
due to the presence of a sharp bend. This will provide an overall estimation of the
bend effects on the turbocharger performance.

In Figure 6 the instantaneous pressure ratio and mass flow rate measured with
fast response transducers and the vortex flow meter respectively, are plotted for four
different mass flows. The 55 g/s case corresponds to a Dean number equal to De =
2.0×105 and 40Hz pulsating frequency gives α ≈ 102. In order to check the accuracy
of the vortex shedding technique to estimate the instantaneous mass flow rate, the
same data are plotted compared to values given by the ABB mass flow meter and it
is shown that the results from both devices agree satisfactorily well (for details on the
accuracy as well as limitations and appliance of the technique, the reader is referred
to Laurantzon et al. (2010a, 2012)).
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Figure 6. Left : Turbine map for 55 (green), 80 (red) 105
(blue) & 130 g/sec (black) at 40 Hz pulsation frequency. Solid
lines : inflow, dashed lines: outflow. Right : The same data
as in the left figure with the mass flow scaled by the value
obtained by the ABB mass flow meter. Circles indicate time-
averaged results, where the mass flow rate is based on the
ABB reference mass flow meter; filled and open symbols denote
inflow and outflow, respectively.

As already mentioned in § 4.2, the pulsating flow after a bend varies rapidly from
very high to very low mass flow rates which causes a filling and emptying effect into the
turbine leading to a hysteresis loop around the steady flow results which is observed
in the above figures. With the increase in mass flow rate the pressure ratio increases,
as it is expected but the interesting feature is that the hysteresis loop at higher
mass flow rates, expands to larger ranges. It has been shown previously (Marelli &
Capobianco 2009) that the magnitude of the loop increases with the pulse frequency
and average mass flow level. In Piscaglia et al. (2007) instantaneous pressure and
mass flow rate measurements across a turbocharger were compared with results from
simulations. The instantaneous quantities were measured after a curved pipe section,
though effects from secondary motions on the inflow conditions to the turbine were
not investigated. Significant hysteresis was observed also in those results due to the
tendency of the flow to accumulate in the volume of the turbine casing, which increases
the pressure inside it. The weakness of these studies lies on the fact that instantaneous
temperature measurements could not be performed due to the fast response rates
needed for such flow conditions. This can lead to substantial errors in the mass
flow rate estimation using hot-wires under highly pulsating flows (Laurantzon et al.
2010b), therefore correction of the hot-wire readings for temperature fluctuations is
essential.

Figure 7 shows turbine maps for the same conditions as in Figure 6 but only
for the 55 and 105 g/s mass flow cases together with results from Laurantzon et al.
(2012), which were performed in the same set-up under the same operational condi-
tions, but with a straight pipe instead of the bend pipe as its inflow geometry. By
matching the same operational conditions in the same experimental rig, it is possible
to relate the observed differences to the used inflow geometry, viz. straight versus
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Figure 7. Turbine maps for 55 and 105 g/sec at 40 Hz pul-
sation frequency for a straight and bend pipe configuration
at the inlet of the turbocharger. Left : inflow. Right : out-
flow. Circles indicate time-averaged results, where the mass
flow rate is based on the ABB reference mass flow meter; filled
and open symbols denote inflow and outflow, respectively.

bend pipe section. While the trends look similar for the 55 g/s case, the magnitude
of the hysteresis loop appears to be damped in the case of the pipe bend, while the
general trend of the hysteresis seems to be similar during the deceleration phase,
when considering the 105 g/s run. The hysteresis loops based on the mass flow rate
from the outlet depict quite different pictures. Here the flow from the bend pipe ap-
pears to be damped considerable stronger than that from the straight pipe. Despite
these differences for the higher mass flow rate and in particular for the outflow, the
time-averaged operational points (indicated by the circles) do not exhibit any signifi-
cant differences. Consequently, turbine maps based on steady operational conditions
need to be considered with great caution when taken as reference for pulsating flows.
As apparent from these results, a good agreement of the two different time-averaged
operation point with does not imply that the hysteresis loops are similar.

5. Summary & conclusions

Time-resolved stereoscopic particle image velocimetry measurements were performed
downstream of a 90◦ pipe bend for a highly pulsatile turbulent flow in order to
investigate flow conditions similar to those entering a turbine. A complex flow field,
showing rapid velocity changes as well as peculiar vortical patterns during one pulse
period, was captured. Velocity magnitudes four times the bulk speed were recorded
as well as negative velocities at the end of the deceleration phase.

To investigate the influence of curved, pulsating inflow on the turbine perfor-
mance, instantaneous pressure and mass flow measurements were made upstream
and downstream the turbine with a sharp bend mounted at its inlet and compared
with a straight pipe inlet. For the estimation of the instantaneous mass flow rate,
a vortex flow meter was used, from which the time signal was extracted by means
of a novel post-processing technique introduced in Laurantzon et al. (2010a). The
pressure ratio-mass flow loop due to the filling and emptying of the turbine during
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a pulse period, was observed to expand to greater magnitudes as the mass flow rate
increased. Moreover, only a slight effect of the presence of the bend at the inlet of the
turbine was shown on the average quantities but a significant change was observed in
the instantaneous results with the hysteresis loop significantly damped in case of the
bend pipe.
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POD analysis of stereoscopic PIV data from

swirling turbulent flow through a pipe bend
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Internal report

Coherent structures in turbulent swirling flow through a pipe bend are investi-
gated experimentally by means of stereoscopic particle image velocimetry. In
particular, the effect of the imposed swirling motion on the Dean vortices as
well as the very-large-scale structures is examined for a wide range of swirl
numbers. Proper orthogonal decomposition is employed to rank the spatial
modes by energy content and extract the underlying secondary swirling mo-
tion as well as the large-scale structures present in the flow field. Moreover the
original snapshots are reconstructed by using only a few of the most energetic
modes and ease visualization of the structures by inhomogeneously filtering the
flow fields. Phenomena such as the unsteady motion of the Dean vortices, the
so called swirl switching, in the non-swirling turbulent flow case and the tilting
of the very-large-scale structures in a highly swirling turbulent flow are cap-
tured and presented. The results presented here are preliminary and further
analysis is planned in the future. Nevertheless, this work is believed to provide
unique data as the first experimental study on swirling flows through a pipe
bend which is not restricted to single-point measurements.

1. Introduction

Two types of body forces are of particular interest due to their occurrence both in
nature and industry, namely the centrifugal and Coriolis forces which may result
from curved geometries and rotating elements being present, for example in the at-
mosphere, cyclone separators, combustion chambers etc. The flow through bends is
associated with the formation of counter rotating cells, the so-called Dean vortices
(Dean 1927), created due to the imbalance between centrifugal effects and pressure
while the additional presence of rotation can lead to perturbations of the vortices.
Such a flow characterized both by streamline curvature and three dimensionality is
considered to be complex. Commonly employed point-wise techniques for their study
might be contaminated by the strong secondary motions. Moreover, measuring the
three velocity components covering a whole pipe cross-section by means of single-point
methods such as 3 D Laser Doppler Velocimetry (LDV) or multiple hot-wire probes,
is both time consuming and limited to statistical quantities. It is therefore important
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for the study of such flows, where both vortical structures and out-of-plane motion
are predominant, to employ time-resolved whole-field measurements, e.g. by means of
Time-resolved Stereoscopic Particle Image Velocimetry (TS-PIV), which can provide
simultaneously the three dimensional velocity field across a pipe cross-section.

Turbulent flow through curved pipes has been studied mainly with focus on
the behavior of the vortical structures which can be unsteady under turbulent flow
conditions. Particularly the phenomenon which has been investigated the most, start-
ing with the study by Tunstall & Harvey (1968), is the so-called “swirl switching”
phenomenon describing an unsteady motion consisting of a single (dominating in
strength) vortex oscillating in clockwise and counter-clockwise directions. A num-
ber of scientists have been intrigued to investigate the phenomenon and it has been
illustrated both through PIV measurements (Brücker 1998; Sakakibara et al. 2010;
Hellström et al. 2011b; Kalpakli et al. 2012) and computations, e.g. Large-Eddy Sim-
ulations (LES) or Reynolds Averaged Navier Stokes (RANS) (Rütten et al. 2005;
Hellström 2010). The phenomenon has also recently attracted the interest of the
community in the nuclear sector due to the fatigue that the unsteady motion of the
vortices can cause in the piping of the cooling system of a nuclear reactor (i.e. “hot-
leg” and “cold-leg” pipings) but also the increase in soundness that can be caused
in the surrounded equipment by the unsteady secondary motion (Ono et al. 2010;
Yuki et al. 2011; Takamura et al. 2011). Nevertheless, the mechanism which triggers
such a motion is not fully understood yet. The pioneering study by Tunstall & Har-
vey explained it as a result of the asymmetry of the inner wall separation and the
turbulent axial circulation generated in the upstream flow. However, the simulations
by Rütten et al. (2005) performed in two different curved pipes, a sharp one where
separation occurred and a smooth one, showed that the “swirl switching” can occur
also in flow cases where separation is not present. In the aforementioned studies dif-
ferent ways of finding the frequency of this oscillating motion are pursued including
spectral analysis of the time series of the in-plane velocity components (Brücker 1998;
Rütten et al. 2005; Takamura et al. 2011) or spectral analysis of the POD (Proper
Orthogonal Decomposition) coefficients (Sakakibara et al. 2010) and auto-correlation
of the tangential velocity component at the centre of one of the vortices (Hellström
et al. 2011b). The identification and reconstruction of the swirl switching through
POD analysis will be applied on the present experimental data and the outcome will
be discussed in the present study.

Swirling turbulent flow through straight pipes and its effect on turbulent quanti-
ties has been studied to some extent both experimentally (Imao et al. 1996; Facciolo
et al. 2007) and numerically (Orlandi & Fatica 1997; Malin & Younis 1997). Here we
separate for easiness the studies which generated swirling flows by axially rotating
pipes (the method used in the present study) from the other techniques. A short
description on the different methods to generate swirling motions can be found in
Örlü (2009). Since different swirl generating methods result in substantially different
flow fields (Facciolo et al. 2007), only the studies using the same swirl generating
technique as the present one are mentioned here. It has been shown that turbulent
fluctuations decrease with an increase in swirl rate while the flatness factor of radial
velocity fluctuations increases due to a stabilizing effect (Imao et al. 1996). For the
same experimental set up as the one used in the present study it was illustrated that
the axial profile changes towards a parabolic shape while the azimuthal profile depicts
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a close to parabolic shape independent of Reynolds number when rotation is applied
(Facciolo 2006).

Among the works that have been conducted on the interaction between the Dean
vortices and the swirling motion most relevant to the case studied here (both flow- and
set up-wise), are the experimental study by Anwer & So (1993) and the computational
study by Pruvost et al. (2004). In Anwer & So (1993) the turbulent swirling flow for
different angles along a 180◦ pipe bend and for one swirl intensity was measured
by means of single-point measurement techniques. The results were used later on
by Pruvost et al. in order to validate the models used by the simulations at the
same swirl number. In that study different swirl intensities were applied both in a
90◦ and 180◦ bend and it was shown that as the swirl intensity increases a complex
interaction between the secondary motions exists with the tendency of the counter-
rotating vortices to merge and fully diminish at even higher swirl rates.

The aim of the present study is to examine experimentally the combined effect
of centrifugal forces in a fully developed turbulent pipe flow and for increasing swirl
intensities including the case where the motion is swirl dominated. In order to fully
assess the characteristics of the flow and visualize as well as quantify the vortical
patterns in a three dimensional flow field, TS-PIV measurements have been performed
and results are presented here.

The paper is organised as follows: § 2 provides the details of the pipe flow facility
and the PIV system. § 3 introduces the notation for the employed snapshot POD,
while § 4 and § 5 present and discuss the results from the non-swirling and swirling flow
at the exit of a 90◦ pipe bend, respectively. The work is summarized and concluded
in § 6.

2. Experimental set up & techniques

2.1. The rotating pipe facillity

The measurements for the current study were conducted at the rotating pipe facillity
located at the Fluid Physics Laboratory at KTH Mechanics. The air is provided by a
centrifugal fan and the mass flow rate can be controlled by means of a butterfly valve
monitored through the pressure drop across an orifice plate. A distribution chamber is
implemented in order to minimize the vibrations created by the fan while a honeycomb
installed inside a stagnation chamber, where the air is fed into, distributes the air
evenly. The air is first led into a one meter long stationary section which is connected
to the rotating pipe, which has at its entrance a 12 cm long honeycomb and brings
the flow into more or less solid body rotation. The circular pipe can rotate to speeds
up to 2000 rpm by means of DC motor which is connected to the pipe through a
belt (figure 1). The total length of the pipe section is 100 D where D denotes the

inner diameter of the pipe, equal to 60 mm (c.f. Facciolo (2006) and Örlü (2009)
for further details). In Sattarzadeh (2011) the mean velocity profiles for different
swirl intensities at a Reynolds number based on the pipe diameter of ReD = 24000
at the exit of the pipe are documented and it is shown that the profile for the non-
swirling case, adheres to what is known for fully-developed turbulent flow while as the
swirl number increases the profile shape approaches that of the laminar pipe flow, i.e.
becomes more parabolic. This constitutes also the inflow condition for the flow which
is fed into the bent pipe (figure 2). Note that while the straight pipe is rotating, the
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Figure 1. Schematic of the experimental set up. A) Cen-
trifugal fan, B) flow meter, C) electrical heater, D) distribu-
tion chamber, E) stagnation chamber, F) coupling between
stationary and rotating pipe, G) honeycomb, H) DC motor,
J) ball bearings, K) rotating pipe, L) circular end plate, M)
pipe outlet to which the pipe bend (figure 2) has been
mounted.

a) b)

Figure 2. a) Pipe bend that was mounted at the exit of the
100 D long straight pipe. b) Dimensional details of the pipe
bend.

bend is remaining still. The curved pipe has an inner diameter of D = 60.3 mm (with
a small junction to the straight pipe to avoid flow disturbances) and curvature radius
of Rc = 95.3 mm, giving a curvature ratio R/Rc of 0.31. The length of the straight
section after the 90◦ curvature is 0.67 D.

With the present experimental set up the mean velocity both in axial and tan-
gential direction are well defined by rotating the whole pipe, therefore the integral
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Table 1. Parameter range for the experiments.

Re× 103 De× 103 S

14 8 0.85, 1.2

24 13 0, 0.1, 0.3, 0.5

34 19 0

swirl number (Gupta et al. 1985) which is defined as the ratio of axial flux of swirl
momentum to the axial flux of axial momentum:

Sint =

∫ R

0

∫ 2π

0
WUθr

2drdθ

R
∫ R

0

∫
2π

0
W 2rdrdθ

, (1)

can be interchanged with the Swirl number :

S =
Uw

Wb

, (2)

where W and Uθ are the mean axial and circumferential velocity components, r and
θ the radial and angular coordinates respectively, Uw the angular speed of the pipe
wall and Wb the bulk speed. This is a convenient way to define the swirl number since
the wall velocity can be directly obtained by the rotational speed of the pipe which
is monitored in the present experimental apparatus. The swirl numbers investigated
in the present study are listed in table 1. The parameter marked as De denotes the
Dean number which is defined as:

De =
ρWbD

µ

√

R

Rc

, (3)

where ρ denotes density and µ the dynamic viscosity of the fluid medium (air). From
equation (3) it is obvious that the Dean number is a composition of the Reynolds
number, Re = ρWbD/µ and the curvature ratio. It should be noted here that the
curvature ratio has been the same for all the cases which will be presented here,
therefore Reynolds number effects are examined. Also, in order to avoid confusion
it should be stated at this point that results from Re = 34 × 103 are presented only
in § 4 while for the rest sections where results from swirling flow are presented, the
pairs of Reynolds-swirl numbers as listed in the above table have been used.

2.2. Measurement technique and post-processing of the data

The experimental technique employed in order to acquire the entire flow field at a pipe
cross-section is Time-resolved Stereoscopic Particle Image Velocimetry. A schematic
of the experimental configuration along with the cameras and laser light sheet aligned
at the immediate vicinity of the pipe bend exit (approximately 0.5 mm downstream
the pipe exit) is shown in figure 3.
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Figure 3. TS-PIV set up with the cameras and the laser light
sheet aligned at the exit of the curved pipe and the coordinate
system used with z being the streamwise, x the horizontal and
y the vertical directions corresponding to W , U and V velocity
components, respectively. The angles in between the viewing
axes of the cameras, α1 and α2 were 45◦ each.

Two high-speed C-MOS cameras (Fastcam APX RS, Photron, 3000 fps at 1024
×1024 pixels) were positioned at an angle of approximately 90◦ and at forward-
backward scatter mode and 105 mm Nikon Nikkor lenses were adjusted using a
Scheimpflug adapter (Prasad & Jensen 1995). A laser light sheet of approximately
1 mm thickness was produced by a Nd-YLF laser (Pegasus, 10 kHz maximum fre-
quency, New Wave Research) and a water-based solution (Jem Pro Smoke Super
ZR-Mix) was atomized using a high volume liquid seeding generator (10F03 Seeding
Generator, DANTEC). For the in-situ calibration of the cameras, images were taken
of a two-level calibration plate and the pinhole model (Willert 2006) was used in order
to fit the dewarping mapping function to the marks found in each image, with the
commercial software DaVis 7.2 from LaVision GmbH. A self-calibration procedure
has also been applied to eliminate errors from misalignment of the laser light sheet
with the calibration target (Wieneke 2005).

The raw images from the measurements had a resolution of 1024 × 1024 px at
10-bit while the field of view (FOV) was equal to 80 × 80 mm2 in physical space.
Ns = 3000 images were acquired for the non-swirling cases at Re = 14 and 34× 103

and 1000 images for the rest of the cases at a sampling frequency, fs, of 1 kHz. It
should be underlined here that the aim of the present study is the characterization
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and identification of large scale structures under the effect of different flow conditions
and it is believed that the sampling conditions under which the data were acquired
are sufficient to resolve those in time. Nevertheless the definition of time-resolved
data usually calls for time-resolving the smallest turbulent scales which is not the
case here (Sattarzadeh 2011). Within the context of the present paper time-resolved
implies that the most energetic structures are resolved in time and this should be
kept in mind while interpreting the results.

The post-processing of the PIV data was performed using DaVis 7.2 (LaVision
GmbH). The vector fields were calculated through a multi-pass correlation iteration
procedure in order to increase resolution, starting with a 64 × 64 px interrogation
window and decreasing to 16 × 16 px interrogation (which sets also the lower limit
for the spatial resolution) window with 50 % area overlapping. The percentage of
accepted vectors was more than 95 %. In all the cases a median test (Westerweel
1994) has been used to detect outliers and replaced by a linear interpolation of the
neighboring vectors.

3. Proper Orthogonal Decomposition (POD)

Proper Orthogonal Decomposition is a technique for analyzing multi-dimensional data
and is mostly known in fluid dynamics as a method to “extract” modes, sorted by
energy content which are believed to be the structures that contribute mostly to the
total energy of the flow. The principal of POD lies on finding an optimal–in a least
squares sense–representation of a stochastic process as an infinite linear combina-
tion of orthogonal functions. Due to its strong relation (and resemblance) to other
statistical methods (Karhunen-Loéve theorem, singular-value decomposition as two
examples) it can be considered that POD has been known for quite a long time but it
was only in the late 60’s that it was introduced for the study of turbulent flow signals
(Lumley 1971). In fluid dynamics it has been applied greatly after the development
of whole-field measurement techniques (e.g. PIV) which provide three-dimensional
data for the identification and visualization of coherent structures (Graftieaux et al.
2001; Gurka et al. 2006; Hellström et al. 2011a) which were obtainable before only
numerically.

In the present study snapshot POD has been used which was first introduced in
Sirovich (1987). The procedure followed for the analysis of the current PIV data is
similar to the one described in Meyer et al. (2007) and it is as follows:

Considering an ensemble of velocity fields: {u1,u2, ....uN} where uN the n-th
snapshot (or instantaneous flow field captured with the PIV camera) and by reorga-
nizing all velocity components (without subtracting the mean) for each snapshot in
a column of a matrix as:
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where u, v and w denote the velocity components at the x-, y- and z-direction,
respectively as defined in figure 3.

Thereafter the covariance matrix UTU is created and the eigenvalue problem is
considered:

U
T
UAi = λiAi, (5)

where λ the eigenvalues which are real and positive and are related to the energy
content of the flow and are sorted in a descending order: λ1 > λ2 · · · > λN . Hence,
the first modes are the most important in terms of energy content (with the first
mode representing the mean field and referred to as the 0-mode) and are most likely
those corresponding to the large scale structures in the flow field. The eigenvectors
A are also real valued and can be used to construct the POD modes, φ:

φi =

N∑

n=1

An
i u

n

∥
∥
∥
∥
∥

N∑

n=1

An
i u

n

∥
∥
∥
∥
∥

. (6)

It is also possible to recover the temporal information of the modes (chrono-
modes or POD coefficients) by projecting the snapshots on the obtained basis. These
can later be used in order to reconstruct a snapshot n as:

un =
N∑

i=1

αn
i φ

i, (7)

where αn the POD coefficients obtained.

The importance of testing the autocovariance matrix for convergence in order to
obtain physically meaningful modes was addressed in Semeraro (2011) pointing out
that the modes extracted are the optimal representation of a stochastic process but
are not necessarily a true representation of it. Therefore the selection of the number
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of snapshots and time interval between them is very important in POD analysis in
order to guarantee enough independent samples for converged statistics. Semeraro
(2011) showed that while the spatial modes i.e. topo-modes are not very sensitive to
the selection of the time interval between the snapshots ∆ts, the chrono-modes are
greatly influenced. Therefore, a convergence test has been proposed concluding that
the criteria of statistical convergence of the autocovariance matrix UTU are sufficient
to guarantee convergence of the modes. For the selection of the number of snapshots
and the time resolution in the current study the guidelines proposed in Semeraro
(2011) and Meyer et al. (2007) have been followed. For details the reader is referred
to § 4.3.

4. Non-swirling flow

4.1. Validation of measurement tactic

As mentioned in § 2.2, the images were acquired at the immediate vicinity of the
pipe bend exit, i.e. approximately 0.5 mm downstream the exit of the pipe. This
was preferred to be the measurement procedure due to the difficulties imposed from
performing stereo-PIV measurements in air flows through optical distortions and in
order to avoid reducing the accessible cross-sectional area due to reflections from
the pipe walls. Nevertheless, the flow in focus is deemed representative of the flow
within the pipe, therefore a comparison between hot-wire data obtained at the same
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Figure 4. Comparison of mean streamwise velocity compo-
nent along the horizontal plane from the present PIV exper-
iments under no-swirl flow conditions with hot-wire data ob-
tained in the same facility and under the same flow conditions
and parameters. a) De = 8×103 and b) De = 19×103. Black
lines denote the effective cooling velocity calculated from the
PIV data, grey lines the PIV data, blue square (�) the hot-
wire data acquired at z/D = 0.67 and red square (�) the hot-
wire data acquired at z/D = 0.67 but with a 1.5 D extension
mounted downstream the measurement plane. The hot-wire
data are from Sattarzadeh (2011).
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experimental facility and with the exact same geometrical and flow parameters as the
current PIV data was performed in order to assess measurement discrepancies due to
this choice of measurement tactic.

Figure 4 shows the mean velocity profile of the streamwise velocity component
along the horizontal axis obtained by means of hot-wire anemometry (Sattarzadeh
2011) plotted together with the PIV data acquired within the context of the present
work. In order to consider for errors on the (single) hot-wire readings due to the strong
in-plane motion, the PIV data have also been plotted by calculating the effective
cooling velocity (Weff =

√
W 2 + U2), which is the velocity that the hot-wire senses1.

Two sets of data have been taken by Sattarzadeh (2011): one set acquired with the
hot-wire placed at the exit of the z/D = 0.67 extension pipe, downstream the bend
and a second set acquired with the hot-wire placed at z/D = 0.67 but having a
straight pipe section equal to 1.5D length downstream the measurement plane.

The results from the hot-wire/PIV comparison agree satisfactorily well which
confirms that the measurement tactic followed gives results which resemble very
closely data taken within a pipe.

4.2. Velocity fields & streamwise vorticity maps

In the present section both instantaneous and time-averaged velocity and vorticity
fields will be presented for Dean numbers of De = 8 × 103 and 19 × 103 in order
to introduce the reader to the flow field which will be considered in the coming
sections for further analysis and discuss Reynolds number effects, at least for the
ranges considered here.

Figure 5 shows the time-averaged velocity field for the two Dean numbers consid-
ered here, with the streamwise velocity component plotted as the background contour
map and the secondary motion, i.e. in-plane, as the streamlines. The outer pipe wall
is to the left and the inner is to the right of the figure, as seen by the PIV cameras.

In both cases, the formed flow field bears the characteristics of flows through
pipe bends. In such a geometrical configuration, i.e. curved pipe, the high velocity
fluid is greatly affected by centrifugal forces and is pushed towards the outer wall of
the pipe while the slower moving fluid is deflected towards the opposite side creating
a C-shaped flow field. This behavior results in the formation of the Dean vortices,
as seen also in figure 5. The highest in-plane velocity component here is 0.3 times
the bulk velocity. For the considered Reynolds numbers (Re = 14 and 34 × 103)
no significant influence on the mean field, regarding also the shape of the vortical
structures, can be observed.

Considering the mean streamwise vorticity maps and the field of the magnitude
of the in-plane components for the two cases in figures 6 and 7, respectively it can
be seen that there is a slight effect on the strength of the secondary motion with the
higher Reynolds number case depicting higher vorticity levels and magnitudes of the
in-plane velocities. Nevertheless, the differences between the two cases remain small
and therefore in the following sections only the case of the higher Reynolds number

1The single hot wire probe was mounted vertically and traversed horizontally, therefore
the velocity component it senses besides the streamwise velocity, W, is predominantly the
horizontal i.e. U component.



Swirling turbulent flow through a pipe bend 135

 

 

W/W
b

0

0.5

1

a) b)

Figure 5. Time-averaged velocity field across a pipe cross-
section for a) De = 8 × 103 and b) De = 1.9 × 104. The
background contour map denotes the streamwise velocity com-
ponent distribution scaled by the bulk speed and the in-plane
components (largest mean value 0.3 × Wb) are shown as the
streamlines.
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Figure 6. Mean streamwise vorticity maps for a) De = 8 ×
103 and b) De = 19× 103. The vorticity has been scaled here
with Wb/R to ease comparison between the two cases.
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Figure 7. Time-averaged velocity field across pipe cross-
section for a) De = 8 × 103 and b) De = 19 × 103. The
magnitude of the in-plane components scaled by the bulk
speed (

√
U2 + V 2/Wb) is shown as the background contour

map while the secondary motion is shown with the streamlines.

(Re = 34×103 corresponding to De = 19×103) will be considered for further analysis
in § 4.3.

4.3. Dean vortices in turbulent flow

In the following section the unsteady behavior of the Dean vortices that has been
illustrated also in a previous study by the present author (Kalpakli et al. 2012) will
be discussed. Figure 8 shows the instantaneous vector field of the in-plane components
and three states between which the vortices alter can be observed: a symmetrical one
(middle subfigure) where two vortices resembling highly the ones seen in the time-
averaged field (figure 5) are shaped and two where one of the vortices dominates the
cross-section and rotates in reference to the plane of symmetry either to the clockwise
or counter-clockwise direction.

This unsteady motion matches the description of what is known in the literature
as “swirl switching”, even though here the dominance of one of the vortices is more
predominant as, for example, in Brücker (1998) and Sakakibara et al. (2010) and
is more similar to what is seen in Ono et al. (2010). Nevertheless the exact shape
the vortices take, their highly unsteady behavior under turbulent flow conditions
is of great importance due to the fatigue their oscillatory motion can cause in the
piping systems. Therefore the further study of how and under which conditions their
unsteady motion initiates is crucial.

In the first study on the “swirl switching” (Tunstall & Harvey 1968) it was
concluded that the necessary conditions for the switching of the vortices to happen was
that the pipe should be circular and sharp and the flow turbulent. In the experimental
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Figure 8. Snapshots of the in-plane vector field at three in-
dependent time instances. The small-scale fluctuations have
been suppressed through a moving average of δt = 2 ms in
time and a spatial low-pass filter. The instantaneous snap-
shots reveal three states between which the two Dean vortices
are switching. The highest in-plane velocity (0.3×Wb) is de-
noted with red vectors and the lowest with blue vectors.

studies which were conducted thereafter mostly sharp pipe bends were used with
Rc/D = 1 (Brücker 1998; Ono et al. 2010) or Rc/D = 1.5 (Sakakibara et al. 2010)
while in the present study the ratio of the radius of the center line of the bend to
the pipe diameter was 1.6 (see figure 2). The Reynolds number in all cases was high
enough to ensure turbulence. In the simulations by Rütten et al. (2005) the additional
case of Rc/D = 3 was considered and it was shown that even when the pipe bend
is not sharp, the behavior of the vortices is still unsteady. Therefore, the conclusive
remarks by Tunstall & Harvey (1968) are still open for discussion.

As a first approach that has been used in literature in order to explore and
understand the behavior of the vortices was to find out at which frequency the two
vortices oscillate. Different techniques have been applied for that with the most
obvious one i.e. spectral analysis of the time series of the in-plane components as
e.g. done by Brücker (1998). In the present study where the time resolution is not
considered to be enough (also due to the hardware limitations of the PIV (Agrawal
2005)) to provide fully resolved PSD (note here that the fluid medium was air while
most of the aforementioned studies on turbulent flows through pipe bends have been
conducted in water), therefore a post processing of the data was necessary in order
to suppress high frequency fluctuations and noise and detect periodicities in the flow
structures. POD has been chosen to be tested as a possible way to obtain more
detailed information on the unsteady behavior of the Dean vortices, constituting the
most energetic structures in the flow. It is expected that the snapshot-based POD
which has been used here, will capture the large scale structures, as the most energetic
features in the flow field and they will be represented satisfactorily using only a few
of the first POD modes (Meyer et al. 2007).

A total number of Ns = 3000 snapshots acquired with a sampling frequency of
1 kHz was available for the present analysis and following, as a first test, the example
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Figure 9. Eigenvalue spectrum for four data sets and for the
first 50 modes: ∆ts = 1/1000 (◦), ∆ts = 1/500 (�), ∆ts =
1/250 (+) and ∆ts = 1/125 (⋄).

by Meyer et al. (2007) different numbers of snapshots {3000, 1000, 500} were tested
which gave qualitatively the same results but for the least number of snapshots tested,
the structures appeared slightly asymmetrical in comparison to the other two cases,
therefore the sampling time in that case was deemed insufficient to obtain converged
statistics. Additionally a convergence test as proposed in Semeraro (2011) for different
∆ts of {1/1000, 1/500, 1/250, 1/125} corresponding to the total number snapshots of:
{3000, 1500, 750, 375} respectively for a total sampling time of Ts = 3 sec has been
performed. The eigenvalue spectrum for the first 5 decades of modes is shown in
figure 9 and it can be seen that for the first three pairs of ∆ts-Ns, the agreement is
good while for ∆ts = 1/125, the eigenvalue cascade starts to diverge. Taking into
consideration all the aforementioned observations the following POD analysis was
decided to be performed for ∆ts = 1/500 s and Ns = 1500 which corresponds to a
sampling frequency of 500 Hz.

Regarding the spatial modes the 0-mode provides the mean field as expected
and since the structures in focus, i.e. the Dean vortices are already included in the
mean field no further discussion on the spatial modes will be made. The interesting
possibility that POD analysis offers here is that by using just the first few of the
extracted topo-modes, the flow field can be reconstructed. Due to the ranking of
the modes by energy content the more dominant and interesting features of the flow
field will therefore appear. Consequently POD acts as an inhomogeneous filter which
helps to visualize the large scale structures and it is expected in that case to serve as
a tool for the identification of the vortices’ motion.

Figure 10 shows the reconstructed field by using only the first six modes. The
selection of the number of the modes for the reconstruction has been done by first
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Figure 10. Vector field and streamwise vorticity maps recon-
structed from the first six POD modes. The vorticity maps are
shown as contour lines with red color indicating positive and
blue color negative values, respectively.

setting a threshold range of energy amount captured e.g. 60-70% by the total number
of modes considered for the reconstruction. Additionally, an iterative test was per-
formed by observing the changes in the flow fields and how well the original snapshots
are represented by increasing the number of modes. Six modes, capturing about 70%
of the total energy, were deemed to be sufficient in order to approximate satisfactorily
the large scale structures without adding noise and fluctuations into the flow field.

The unsteady motion of the vortices is clearly depicted interchanging between
the three states as mentioned before for the instantaneous snapshots (figure 8). Here
only the in-plane components are shown to emphasize the focal point of this section,
i.e. the motion of the vortices. Additionally streamwise vorticity maps support the
aforementioned behavior of the vortical structures. For the vorticity plots the filtered
data the POD provides, deem particularly useful since the vorticity is quite sensitive
to fluctuations and noise.

In order to detect the frequency of the swirl switching, the flow field has been
monitored in time in order to see at which point the two vortices switch position.
Figure 11) shows the region (marked in a rectangular box) of two reconstructed
snapshots which was considered for the spectral analysis. In that region the vectors
can be seen to change direction in time and they have been observed to continue
like this in a periodic manner. PSD of the circumferential velocity component was
calculated at different points in that region giving the same quantitative results and
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Figure 11. Reconstructed velocity field at two instants show-
ing the magnitude of the in-plane components as contour map
and their direction as vectors. The region where the PSD of
figure 12 was calculated is marked with a rectangular box.
Comparing the two figures and the area-in-focus a change in
the direction of the vectors can be observed which is believed
to be related to the swirl switching mechanism.

the outcome for one point (x = 0.1R, y = 0.2R) is shown in figure 12d along with the
corresponding time series (12c). The spectra was computed from an average of the
spectra of 10 subsets of the whole data sequence in order to reduce the random error
whereas the data were smoothed by means of a moving average of degree 5. In order
to highlight and appreciate the possibilities that the POD offers, the time series and
the corresponding spectra of the original snapshots have been plotted in figure 12a
and 12b for the same point as for the reconstructed flow fields. A comparison between
the figures is revealing, showing a scattered spectra in the case of the original time
series, from which it is hard to draw any conclusions for a dominating frequency. POD
smooths out the high frequency fluctuations in the time series and which appear as
“noisy peaks” in the spectra.

The signal of the reconstructed time series depicts a periodical behavior with
large fluctuations of the tangential velocity. The signal has been additionally filtered
in order to highlight the periodic motion and the low frequency variations (shown
with blue in figure 12c). A dominant peak at a Strouhal number of around 0.1 as
well as two at lower (St≈0.03) and higher frequencies (St≈0.18) can be observed in
the corresponding spectra. The Strouhal number is defined as: St = f×D/Wb based
on the diameter of the pipe and the bulk speed. The low Strouhal number peak can
be considered as an indication of the low frequency variation of the velocity (shown
with blue) while the higher Strouhal numbers indicate the imposed high frequency
fluctuations on the low frequency variations.

In Semeraro (2011) it was shown that characteristic frequencies in the flow field
are depicted in the spectral of the temporal modes as in the spectra of the original
time-series whereas the high-energy modes can be associated to high periodicity and
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Figure 12. a) Time series of the circumferential velocity com-
ponent at x = 0.1R, y = 0.2R of the original signal. b) Power
spectrum of the signal shown to the left. c) Time series of
the circumferential velocity component at x = 0.1R, y = 0.2R,
reconstructed using the first six POD modes. The signal has
been filtered additionally and it is shown with blue color in
order to highlight the low frequency variation at St≈0.03 d)
Power spectrum of the reconstructed signal shown to the left
(––) and the first POD coefficient (– –). The power spectra
have been scaled to their maximum values.

periodic coherent structures. The spectral analysis of the POD coefficients has been
adopted previously by Sakakibara et al. (2010) for the determination of the swirl
switching frequency. Here, to additionally examine and support the aforementioned
observations on the swirl switching frequency and exploit the possibilities that POD
offers, the spectra of the first POD coefficient has been calculated and plotted together
with the spectra from the reconstructed time series in figure 12b.

The spectra of the first chrono-mode not only agrees well with the spectra of the
time-series but depicts additionally more clearly the low-frequency peak at Strouhal
number of about 0.03. The spectra of the third and fourth POD coefficients have
also been computed (not shown here) and for the second mode peaks at the same
Strouhal numbers are depicted but have a larger amplitude whereas the spectra of the
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Figure 13. Mean streamwise velocity profiles across the hor-
izontal axis for: S = 0, 0.3, 0.5, 0.85 and 1.2. Increasing color
intensity denotes increasing swirl number.

rest of the modes become scattered with the peaks becoming wider and with lower
amplitudes. This has ben shown also in Sakakibara et al. (2010) and it is explained
due to the fact that the swirl switching is expected to be one of the most energetic
features in the flow field, therefore it should be indicated in the first modes (both in
the spatial and temporal domain).

5. Swirling flow

5.1. Visualizing the vortical structures

In the present study the main focus is the investigation of the interaction between
the Dean vortices and a superposed swirling motion on the primary flow by axially
rotating a long pipe connected to the pipe bend. Previous studies (Anwer & So
1993; Pruvost et al. 2004; Sattarzadeh 2011) have shown that by increasing the swirl
intensity the centrifugal effects of the bend decrease and the symmetrical roll cells tend
to merge until full axi-symmetry is achieved at a sufficiently high swirl number, S.
The experimental studies which have been conducted so far in swirling flows through
bends (Shimizu & Sugino 1980; Anwer & So 1993; So & Anwer 1993; Sattarzadeh
2011) are limited to point-wise techniques (pitot-tubes, hot-wires) which provide long-
time series and are therefore very useful for statistical analysis of the flow but are
limited to that.

Here, by means of TS-PIV, we provide both quantitatively and qualitatively
the flow field at a pipe cross-section under the influence of centrifugal and Coriolis
forces and for different swirl intensities. The swirl numbers (see equation (2)) studied
with the present experimental set up are S = 0, 0.1, 0.3, 0.5, 0.85 and 1.2 with the
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Figure 14. Mean velocity fields for different swirl numbers:
S = 0, 0.1, 0.3, 0.5, 0.85 and 1.2 (swirl dominated motion).
Streamwise velocity component scaled by the bulk speed is
shown as the background contour map while the secondary
motion is plotted as the streamlines.
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Figure 15. Mean streamwise vorticity maps scaled by R/Wb

corresponding to the velocity fields shown in the previous fig-
ure. Secondary motion is shown as the streamlines for clarity.
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latter one denoting swirl dominated motion. Figure 13 shows the profiles of the
streamwise velocity across the horizontal plane while figure 14 shows the flow field
for the aforementioned swirl numbers starting from the non-swirling case with the
streamwise component shown as the background contour map scaled by the bulk speed
and the secondary motion as streamlines. The results here show a behavior which is
probably not unexpected but for the first time -to the author’s knowledge- visualized
and quantitatively assessed simultaneously through experiments. A description of
the flow evolution as a function of the swirl number can be given as follows: for the
non-swirling case the two well-known symmetrical Dean vortices occupying the upper
and lower side of the pipe are shaped. With even a slight increase in swirl intensity
(S = 0.1), a perturbation of the symmetry of the vortices can clearly be observed.
The vortices move towards the center due to the solid-body-kind motion that is being
applied on the flow, though one of the vortices (the lower one) seems to be more
sensitive in the swirl effect, probably due to the direction of the swirl motion which is
applied in the clockwise direction (which is the angular direction at which the 100 D
pipe upstream the bend was rotating). As the swirl intensity increases further to
S = 0.5 the vortices continue to change location and the flow starts to take a more
stabilized and structured form even though two structures can still be seen until a
swirl number of S = 0.85 where only one structure remains closer to the center of the
pipe and moves to the center at S = 1.2 resulting in a well-structured and symmetric
flow field with the bottom vortex being completely vanished. The dominance of a
vortex across the pipe cross section rotating at one direction (clockwise) can be seen
also in the mean streamwise vorticity maps in figure 15 with the vorticity level also
slightly decreasing with increase of swirl number.

The above description matches well what has been predicted in the simulations
by Pruvost et al. (2004) even though there exist differences between the two studies
regarding the set up and flow parameters and no direct comparison can be made but
the general trend of the vortices’ behavior under swirl motion seems to be similar
and show how the centrifugal and pressure gradient effects from the presence of the
bend are modified when a swirling motion is applied on the flow. In that study a
“swirl intensity drop criterion” was introduced (as the ratio of the difference between
the swirl number at the bend outlet and the swirl number at the inlet to the swirl
number at the outlet) and comparisons with a straight pipe were made, to further
support his observations on the decrease of centrifugal effects with increase in swirl
number and the dominance of swirl motion at some swirl rate.

The question though of whether coherent structures, similar to the Dean vortices
in the non-swirling flow, are lying under the large-scale swirl still remains. Here, an
effort to answer this question is being made by decomposing the flow field by means
of POD introduced in § 3.
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Figure 16. The first two PODmodes for the: S = 0.1, 0.3, 0.5
swirl flow cases from top to bottom with the secondary motion
shown as streamlines.The subplots in the middle of each mode
show the eigenvalues (top) and the relative energy excluding
the 0-mode (bottom) of the first 50 modes.

5.2. Decomposition of the swirling flow field

In this section results from POD analysis on a turbulent swirling pipe flow will be
presented and discussed. The aim is to check whether the Dean vortices merely lay
under the imposed swirling motion or if the Coriolis force is so large as to completely
diminish any other existing structure. Dealing with large scale structures, with the
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Figure 17. The first two POD modes for the: S = 0.85, 1.2
swirl flow cases from top to bottom with the secondary motion
shown as streamlines.The subplots in the middle of each mode
show the eigenvalues (top) and the relative energy excluding
the 0-mode (bottom) of the first 50 modes.

swirling motion being substantially more dominant than the Dean vortices (as can be
seen in the mean velocity and vorticity fields in figures 14, 15) POD was thought to be
a useful tool in order to decompose the flow field and rank the obtained topo-modes
by energy content. It is expected, that the swirling motion –as the most energetic
structure– will be the dominating feature in the 0-mode which represents the mean
field and any other coherent structure –if existing– should be depicted in the following
modes which represent the fluctuating part of the flow.

Figures 16 & 17 show both the 0-mode and the first mode for each one of the
swirl flow cases introduced in § 5.1. Additionally the eigenvalues are plotted for the
first 50 modes as well as the relative energy content of the fluctuating part of the
flow field (excluding the 0-mode). This represents also the relative turbulent kinetic
energy (TKE) scaled by the total. In all cases it can be seen that the mean field is
represented well by the 0-mode. Regarding the energy content, it is not unexpected
that this mode contains most of the energy, with substantial difference from the other
modes and it can be seen that by increasing the swirl rate, the energy content of the
respective 0-mode increases. It can be mentioned that the relative energy content for
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the S = 0.1 case was 70%, rising to 90% for the S = 1.2 case. Moreover, the number
of modes needed to reach 95% of the total energy was found to be significantly lower
for that swirl rate, with a difference of 200 modes between the lowest and highest
swirl number flow cases. That shows that the swirling motion contributes greatly to
the total energy of the flow field, constituting also the most energetic structure.

For the second topo-mode, various vortical structures appear in all the swirling
flow cases, showing first that coherent structures seem to exist in the flow field other
than the swirl but have been drifted by the large scale motion. Those structures have
a relative TKE of 8 − 13%, depending on the swirl case. The structures resemble
shape-wise, in most of the cases, the Dean vortices even though they are not as well
structured. Moreover in most of the cases the vortices seem to have been rotated in
reference to the plane of symmetry either in the clockwise or anti-clockwise direction.

5.3. Visualizing the very-large-scale motion (VLSM) in swirling turbulent
bent pipe flow

Large structures of wavelengths more than 8R have been reported in literature for
turbulent pipe flows (Guala et al. 2006). Those structures are highly energetic and
previous work (Hellström et al. 2011a) has shown that POD can be used as a tool
for the identification and visualization of the very-large-structures from PIV data of
turbulent pipe flow.

Here, the same procedure as proposed in (Hellström et al. 2011a) is applied on
the data in order to examine the effect of the imposed swirling motion on the long
meandering structures. Figure 18 shows contour plots of both the instantaneous
and reconstructed streamwise velocity fluctuations for different swirl numbers, con-
structed by using Taylor’s hypothesis of frozen turbulence. The velocity fluctuations
are captured at a wall distance of 1 − r/R = 0.15. The cylindrical plane is unrolled
in order to view the velocity fluctuations in cartesian coordinates. The distances are
scaled with the pipe radius, and the velocity fluctuations are scaled with the bulk
speed.

The structures for the non-swirling case are long spanning a streamwise distance
of about 5R and their characteristics can be captured by superposition of only the
15 most energetic modes. Comparing the present data with those from turbulent
flow in a straight pipe (Hellström et al. 2011a) it can be observed that the structures
are slightly inclined. In Hellström et al. (2011b) no significant differences between
the straight and pipe bend case were reported, but it should be kept in mind that
the two studies (the present one and Hellström et al. (2011b)) were taken at different
downstream distances from the bend. The data shown here consider a shorter distance
from the bend than in the results shown in (Hellström et al. 2011b), therefore the
centrifugal effects are expected to act stronger on the different flow features. To
highlight the high energy of the streaky patterns as well as visualize more clearly
the curvature effects on the them, the velocity fluctuations have been reconstructed
by using decreasing number of modes. Figure 19a shows the VLSM reconstructed
from six modes. Their motion has been captured even in that case which agrees with
the conclusions drawn in Hellström et al. (2011b) where it was shown that when the
most energetic modes are superimposed, a meandering character is revealed even with
few modes. Figure 19b shows in conjunction with what has been mentioned in this
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Figure 18. Contour plots of the instantaneous streamwise
velocity fluctuations (left subplots) and the reconstructed ones
using 15 POD modes (right subplots) at 1− r/R = 0.15 scaled
by the bulk speed, for S = 0, 0.1, 0.3, 0.5, 0.85 and 1.2 (from
top to bottom) constructed using Taylor’s hypothesis.
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a)

b)

Figure 19. Contour plots of the streamwise velocity fluctua-
tions at 1−r/R = 0.15 scaled by the bulk speed, for S = 0 and
using a) 6 modes and b) the first POD mode for the recon-
struction.

paragraph, the structures reconstructed by using only the first (and most energetic)
mode. Here, the structures do not appear as horizontally-oriented as in a straight
pipe flow (Hellström et al. 2011b; Guala et al. 2006) but are inclined. This can be an
effect from the curvature which causes the structures to change direction of motion.
Further analysis on this matter will be performed in the future and it is of specific
interest to examine how the structures develop from a downstream distance from the
bend.

For the swirling flow cases the structures are observed to exhibit an increasing
tilting character with increasing swirl number which is caused by the change in the
mean flow direction (see also figure 14). As the swirl intensity increases slightly (S =
0.1) no significant changes are evident with only a slight tilting effect on them. On the
other hand, the streaks are seen to significantly reduce in length and increase in width
for the two higher swirl numbers, indicating that the swirl motion is tearing up the
elongated structures. Similar observations have been reported also in the numerical
analysis by Nyg̊ard & Andersson (2009) where the effects of swirl on turbulent flow
in a straight pipe were investigated.

While there have been observed changes in the structures’ orientation due to
the centrifugal effects (see also figure 19), as the swirl number increases the results
resemble closely those reported for a straight pipe flow (Nyg̊ard & Andersson 2009).
This underlines also the stabilizing effect of the swirling motion on the flow which has
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been also observed in the mean field results of straight and bent pipe flows (Facciolo
2006; Sattarzadeh 2011).

6. Summary & Conclusions

Results from turbulent swirling flow at the exit of a 90◦ curved pipe have been pre-
sented for a wide range of swirl numbers. The effect of the swirling motion on the
Dean vortices has been examined by combining TS-PIV data and POD analysis. POD
has been used as a powerful tool to extract the most energetic structures in the flow
field and succeeded to reveal both the unsteady behavior of the vortices under turbu-
lent non-swirling flow conditions and the coherent structures underlying the swirling
motion.

In particular, for the non-swirling turbulent flow case, similar behavior to that
of the so-called “swirl-switching” phenomenon was captured by reconstructing the
original snapshots with only few of the most energetic modes. The frequency at
which the two vortices switch position alternatively could be determined by combining
spectral analysis of the reconstructed time series and the POD coefficient which has
been shown to detect periodicities in the flow in a previous work (Semeraro 2011). A
dominant peak at about St = 0.1 was depicted in both spectra, indicating the high
frequency fluctuations in the tangential velocity time-series while a lower Strouhal
number was found to be associated with the low velocity variations resembling a
periodic motion.

For the swirling turbulent flow, three approaches to investigate the effects of it
on different features of the flow field were presented. First, results from mean velocity
and streamwise vorticity fields were illustrated in order to visualize and quantify the
effect of the swirl on the flow field. Even for the lowest swirl number shown here,
the stabilizing effect of the swirl is evident, moving the high speed fluid from the
outer wall to the centre of the pipe. Axi-symmetry of the flow field is gradually
achieved with increasing swirl number, as one of the Dean vortices with the same
rotational direction as the imposed motion, drifts away and merges with the other
vortex resulting in a single large scale motion located almost at the centre of the pipe
for the swirl dominated flow field.

As a second approach, the existence of underlying coherent structures in the
swirling flow field was investigated by analyzing the most energetic POD modes. Last,
the VLSM in turbulent swirling flow through a bend were visualized and their shape
and behavior were explained in conjunction to works in turbulent, mainly straight,
pipe flows existing in literature (Nyg̊ard & Andersson 2009; Hellström et al. 2011b,a).
An effect of the pipe bend can be seen as an inclination of the structures due to the
change in the direction of the fluid motion. The effect of increasing swirl intensity is
seen to mainly concentrate on the tearing up of the elongated structures which has
also been reported for DNS in swirling flow in a straight pipe (Nyg̊ard & Andersson
2009).

The present work constitutes a preliminary investigation into the dynamics of
turbulent swirling flow through pipe bends which is apparent both in industry and
nature. POD has been deemed a powerful tool for the characterization of the large
scale structures in such a flow and will be used for further analysis in the future.
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The data and results are further aimed to serve as a unique database for future
collaborations with numerical simulations.
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