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ABSTRACT
Stereoscopic PIV is used to investigate the structure of

fully developed turbulent pipe-flow through a 90◦ bend. The
results show that Dean motions downstream of the bend are
very weak in the mean, and time resolved stereoscopic PIV
demonstrates that the Dean motions co-exist with large scale
swirling motions that switch sign and do not contribute to the
mean. Snapshot POD analysis of the flow field reveals that
the structures found upstream of the bend persist after the
bend and survive the strong secondary motions induced by
the pipe curvature. In particular, the Very Large Scale Mo-
tions (VLSM) are no longer the most energetic mode in the
flow, but they are still the most energetic structure in terms of
the streamwise fluctuations.

INTRODUCTION
Turbulent flow in pipe bends is of great practical inter-

est due to the associated pressure losses and the distortion of
the velocity profile. Bends tend to introduce secondary flows
that lead to scour, and non-uniform heat transfer (Berger et al.
1983). Much research has been done in the area of secondary
flows, as it is a phenomena related to many fluid problems, in-
cluding flow through heat exchangers, industrial plant piping
systems, scouring and river meandering.

Early studies showed that secondary vortices in the
streamwise direction downstream of the bend (Harlock 1955),
the so-called Dean motions (Dean 1928). The strength of the
secondary motions is often described using the Dean number,
which is the ratio of the square root of the product of the iner-
tia and centrifugal forces to the viscous force. That is,

De =
(

D
2Rc

)1/2 UD
ν

where D is the pipe diameter, Rc is the radius of curvature, U is
the area-averaged or bulk velocity, and ν is the fluid kinematic
viscosity. In the present work, De is equal to the Reynolds
number ReD = U/Dν .

The flow at small Dean numbers has been studied widely
because of its appearance in, for example, arterial flows (Bo-
iron et al. 2006), but at high Dean numbers corresponding
to turbulent flow where most industrial applications are found
there is only scattered evidence available. Studies of the sec-
ondary flow in pipes with a 90◦ bend were conducted using
hot wire anemometry by Sudo et al. (1998) for Reynolds num-
bers of up to 6× 104, and their measurements revealed sec-
ondary flows that persisted 10 diameters downstream of the
bend. However, in some cases a high degree of unsteadiness
is observed, as in the study by Tunstall and Harvey (1968) at a
Reynolds number of about 1.8×105, which may indicate the
presence of a single large streamwise vortex that is switching
sign.

The purpose of the present contribution paper is to pro-
vide high resolution velocity maps of the primary and sec-
ondary flow upstream and downstream of a 90◦ bend, with
Rc/R = 1 (where Rc is the radius of bend and R the radius
of the pipe). The measurements were obtained using stereo-
scopic Particle Image Velocimetry (SPIV) at Reynolds num-
bers up to 105. One of the particular areas of interest is
the behavior of the turbulent structure, specifically the Very
Large Scale Motions (VLSM), where we build on the recent
work of Hellström et al. (2011) who investigated the three-
dimensional character of the VLSM in fully-developed pipe
flow (that is, in the flow upstream of the bend).

EXPERIMENTAL APPARATUS
The flow facility consists of a 7 meter long clear PVC

pipe of internal diameter D = 40 mm. The movable test sec-
tion consists of a glass pipe (n = 1.472) which may be placed
both upstream and downstream of a 90◦ bend. The test section
is surrounded by a Plexiglas (n = 1.488) box filled with glyc-
erin (n = 1.473) to minimize optical distortion due to refrac-
tion through the pipe wall, shown in figure 1. The pipe bend
or the test section, depending on the current setup, was lo-
cated 150D downstream of the pipe entrance to assure a fully
developed turbulent pipe flow.
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Two sets of stereo Particle Image Velocimetry (PIV) data
were obtained. The first set was obtained by recording three
separate images: one at α1 = +45◦ normal to the flow di-
rection, one at α2 = −45◦, and one at α3 = 0◦, and the data
were used to study the mean flow behavior. The PIV images
were recorded using a dual-frame camera (Megaplus ES4.0),
operating at 15 fps with a resolution of 2K × 2K pixels. A
Nd:YAG double pulse laser with 532 nm beams specified at
200 mJ/pulse was used to illuminate the flow. The laser sheet
was oriented normal to the flow with a thickness of 2 mm
for angles α1 and α2, and in the streamwise direction on the
centerline plane with a thickness of 1 mm for α3. The time
step between the two frames was selected so that the mean
displacement of particles was 3-4 pixels.

The images from α1 and α2 were mapped from the im-
age plane to the measurement plane using a mapping function
calculated using commercial software (DaVis 6.2, LaVision)
based on images of a calibration plate. The calibration plate
consisted of a grid of evenly spaced markers spaced 1.6 mm
apart. The grid was placed at the center of the laser sheet.
PIV data were taken at 5 locations, corresponding to 5 and
10D upstream of the bend, and 5, 10 and 15D downstream of
the bend. At each location, 5 Reynolds numbers were investi-
gated, from 3×104 to 1.5×105.

A double frame, double exposure cross-correlation
method was used to evaluate the two-component vector fields
from each set of images, using the LaVision software. The
vector fields calculated from images taken from α3 yielded
the streamwise and radial components of the velocity at the
center of the pipe. The vector fields calculated from images
taken at α1 and α2 were first mapped (dewarped) from the an-
gled image planes onto the vertical measurement plane using
the image calibration. The LaVision software was then used
to calculate the coefficients of the mapping function, using a
least square method from the coordinates of the observed and
actual position of the calibration markers. Sets of 50 images
were averaged to obtain the mean field. The corrected and
averaged vector fields from both angles are then interpolated
onto a common grid of resolution 100 × 100, and combined
to yield the three-component vector fields in the radial cross-
section of the pipe.

The second set of SPIV experiments were designed to
capture time-resolved velocity information. Here, the two
images corresponding to α1 and α2 were combined onto a
single image on the camera, as shown in figure 1. The data
were acquired using a Redlake MotionXtra HG-LE camera
(up to 1200 fps when using a resolution of 1040 by 640 pix-
els). The water was seeded with 100 µm diameter neutrally
buoyant particles. The maximum Reynolds number is limited
to 35,000 because at higher velocities the particles begin to
leave the 1.5mm thick laser sheet during the minimum image
pair time interval.

In every exposure, the camera records two separate im-
ages, each comprising an approximately 45◦ view of the test
section interrogation plane. After each image pair has been
separately processed using standard PIV software, the particle
displacement fields are mapped into a circular shape using a
fourth-order polynomial. The two displacement fields are then
fitted onto a common, denser grid using a triangle-based cubic
interpolation method. Each data point has one displacement
component from both camera views and can then be recon-
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Figure 1. Optical setup for the single-camera SPIV system.

structed into a three component displacement field according
to:

∆x =
∆x2

cosα2

(
1− cosα1 sinα2

sin(α1 +α2)

)
− ∆x1

cosα1

(
cosα1 sinα2

sin(α1 +α2)

)
(1)

∆y =
∆y1 +∆y2

2
(2)

∆z =
∆x2

cosα2

(
cosα1 cosα2

sin(α1 +α2)

)
+

∆x1

cosα1

(
cosα1 cosα2

sin(α1 +α2)

)
(3)

where indices 1 and 2 represents the left and right viewing
angles, respectively. Here, ∆x, ∆y, and ∆z are the stream-
wise, vertical, and horizontal displacement components, re-
spectively. The velocity components in a Cartesian coordi-
nate system are then found by dividing the displacement com-
ponents by the time delay between successive images. Also,
∆x1 and ∆x2 are the horizontal displacements calculated from
the image-halves, while ∆y1 and ∆y2 are the corresponding
vertical displacements. The general approach is based on the
methodology presented by van Doorne et al. (2007), modified
to allow for arbitrary values of α1 and α2. The current experi-
mental setup allows for a data resolution of about 2.15 vectors
per mm2. The vectors near the wall (for 1− r/R < 0.1 where
r is the distance from the centerline) have been discarded due
to insufficient resolution and reflection problems.

MEAN FLOW RESULTS
The streamwise mean velocity distributions at different

distances downstream of the bend are shown in figure 2. The
mean velocity profiles, when integrated across the pipe cross-
section, agreed with the bulk velocity as measured using a
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flowmeter to within 3%, giving some confidence in the accu-
racy of the data. We see a significant shift of the peak velocity
toward the outer part of the bend for downstream distances
up to 20D, but by 50D the velocity profile has almost recov-
ered to that seen upstream of the bend. Just downstream of
the bend the velocity profiles also a more uniform distribution
over at least 60% of the pipe, indicating that a high degree of
large-scale mixing takes place within the bend. The profiles
were found to be almost independent of Reynolds numbers
over the range of investigation (30×103 ≤ ReD ≤ 150×103).

Figure 2. Streamwise mean velocity normalized by bulk ve-
locity, ReD = 120,000. The inside of the bend is at y/R = 1.

The mean velocity distributions measured well upstream
of the bend in the cross-sectional plane are compared with
the values obtained at the first station downstream of the bend
(x = 5.3D) in figure 3. Again, we see a significant shift of the
peak velocity toward the outer part of the bend. The mean ve-
locity is not only shifted towards the outer part of the bend but
also flattened out along the outer bend surface for the entire
outer half of the plane.

TIME-RESOLVED RESULTS
Tunstall & Harvey (1968) first noticed that for large Dean

numbers, the Dean motion is replaced by an unsteady motion
consisting of a single swirl oscillating in the clockwise and
counterclockwise directions. Their observations were based
on flow visualizations and the oscillating frequency was be-
lieved to be random. These oscillations can be further investi-
gated using the time-resolved SPIV data at the location 5.3D
downstream of the bend.

An auto-correlation was performed on the tangential ve-
locity component uθ to reveal the oscillating behavior. The
correlation was performed in the center of one of the cells
separated by the symmetry plane. Figure 4 shows a highly os-
cillating trend and by choosing a velocity pair with a temporal
shift corresponding to either a negative or positive correlation,
we can visualize the corresponding flow structure.

Figure 4. Auto-correlation of the tangential velocity, taken
in the center of one of the cells separated by the symmetry
line.

For a typical negative correlation, figure 5 shows the con-
tours of the tangential velocity in a cross-sectional plane for
time t and t + τ . It can be seen that the left figure shows the
presence of a Dean motion whereas the right figure shows a
counterclockwise, rotating motion. Similar results are shown
for the positive correlation in figure 6, which shows two coun-
terclockwise rotating swirls, although at other times the Dean
motion may be present with a clockwise rotating swirl. These
observations supports the observations made by Tunstall &
Harvey (1968) where the flow downstream of the bend was
observed to consist essentially of two counter rotating swirls
on the scale of the pipe diameter, but what they did not ob-
serve, perhaps because of the limitations on their experiment,
was the intermittent appearance of the Dean motions.

Figure 7 shows contour plots of the streamwise compo-
nent of the vorticity in a cross-sectional plane. The figure to
the left displays the mean vorticity, and the one on the right
shows a particular realization of the instantaneous vorticity.
The most important feature of these two figures is the change
of scale: the figure on the right shows contour levels that are a
factor of 10 higher than the one on the left. It can be seen that
the Dean motion is present in the mean vorticity plot, but it is
a relatively weak motion that is almost completely hidden in
the much higher levels of instantaneous vorticity.

VERY LARGE SCALE MOTIONS
Recent studies in turbulent wall-bounded flows have re-

vealed the presence of Very Large Scale Motions (VLSM),
which are very long, meandering features consisting of nar-
row regions of low streamwise momentum fluid, flanked by
regions of higher momentum fluid. Measurements in channels
and pipes have found VLSM as long as 30 times the channel
half-height h or pipe radius R (Monty et al. 2007), and for
internal geometries the VLSM are found to persist well into
the outer layer (Bailey et al. 2010). Balakumar et al. (2007)
found that 40-65% of the kinetic energy and 30-50% of the
Reynolds shear stress is accounted for in these long modes
with streamwise wavelengths greater than 3R.

Hellström et al. (2011) reported time-resolved stereo-
scopic PIV measurements of the structure of the VLSM in
fully developed turbulent pipe flow in the same apparatus used
here but upstream of the bend. The motions were visual-
ized using snapshot POD. It was shown that the structures can
be reconstructed using a small number of the most energetic
modes, and the results give strong support for the hypothesis
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Figure 3. Streamwise velocity contours, ReD = 18,000. The cross-sectional plane. Left: x = 15D upstream of bend. Right:
x = 5D downstream of bend.

Figure 5. Negative correlation contours, 5.3D downstream of the bend, ReD = 18,000. Left: correlation on uθ (t). Right: correla-
tion on uθ (t + τ).

Figure 6. Positive correlation contours, 5.3D downstream of the bend, ReD = 18,000. Left: correlation on uθ (t). Right: correla-
tion on uθ (t + τ).

proposed by McKeon and Sharma (2010) that selective linear
mechanisms may help to explain the origin of the VLSMs.
The structures are seen to be highly three-dimensional, mean-
dering azimuthally and radially, and they were seen to occa-
sionally extend from the near-wall region almost to the cen-
terline of the pipe.

Here, we use similar techniques to examine the behavior
of the VLSM downstream of the bend. Figure 8(a) shows
the streamwise velocity fluctuations ux at a wall distance

y′ = 1−y/R = 0.2, where Taylor’s hypothesis is used to trans-
late the time-resolved data to a streamwise distance for easier
visualization. The velocity field is viewed in Cartesian co-
ordinates by unrolling the cylindrical plane. The lengths are
scaled with the radius of the pipe and the velocity fluctua-
tions with the friction velocity uτ , where uτ =

√
τw/ρ and

the wall stress τw is calculated from the pipe friction relation-
ship given by McKeon et al. (2005). The low momentum
regions indicate the presence of the VLSMs. Figure 8(b) and
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Figure 7. Streamwise vorticity contours, 5.3D downstream of the bend, ReD = 18,000. Left: mean vorticity. Right: instantaneous
vorticity.

8(c) show the scaled streamwise fluctuations 5D downstream
of the bend for Reynolds numbers of 12,500 and 16,000, re-
spectively. The contour plots of the downstream velocity fluc-
tuations demonstrate the same low momentum streaks found
in the upstream flow. By comparing figure 8(a) with 8(b)
and 8(c) it is evident that the general characteristics of the
VLSMs are largely unaffected by the pipe curvature, although
the structures seem to have increased their streamwise and de-
creased their azimuthal frequencies, making them appear to be
wider and shorter.

It is possible to extract the most energetic structures in
the flow by decomposing it into its most energetic modes us-
ing snapshot POD, as suggested by Hellström et al. (2011).
Figure 9 shows the energy content for the three-component
velocity field downstream of the bend. The first mode has
about twice the energy of the second and may be recognized
as the Dean motion which is induced by the curvature of the
pipe. Figure 10 shows the horizontal in-plane velocity com-
ponent of this mode. It was found that the first five modes
are all related to the secondary motions induced by the flow
curvature in the bend, in contrast to the case upstream of the
bend where the first five modes were all related to the VLSM.

The VLSMs could be extracted using snapshot POD, by
restricting our attention to the streamwise velocity compo-
nent. Figure 11(a) shows the first reconstructed POD mode
in the upstream flow, while figure 11(b) shows the first POD
mode 5D downstream the bend. It can be seen that the az-
imuthal frequency is reduced and the streamwise frequency
is increased. It is, however, important to recognize that the
second mode downstream is nearly identical to the first one
upstream, which indicates that the change of the VLSMs is
slight.

CONCLUSION
In pipe flow, the presence of a bend may be noticed as far

upstream as 10D upstream. This is indicated by a small devia-
tion in the axial velocity profile from the fully-developed pro-
file, and the velocity profile is no longer axisymmetric. The
deviation is amplified as the flow passes through the bend, and
immediately after the bend the velocity profile is skewed to-
wards the outside of the bend, as expected, and the profile also
loses its circular appearance and is flattened out along the pipe
wall. The mean flow field is slow to recover, taking more than

(a)

(b)

(c)

Figure 8. Contour plots of the streamwise velocity fluctua-
tions at (1− y/R) = 0.2, constructed using Taylor’s hypoth-
esis. (a) Instantaneous fluctuations in fully developed pipe-
flow upstream of the bend at ReD = 12,500, (Hellström et
al. 2011); (b) Instantaneous fluctuations 5D downstream a
90◦ bend at ReD = 12,500; (b) Instantaneous fluctuations 5D
downstream a 90◦ bend at ReD = 16,000. Flow is from left to
right.

20 but less than 50D downstream of the bend.
It has been shown that the Dean motions are weak, and

that they coexist with a large scale swirling motion, also in-
duced by the pipe curvature, that seems to randomly switch
its direction of rotation. The swirling motion does not show
up in the mean flow since it is canceled out over long averag-
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Figure 9. The scaled energy content of the first 50 POD
modes, using all three velocity components. The integrated
energy is shown by the dashed line.

Figure 10. The first mode for all three components visual-
ized by a contour plot of the scaled horizontal velocity com-
ponent for ReD = 12,500. The outer curvature is to the left
and inner to right. The first mode shows the two cell Dean
motion, which is the most energetic motion at downstream
position 5D.

ing times, and therefore is only revealed using instantaneous
data. However, even though the Dean motion is far from the
strongest vorticity structure, it corresponds to the most ener-
getic POD mode in the downstream region. The Dean motion
together with the swirl modes constitute the first five POD
modes. It was also shown that the VLSMs persist after the
bend, but they are no longer the most energetic motion, as they
were in the upstream flow. They may be extracted by consid-
ering only the streamwise velocity component. The VLSMs
seems to be largely unaffected by the secondary motions in-
duced by the pipe curvature, although their shape seems to be
slightly wider and shorter.
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(a)

(b)

Figure 11. Contour plots of the streamwise velocity fluctua-
tions at (1− r/R) = 0.2 and ReD = 12,500, constructed using
Taylor’s hypothesis. (a), Mode 1 upstream (Hellström et al.
(2011)); (b) Mode 1 5D downstream the 90◦ bend. Flow is
from left to right.
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