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Abstract Measurements of turbulent swirling flow by means of hot-wire anemometry and stereoscopic
particle image velocimetry were performed, 0.67 pipe diameters downstream a 90� pipe bend. The flow for a
wide range of swirl numbers up to S ¼ 1:2, based on the angular velocity of the pipe wall and bulk velocity,
was investigated and compared to the non-swirling case. The limitations and advantages of using a single
hot-wire probe in a highly complex flow field are investigated and discussed. The present paper makes
available a unique database for a kind of flow that has been neglected in literature and which is believed to
be useful for validation purposes for the computational fluid dynamics community.
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1 Introduction

Turbulent flow in curved pipes has for long captured the interest of the fluid physics community both from an
applied (Ono et al. 2010) and fundamental point of view (Hüttl and Friedrich 2001). Curved pipes can be
found as part of almost any mechanical system, e.g., nuclear reactors (Yamano et al. 2011; Yuki et al. 2011),
heat exchangers (Chang 2003) and reciprocating engines (Hellström 2010; Kalpakli et al. 2012, 2013). Pipe
bends are hence widely used due to space limitations (a compact packaging and reducing engine capacity is of
great importance, for example, in vehicle design) but also due to the need for altering the direction of the fluid
motion. Laminar flow through curved pipes has been studied in detail throughout the years and it is mostly
associated to physiological or biological systems (Helps and McDonald 1954; Chandran and Yearwood 1981;
Glenn et al. 2012) and it is not the scope of the present paper. From a technical or applied point of view, the
focus lies on turbulent flows in bent pipes (Vashisth et al. 2008) and so far a number of techniques (both
computational and experimental) have been utilised to be able to understand some of its characteristics. The
flow through curved pipes is three dimensional and exhibits a strong secondary motion in the form of two
counter-rotating vortices, so-called Dean cells/vortices (Dean 1927). Under turbulent flow conditions these
vortices have been found to exhibit a low-frequency oscillation causing fatigue in piping systems (Tunstall
and Harvey 1968; Rütten et al. 2005). Moreover, the strength of the secondary flow is known to depend on
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the inlet boundary layer (Enayet et al. 1982) and measurements upstream and across 180� bends have shown
an increase in energy production due to extra strain rates induced by curvature. The effects of curvature have
been found to persist more than 18 diameters downstream the bend exit (Anwer et al. 1989).

The turbulent flow in a curved pipe is complex and to understand its dynamics experimental methods need
to be combined, so that information is obtained both on the large-scale structures but also statistics of the flow.
To date, there is no experimental study—to the authors’ knowledge—which provides information from both
sides of the spectrum and could also serve as a test case for validation of turbulence models, i.e., so far either
the unsteady behavior of the Dean vortices is investigated by means of whole-field techniques which cannot
fully resolve the smaller scales of turbulence (Brücker 1998; Sakakibara and Machida 2012; Kalpakli and
Örlü 2013; Hellström et al. 2013) or single-point measurements are performed in order to provide converged
statistics (Enayet et al. 1982; Azzola et al. 1986; Sudo et al. 1998). Simulations of such flows are favored, but
on the other hand those highly depend on the grid resolution and do not always model the flow correctly (Al-
Rafai et al. 1990; Hellström 2010). In particular, the flow case of turbulent flow through a 90� bend is often
employed as a test case for turbulence models (Kadyirov 2013) and large-eddy simulations (LES) (Fjällman
et al. 2013; Carlsson 2014; Röhrig et al. 2015). Hence, there has been a great demand, both in the past and at
present, for validation of turbulence models through comparisons with experimental data of such flows
(Boersma and Nieuwstadt 1996; Rütten et al. 2005; Pruvost et al. 2004). An exception is the direct numerical
simulations (DNS) which on the other hand demand a high computational cost and so far have only been
performed for flows in a torus (Hüttl and Friedrich 2001; Noorani et al. 2013; Noorani and Schlatter 2015).

In addition to the above, a field which has been neglected in the literature is the effects of a swirling flow
superimposed on the turbulence in a curved pipe. In such a case a Coriolis force acts on the fluid and the
balance between centrifugal, inertial and viscous forces in the curved pipe changes. Swirling flow is met in a
variety of industrial processes wherever a fan or rotating element or multiple of bent pipe sections (Yuki
et al. 2011) is present. Furthermore, turbulent swirling flow is encountered in many engineering applications
such as cyclone separators, gas combustors and pipeline complexes (for examples see Jakirlić et al. 2002).
Note that a number of different methods (rotation, tangential injection and vanes) exist for the generation of
swirl which have a different effect on the base flow. For details the reader is referred to Örlü (2009). Here
we focus on the rotation method, which was employed in the present study, i.e., through axially rotating the
straight pipe section, since it provides a well-defined velocity profile and does not leave traces of the swirl
generating mechanism (such as other means to introduce swirl on the flow).

Swirling flow imposed on turbulent pipe flow is known to decrease the pressure drop (White 1964)—and
consequently the friction factor—and create less full shaped mean streamwise velocity profiles, i.e., the
centreline velocity increases and the velocity gradient at the wall decreases, thereby approaching the one of
a laminar flow (Murakami and Kikuyama 1980; Reich and Beer 1989). In such a case, the fluid is not in
solid body rotation due to the influence of the cross-stream Reynolds stress and the azimuthal velocity
profile is nearly parabolic (Kikuyama et al. 1983b; Imao et al. 1996; Facciolo et al. 2007). Coupled to this,
increase in the swirl intensity has been shown to decrease the turbulence intensity (Kikuyama et al. 1983a;
Imao et al. 1996). Some empirical relations for friction factors in swirling turbulent and laminar flow can be
found in Ito and Nanbu (1971). More recent three-dimensional laser Doppler velocimetry measurements of
turbulent swirling straight pipe flow (Rocklage-Marliani et al. 2003), showed an annihilating effect of the
swirl on the Reynolds shear stresses, i.e., the Reynolds stresses were found to be low in the pipe core region,
therefore suggesting that the swirl tends to laminarise the flow, however, only regarding the mean azimuthal
velocity. One of the first LES performed on turbulent swirling flow (Eggels 1994) confirmed the above and
showed that the largest increase in the turbulence intensity is observed for the streamwise velocity com-
ponent. Early DNS (Orlandi and Fatica 1997) showed that the reduction in drag is responsible for a widening
of the near wall structures in a turbulent swirling straight pipe flow. Those data were used later by Feiz et al.
(2003) in order to show that LES can reasonably well predict phenomena in rotating turbulent pipe flow.
Reynolds stress models were developed by Speziale et al. (2000) and were successful in capturing the main
features of turbulent swirling flow as described above. More recent DNS on turbulent swirling flow in a
straight pipe (Nygård and Andersson 2009) have shown the effect of swirl on near wall structures which
appear as elongated streaks being tilted and shortened as the swirl intensity increases.

When it comes to turbulent swirling flow in a curved pipe, and more specifically to pipes which are 90�
bend, the information available is limited. One of the few studies conducted in swirling turbulent flow in a
180� bend is the one by Anwer and So (1993). Mean streamwise velocity distributions downstream the bend
showed that for the swirling flow case, the profiles were more uniform and symmetric. This suggested that a
single dominating cell exists for a sufficiently high swirl intensity and that the curved pipe flow becomes

262 A. Kalpakli Vester et al.



fully dominated by the imposed swirl. The follow-up work by So and Anwer (1993b) showed that in
swirling flow, the distance needed for the flow to become fully developed is shorter in a curved pipe
compared to a straight pipe. Furthermore, it was found that the bend accelerates the decay of the swirl. Some
of those findings were later confirmed numerically by Pruvost et al. (2004) and it was shown that one of the
Dean vortices which has the same direction of rotation as the imposed swirling motion gets strengthened. As
the swirl intensifies, the Dean cells tend to merge in a single cell until the flow field becomes completely
swirl dominated and the mean axial velocity profile is symmetric. Similar observations were made by
Kalpakli et al. (2012), Kalpakli and Örlü (2013) and Kalpakli Vester et al. (2015) by means of particle
image velocimetry (PIV), where a modal analysis additionally revealed that there might be structures,
similar to the Dean cells, underlying the swirl dominated flow field. In the same study a similar behavior of
the large-scale structures as in the DNS by Nygård and Andersson (2009) for a straight pipe, was also
observed. At this point, we should also mention studies conducted in turbulent curved pipe flow that
generated the swirling motion using guided vanes or tangential inlet, even though the effects of the swirl on
turbulence in such case might differ from the present study. One of the earlier studies on swirling flow is the
one by Binnie (1962) who experimentally observed the motion of a fluid particle which is in contact with the
pipe wall, in a turbulent swirling flow through a bend. Using a pitot tube, Shimizu and Sugino (1980)
investigated hydraulic power losses in a 180� bend. The difference in the formed flow patterns in the case
when the imposed swirling motion is a free- or forced-type vortex was also investigated. Those data were
later used to validate a theoretical study in swirling curved pipe flow (Kitoh 1987). Last, a noticeable study
is the one by Chang and Lee (2003) where the swirling turbulent flow through a 90� bend was investigated
using two-dimensional PIV. The main results consisted of mean axial velocity profiles and axial root mean
square (r.m.s.) distributions. Due to the swirl generating method (tangential inlet), and high swirl intensity,
high axial velocity near the pipe wall and negative velocity at the pipe core was reported at the pipe inlet. As
the swirl decayed along the bend, the maxima of the mean axial velocity shifted to the convex pipe wall until
a bend angle of 45 degrees and thereafter shifted again towards the concave pipe wall.

Table 1 shows few of the works which have been conducted in turbulent swirling flows in straight pipes
as well as non swirling turbulent flows in pipe bends while—to the authors’ knowledge—all of the studies
done on turbulent swirling flows in bends are listed. The latter highlights the lack of studies in turbulent
swirling flows in curved pipes. Hot-wire data in swirling turbulent curved pipe flow became available for
validation of Computational Fluid Dynamics (CFD) codes by So and Anwer (1993a), however only for one
swirl intensity, which does not cover the swirl-dominated case as stated in Pruvost et al. (2004): ‘‘Lack of
experimental data does not allow the validation of the predictions for so high values of the swirl intensity,
but results are of qualitative interest to illustrate the flow behavior in the bend when motion is swirl-
dominated.’’ Furthermore, it should be highlighted that, the data provided by So and Anwer (1993a), Anwer
and So (1993) and So and Anwer (1993b) regard a case where the swirl is decaying along the pipe, therefore
those are not the most suitable databases for validation of CFD codes, where a well-defined inflow condition

Table 1 Studies of turbulent flows in straight and curved pipes with and w/o swirl

Flow in bends Swirling flow in straight pipes Swirling flow in bends

Tunstall and Harvey (1968) White (1964) Binnie (1962)
Enayet et al. (1982) Murakami and Kikuyama (1980) Shimizu and Sugino (1980)
Azzola et al. (1986) Kikuyama et al. (1983a) Anwer and So (1993)
Anwer et al. (1989) Kikuyama et al. (1983b) So and Anwer (1993a)
So and Anwer (1993b) Reich and Beer (1989) So and Anwer (1993b)
Boersma and Nieuwstadt (1996) Eggels (1994) Chang and Lee (2003)
Brücker (1998) Imao et al. (1996) Pruvost et al. (2004)
Sudo et al. (1998) Orlandi and Fatica (1997) Kalpakli and Örlü (2013)
Hüttl and Friedrich (2001) Speziale et al. (2000)
Pruvost et al. (2004) Rocklage-Marliani et al. (2003)
Rütten et al. (2005) Feiz et al. (2003)
Hellström (2010) Facciolo et al. (2007)
Sakakibara and Machida (2012) Nygård and Andersson (2009)
Fjällman et al. (2013) –
Noorani et al. (2013)
Kalpakli and Örlü (2013)
Hellström et al. (2013)
Carlsson (2014)
Röhrig et al. (2015)
–
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is needed. Therefore, the aim of the present work is to provide experimental data of turbulent swirling flow
downstream a 90� bend, for a wide range of swirl intensities and from a setup which allows well-defined
inflow conditions, i.e., as it will be explained later on, here the swirl is generated by axially rotating the
whole pipe. Time-resolved stereoscopic particle image velocimetry (TS-PIV) as well as hot-wire
anemometry (HWA) measurements were performed at the exit of a 90� pipe bend for a wide range of swirl
intensities, providing information on the large-scale structures and turbulence statistics, respectively. Such a
data base is—to the author’s knowledge—not available in the literature, and will be of use for validation
purposes for the CFD community, as can be appreciated from the studies by Fjällman et al. (2013), Carlsson
(2014), Röhrig et al. (2015) and Pruvost et al. (2004).

2 Experimental facility and measurement techniques

In the following section the experimental facility and measurement techniques will be presented.

2.1 Rotating pipe facility

The measurements (both PIV and HWA) were performed in the rotating pipe facility located at the Fluid
Physics Laboratory at KTH Mechanics. The facility mainly consists of a 100 pipe diameter (D) long axially
rotating pipe. Figure 1a shows a schematic of the rotating pipe facility. Air at ambient temperature is
provided by a centrifugal fan (A) with a butterfly valve for flow rate adjustment, which is monitored through
the pressure drop across an orifice plate (B) inserted in the air supply pipe. A distribution chamber (D) to
reduce the transmission of vibrations generated by the fan is mounted on the way. From there the air stream is
distributed into three different spiral pipes, which are symmetrically fed into the stagnation chamber (E),
consisting of a honeycomb, in order to distribute the air evenly. One end of the cylindrical stagnation chamber
is covered with an elastic membrane in order to further reduce the pressure fluctuations. A bell mouth shaped
entrance first leads the air into a one meter long stationary section, which is connected to the rotating pipe (K)
through a rotating coupling (F). In the first section of the rotating part of the pipe a 12 cm long honeycomb
(G), consisting of drinking straws of a diameter of 5 mm, is mounted which brings the flow into more or less
solid body rotation. The inner diameter of the pipe (D) amounts 60 mm whereas the wall thickness is 5 mm.
The 6 m long pipe is made of seamless steel and has a honed inner surface with a roughness of less than
5 micron, according to manufacturer specifications. It is supported along its full length by five ball bearings
(J), which are mounted within a rigid triangular shaped framework. The pipe is belt driven via a feedback
controlled DC motor (H), which is capable to run the pipe up to rotational speeds of 2000 rpm. For more
information on the facility the reader is referred to Facciolo (2006). At the exit (M) of the long steel pipe a 90�
bent pipe is connected (Fig. 1b). Note that in case of rotation, the entire 6 m long straight pipe rotates along
its axial direction, while the bend remains fixed. The bend has a centreline radius, Rc equal to 1.5D yielding a
curvature ratio R=Rc of 0.31, where R the pipe radius. The length of the straight section after the 90� curvature

a
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EGJ F 
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b

Fig. 1 a Schematic of the rotating pipe facility at KTH Mechanics. A Centrifugal fan, B flow meter, C electrical heater,
D distribution chamber, E stagnation chamber, F coupling between stationary and rotating pipe, G honeycomb, H DC motor,
J ball bearings, K rotating pipe, L circular endplate, M pipe outlet to which the pipe bend (b) has been mounted. b Pipe bend
with inner diameter D ¼ 60mm
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is 0.67 D and all measurements were done exactly at this station. As apparent from Fig. 1 the pipe flow (both
for the straight and pipe bend) emanates into the still ambient air. It should be noted that parts of the presented
data here, have been utilised in previous work by the authors (Kalpakli and Örlü 2013), however, the data has
not been described and discussed with respect to turbulence statistics before.

2.2 Hot-wire anemometry

The hot-wire measurements were done using a Platinum wire with nominal diameter of 5 micron and length
of 1 mm, respectively, which was soldered on straight prongs. The single wire hot-wire was fixed in a
300 mm long probe holder that was mounted on an airfoil shaped arm in order to minimize the upstream
effects of the probe and the probe holder on the flow. The hot-wire was calibrated ex-situ in a calibration
nozzle against a FCO12 (Furness Controls, used in 10 % FS, i.e. 200 Pa with �0:5 % accuracy of reading)
micro manometer. The hot-wire anemometer system used is a Dantec StreamLine 90N10 frame in con-
junction with a 90C10 constant temperature anemometer module. The hot-wires were operated in constant
temperature anemometry mode at an overheat resistance ratio of 80 %. Mass flow rate and temperature of
the flow were monitored and the instantaneous velocity was compensated for possible temperature varia-
tions as described in Örlü and Alfredsson (2007). The sampling frequency was set to 20 kHz in order to
obtain converged statistics.

2.3 Time-resolved Stereoscopic Particle Image Velocimetry (TS-PIV)

For the TS-PIV measurements, a high-speed PIV system consisting of a Nd:YLF laser (Pegasus, 10 kHz
maximum repetition rate, New Wave Research) and two C-MOS cameras (Fastcam APX RS, Photron, 3000
fps at 1024� 1024 px2) was used. The laser light sheet was aligned exactly at the pipe outlet (approximately
0.5 mm from the exit) as shown in Fig. 2. It should be noted here that the chosen experimental tactic, i.e.,
perform measurements at the pipe outlet and not inside the pipe, was chosen due to the challenges imposed
by the necessity for correction for aberrations due to the circular shape of the pipe and the viewing angle of
the two cameras and obtaining a good resolution with air as a fluid medium when performing PIV mea-
surements. This, however, does not oppose restrictions of using the present data for CFD validation pur-
poses, as apparent from the LES studies by Fjällman et al. (2013) and Röhrig et al. (2015). For the seeding
of the flow, a water-based solution (Jem Pro Smoke Super ZR-Mix) was atomised using a high volume
liquid seeding generator (10F03 Seeding Generator, DANTEC), placed at the inlet of the centrifugal fan (A
in Fig. 1). For the in-situ calibration of the cameras, images were taken of a two-level calibration plate
positioned at the measurement plane. A self-calibration procedure has 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 px2 at 10-bit while the field of
view was equal to 80� 80mm2 in physical space. For the non-swirling cases, Ns ¼ 3000 images were
acquired whereas 1000 images were acquired for the rest of the cases at a sampling frequency, fs, of 1 kHz.

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

Fig. 2 TS-PIV setup with the laser light sheet aligned exactly at the pipe outlet due to limited optical access. The angles in-
between the cameras, denoted as a1 and a2 were approximately 45� each
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with a 64� 64 px2 interrogation window and decreasing to 16� 16 px2 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 Flow parameters

Two non-dimensional parameters will be used throughout this paper and their definitions are given in the
following.

The Reynolds number is given based on the bulk velocity (Wb) and pipe diameter:

ReD ¼ qWbD

l
; ð1Þ

where q denotes density and l the dynamic viscosity of the fluid medium (air).
With the present experimental setup, the mean velocity both in axial and tangential direction is well

defined by rotating the entire straight pipe section, in which case the integral swirl number (see Gupta et al.
(1985) for definition) can be interchanged with the swirl number defined as:

S ¼ Uw

Wb

; ð2Þ

with Uw being the angular velocity of the pipe wall. 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 pairs of swirl and Reynolds numbers shown in the present study with
the HW and TS-PIV measurements are listed in Table 2.

4 Results

In the following sections, results from turbulent flow 0.67D downstream a curved pipe, with and without
swirl, will be presented. Some results from turbulent straight pipe flow will also be shown for the description
of the inflow conditions. Note that for all results presented, the coordinate system shown in Fig. 2 is used,
with z being the streamwise, x the horizontal and y the vertical directions corresponding to W, U and
V velocity components, respectively. Capital letters denote time-averaged quantities, whereas primed small
letters denote rms quantities.

4.1 Data quality

The flow at the the exit of the long pipe (see M in Fig. 1) is a fully developed turbulent pipe flow. Figure 3a
shows the mean velocity profiles for different swirl intensities, whereas Fig. 3b shows the corresponding
r.m.s., at ReD ¼ 24; 000 at the exit of the straight long pipe. The profile for the non-swirling case, compared
to DNS data by Wu and Moin (2008), depicts a fully developed turbulent pipe flow, while as the swirl
number increases the profile approaches that of laminar flow (Facciolo 2006; Shirvan 2011); for inner-scaled
quantities from the same experimental facility, the reader is referred to Örlü and Alfredsson (2012). It is also
observed that with increasing swirl number the imposed motion is dominating the turbulent flow which can
be seen in Fig. 4, where the effect of swirl on the ratio between centreline and bulk velocity is shown. Data

Table 2 Parameter range for the experiments

Pipe ReD � 10�3 S HWA SPIV

Straight 24 0, 0.1, 0.3, 0.5 U

Bend 14 0 U

Bend 24 0, 0.1, 0.3, 0.5 U U

Bend 34 0 U U

Bend 14 0, 0.85, 1.2 U
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from DNS is also included to expand the swirl number range. This ratio is increasing with swirl number,
whereas it displays a very weak dependence on the Reynolds number.

In order to assess how well the single hot-wire measures downstream the bend, i.e., in a three-dimen-
sional flow field, the streamwise velocity profiles in the horizontal plane taken with the hot-wire for three
swirl numbers were compared to the corresponding TS-PIV data. When no swirl is imposed on the flow, a
difference between the data obtained from the two experimental techniques is observed at the inner bend
wall, see Fig. 5a. The single hot-wire senses the so-called effective cooling velocity
(Weff ¼ h

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

w2 þ h2u2 þ k2v2
p

i, where h and k denote the pitch and yaw factor, h�i is the time-average
operator and small letters denote instantaneous absolute quantities) (Bruun 1995) and therefore the error
introduced by the in-plane motion is higher closer to the inner wall where the in-plane components are
comparably large with respect to the streamwise component. If, instead, the effective cooling velocity is
computed from the PIV data and plotted against the HW data, then the agreement is improved as is clearly
depicted in Fig. 5b. Note that the single hot-wire here is aligned vertically to the flow direction, therefore the
largest error is introduced by the u-velocity component (which acts as the bi-normal cooling velocity). It is
noticeable also that as the swirl number increases, the agreement between the ‘‘actual’’ PIV data ( i.e., not
the effective cooling velocity) and HW data becomes better. That is explained by the fact that by increasing
the swirl intensity the effects from the bend become weaker (Pruvost et al. 2004; Kalpakli and Örlü 2013)
and the streamwise velocity increases compared to the in-plane velocities. This can clearly be seen also in
Fig. 6a, where the angle defined as h ¼ arctanhu=wi is plotted from the TS-PIV data for increasing swirl
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straight pipe flow at ReD ¼ 24; 000. Black thick line is DNS data at the same Reynolds number (Wu and Moin 2008)
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numbers. It is observed that the angle across the horizontal pipe axis approaches zero at the centreline and
the whole profile becomes more symmetric, as the swirl number increases. Additionally, the percentage
error of the hot-wire readings is plotted for each swirl number and position along the horizontal pipe axis in
Fig. 6b. It can clearly be seen that this error is larger close to the inner wall for the non-swirling flow case (at
highest approximately 15 %), whereas it drops significantly with increase in swirl number. This provides the
confidence that the data obtained with the single hot-wire can be used for an accurate statistical analysis of
the turbulent swirling pipe flow studied here.

Furthermore, in order to assure that taking the PIV data at the pipe outlet would provide representative
data compared to those taken inside the pipe, the same PIV data for S ¼ 0 showed in the previous figure,
were plotted against hot-wire data which were taken inside the pipe with a 1D pipe extension mounted
downstream the measurement plane. The results in Fig. 7 shows that, for at least a statistical description of
the flow field for the measurement points provided here, this measurement tactic provides representative
data for data taken within the pipe.
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data
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4.2 Reynolds number effect on the time-averaged flow field

The magnitude of the in-plane components for three Reynolds numbers (ReD ¼ 14; 000; 24; 000; 34; 000)
from the TS-PIV data, is shown in Fig. 8 as contour map together with the in-plane velocities as the imposed
sectional streamlines. In all three cases the Dean vortices are clearly depicted forming two bean-like shaped
symmetrical cells around the pipe horizontal axis. It can be clearly seen that with increase in Reynolds
number, the in-plane velocities increase in strength and especially at the inner pipe wall. The mean
streamwise velocity profiles of the above cases acquired with the single HW are shown in Fig. 9a, whereas
the r.m.s. is shown in Fig. 9b. Here, it is again clear that there is an effect of Reynolds number at the inner
wall of the curved pipe. In particular the velocity increases at the inner bend with increasing Reynolds
number indicating that the bend effects are more profound with increasing ReD since it leads to a more
skewed velocity profile. The r.m.s. however does no depict significant differences between the three
Reynolds numbers. This indicates also that the error of the single hot-wire readings will increase with
increase in ReD due to the higher values of the u-velocity component (see previous section).

4.3 Swirl number effect

The magnitude of the in-plane components, similarly to Fig. 8 is shown in Fig. 10 this time for different
swirl numbers from S ¼ 0 to S ¼ 1:2 (the corresponding Reynolds numbers can be found in Table 2). The
behavior of the Dean vortices which is illustrated has been described in Kalpakli and Örlü (2013) and it is as
follows: with a slight increase in swirl intensity (S ¼ 0:1) a perturbation of the flow symmetry is observed.
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The upper vortex which rotates at the same direction as the imposed swirling motion (clockwise), gets
strengthened and gradually dominates the flow field as the swirl number increases, whereas the lower vortex
has already been dispersed at S ¼ 0:3. At the highest swirl number shown here, the flow field is dominated
by a single vortex which spans the whole cross-section and is located slightly off-centre towards the lower
pipe wall. It is interesting to note that the centre of the single vortex at S ¼ 1:2 is found to be located slightly
off-centre and towards the lower side of the pipe. From theory, since this vortex is a result of the upper Dean
vortex merging with the applied solid-body rotation it would be expected that the centre of it at the highest
swirl number is located towards the upper side of the pipe instead. This can probably be explained by the
curvature effects on the upstream of the bend flow field, which create a non-symmetrical azimuthal velocity
profile fed into the bend.

Figure 11 illustrates mean streamwise velocity profiles along the horizontal pipe axis for different swirl
numbers and ReD ¼ 24; 000, from the HW data. It is shown that by increasing the swirl number, as the flow
is becoming swirl dominated, the effect of pipe curvature is decreasing in the mean velocity profiles. The
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Fig. 9 The Reynolds number effect on the a mean streamwise velocity and b r.m.s. profile normalized by the bulk velocity
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pipe curvature effects downstream the bend exit is smoothened both in outer and inner parts of the bend exit
considerably for S ¼ 0:3 and 0.5. The r.m.s. and turbulence intensity for the same cases are shown in
Fig. 12a and b, respectively. It is clear that as the swirl number increases, the turbulence intensity decreases
at the inner wall of the curved pipe, whereas for the outer wall the opposite occurs.

5 Summary and conclusions

This paper provides for the first time—to the authors’ knowledge—an extensive database for swirling
turbulent curved pipe flow which has been missing from the literature. Turbulent swirling flow at the exit of
a pipe bend was studied both by means of stereoscopic PIV and hot-wire anemometry. A wide range of swirl
numbers was employed by axially rotating the pipe section upstream the bend. The mean field was presented
for swirl numbers from S ¼ 0 to 1.2 from the PIV data, showing that the secondary motion in a curved pipe
gradually diminishes as the swirl number increases. The flow field becomes more symmetric with increasing
swirl intensity and approaches that in a straight pipe flow with the two Dean cells merging into a single cell
spanning the whole cross-section for S ¼ 1:2. The single hot-wire was found to provide a satisfactory
estimate of the streamwise velocity for the non-swirling case, however for the highest swirl rate where
curvature effects have been damped, the agreement between the HW and TS-PIV data was significantly
improved. The swirling motion was found here to have a damping effect on the turbulence, as it is known for
straight pipe flow, even after the bend. The present work is believed to make unique data available for—but
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not only—validation of CFD codes. The data, from both the hot-wire and PIV measurements, can be
obtained from the authors.
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