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Curved pipes are very often used in hydraulic systems facilitating compact, lightweight
designs. But they can also be the cause of complex secondary ﬂows as the curvature
brings change of velocity proﬁle, generation of vortices and production of hydraulic losses.
In the present study, turbulent single phase ﬂows through circular 90˚ curved bend for
diﬀerent curvature ratio (Rc/D = 1 to 5), deﬁned as the bend mean curvature radius
(Rc ) to pipe diameter (D) is investigated numerically for diﬀerent Reynolds number (Re )
ranging from 1×105 to 10×105 . The purpose of this study is to simulate numerically the
ﬂow pattern and characterize the swirling secondary ﬂow in 90˚ bends. Flow simulation
using CFD techniques are performed to understand these phenomena. The k − ε model
with SIMPLE method is used for present study. After validation of present model with
published experimental data, a detail study has been performed to characterize the ﬂow
separation and the dependency of swirl intensity on Reynolds number and curvature
ratio in 90˚ pipe bend for single phase turbulent ﬂow.
Keywords: CFD, Curvature & Reynolds number eﬀect, 90˚ pipe bend, Swril intensity,
turbulent ﬂow, velocity distributions.

1.

Introduction

Fluid ﬂows in a pipe bend with curvature is very common in engineering applications. They can be found in most of the e.g. ﬁttings, HVAC appliances, turbine and
blade passages and also for cooling and heating applications. It is well known that,
when ﬂuid ﬂows in a pipe bend a secondary motion of ﬂow is developed due to the
presence of centrifugal force which leads to the formation of secondary ﬂow and as
a result the ﬂuid particles near the surface are driven outward. This secondary ﬂow
is superimposed on its primary axial ﬂow leading to high velocity at the outer core
of the pipe bend. As it known from the literature, this secondary ﬂow is developed
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due to a lack of proportion between the centrifugal force and the pressure gradient
near the wall of pipe band at radial direction of ﬂow. In general, the secondary
ﬂow in pipe bends are inﬂuenced by diﬀerent parameters such as the curvature ratio (Rc /D), deﬁned as the pipe diameter (D) over bend radius of curvature (Rc ),
Reynolds number (Re ), inlet ﬂow distributions condition of the entrance ﬂow, ie;
laminar or turbulent [1]. This secondary ﬂow results a very high frictional loss in
pipe bends than in straight pipes under similar conditions. For a bend having high
curvature ratio (Rc /D > 1.5), the velocity proﬁle of primary axial ﬂow is distorted
and shifted to outer core of the bend from center of the bend generating a pair of
counter rotating vortices which is well known as Dean vortices. For bends having
small curvature ratio (Rc /D < 1.5), the axial ﬂow becomes unsteady and separated
due to the formation secondary ﬂow and the ﬂow separation occurs at the downstream of the pipe bend [2–4]. Therefore study of the characteristics of ﬂow pattern
in a pipe bend is of great signiﬁcance in pipe bend design.
A number of experimental and computational study have been carried out in
past on curved ducts with rectangular cross–sections, [5–7] but much less eﬀort
was for bends with circular cross–sections, which are concerned with problems in
experimental work [8-9]. The applications of water ﬂows through pipe bends are
found in many engineering applications [10–11] bears testimony to this fact. Weskey
[12] studied experimentally the velocity proﬁles at the outlet of duct with diﬀerent
shapes for specially design of an aircraft duct. Many researchers [9, 13–14] investigated turbulent ﬂows in a pipe bends by means of theoretical, experiments and
numerical methods. Recently in the nuclear sector due to the fatigue by the unsteady motion of the vortices, this has also attracted the interest of the researchers
and they obtained very useful data in this sector [15-16]. The inﬂuence of curvature
ratio (Rc /D) on the ﬂow was studied by Al-Rafai et al. [17] using circular pipe bend
of two diﬀerent curvature ratio (Rc /D = 3.49&6.975) for same Reynolds number
(Re = 34132) by means of both experimental and numerical technics. Using large
eddy simulation (LES), Tanaka et al. [18] studied the ﬂow characteristics in elbows
with diﬀerent curvature ratio at numerous Reynolds number. In addition a more
recent survey conducted on aspect of swirl ﬂow characteristics [19–20]. In order
to perform numerical simulation of ﬂuid ﬂow in curved pipes, on the other hand,
the Navier–Stokes equation have to be expressed in curvilinear or body ﬁtted coordinate system as expressed by [21–22]. They provides a very useful data base for
direct numerical simulation (DNS) and large eddy simulation (LES) on pipe bend.
Very recent study on characteristics of secondary ﬂow and decay of swirl intensity
on pipe bends [3] and another experimental study of pressure ﬂuctuation [23] and
numerical study on pressure drop characteristics and Reynolds number dependency
on pipe bend [24] provides very useful data base. From the literature study. It
is observed that the investigations of secondary motion of turbulent ﬂow in pipe
bends is experimentally diﬃcult and expensive, and alternative is to study them
numerically. With the help of powerful super computers over last few years, it is
now possible to the simulations of three–dimensional computations for such cases.
From the literature study it has been observed that, most of the studies concentrated only on the ﬂow characteristics in the bend or downstream of bend for a
restricted curvature ratio and Reynolds number. For accurate evaluations of ﬂow
structure and ﬂow characteristics in a pipe bend, it is important to study with
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a wide range of curvature ratio and Reynolds number. The objective of present
study is to simulate of the ﬂow pattern in 90˚ pipe bends with diﬀerent curvature ratio with diﬀerent Reynolds number. The details of ﬂow pattern throughout
the bend were studied. The variations of velocity proﬁles with curvature ratio and
Reynolds number were studied. The dependency of swirl intensity on a wide range
of curvature ratio and Reynolds number are unique features of this paper.
2.

Geometry and ﬂow parameters

For the present study, ﬁve diﬀerent pipe bends are considered having same inner
diameter of 0.01 m but diﬀerent curvature ratio (Rc /D = 1 to 5). The inlet & outlet
length of straight pipe in the calculations was set up 50D & 20D respectively to
save computational time. The velocity distributions throughout the bend and swirl
intensity at the bend outlet were determined for diﬀerent Reynolds number ranging
from 1 × 105 to 10 × 105 . The ﬂuid medium was air having density (ρ) of 1.2647
kg/m3 and dynamic viscosity (µ) of 1.983× 10–5 kg/m-s for validation purpose
and water having density (ρ) of 998.3 kg/m3 and dynamic viscosity (µ) of 0.001003
kg/m-s for present study with working temperature of 300 K both cases. Fully
structured 3D mesh was used containing hexahedral elements, which was optimized
via a grid-independence study. The value of non–dimensional distance from wall
(Y+ ) is controlled using a wall treatment function (Y+ <3 for a near wall cell used
for present study). The bend geometry and mesh are shown in Fig. 1.

Figure 1 Schematic diagram of the bend geometry and present model with computational grid

3.
3.1.

Governing Equations and Numerical Methodology
Governing Equations

Three dimensional steady state Reynolds averaged Navier Stokes (RANS) Equations
were solved using the ﬁnite volume solver. The right choice of a turbulence model
is a critical when an industrial turbulent ﬂow problem is faced, especially when
this problem involves three dimensional ﬂow phenomena, which need an accurate
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modelling. The second order scheme was used for the RANS Equation calculations,
with a pressure velocity coupling achieved using SIMPLE algorithm. The default
under relaxation factors were used to aid convergence for all models.
The governing Equations for incompressible ﬂuid ﬂow with constant properties
are
∂ρ
+ ∇ · (ρu) = 0
(1)
∂t
∂u
ρ(
+ u · ∇u) = −∇p + µ∇2 u + f
(2)
∂t
Eq. (1) and (2) are conservation of mass and momentum, respectively.
3.2.

Turbulence Model

Turbulent ﬂows are characterized by ﬂuctuating velocity ﬁelds. These Fluctuations
mix transported quantities such as momentum, energy, and species concentration,
and cause the transported quantities to ﬂuctuate as well. Since these ﬂuctuations
can be of small scale and high frequency, they are too computationally expensive
to simulate directly in practical engineering calculations. The turbulence model
needs to be selected based on some considerations, e.g., the physics of the ﬂow,
the insight into the capabilities and limitations of turbulence models, the attempt
for the speciﬁc problem by other researchers, the accuracy needed, the available
computational resources, and time.
The k − ε turbulence model is adopted for present study as k − ε turbulence
model performs better for single phase ﬂow in pipe bend [3, 25–26]. In this model,
the turbulence kinetic energy (k) and the turbulence dissipation rate (ε) are solved
to determine the coeﬃcient of turbulent viscosity µt .
Transport equation for k − ε
[
]
∂
µt ∂k
∂(pk) ∂(pkui )
+
=
+ 2µt Eij Eij − ρε
(3)
∂t
∂xi
∂xj σk ∂xj
[
]
∂(pε) ∂(pεui )
∂
µt ∂k
ε
ε2
+
=
+ C1ε 2µt Eij Eij − C2ε ρ
(4)
∂t
∂xi
∂xj σε ∂xj
k
k
Where ui represents velocity component in corresponding direction, Eij represents
component of rate of deformation, µt represents eddy viscosity.
The Eq. (3) and (4) also consist of some adjustable constants, these are as
follows
Cµ = 0.09 σk = 1.00 σε = 1.30 C1ε = 1.44 C2ε = 1.92
3.3.

Boundary Conditions

Three types of boundary conditions has been speciﬁed for the computational domain. At the inlet, the measured inlet velocity (Uin ), the turbulent kinetic energy,
kin = 1.5(I*U in )2 where I is the turbulence intensity, and the Speciﬁc Dissipation
Rate εin = (Cµ k 3/2 )/0.3D are given. The turbulence intensity has been calculated
using the following formula: I = 0.16(R e )−0.125 . At the wall boundaries, the nonslip conditions has been applied. At the outlet, the gradient of ﬂow variables in the
ﬂow direction has been considered as zero.
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Results and Discussions

The main objective of the present study is to characterize the eﬀect of Reynolds
number and curvature ratio on single phase turbulent ﬂow in a 90˚ pipe bend
through numerical simulation. The results of the mean velocity and swirl intensity
along the diﬀerent positions of the bend in central symmetry plane are presented
in this section.
4.1.

Validation

At the very beginning of our study, our present model and simulation setup are ﬁrst
validated against the existing experimental and numerical data by [9, 3, 18]. For
that intension, same geometrical conﬁguration of [9] is adopted. In their experiment,
they used a circular cross sectioned 90˚ bend with a curvature ratio (Rc /D) of 2 and
the measurements of velocities were performed at a Reynolds number of 60000. For
the validation of our present model, the simulation is performed on a computational
mesh containing total 2.85 million hexahedral elements which was optimized via a
grid-independence study. The value of non-dimensional distance from wall (Y+ ) is
strictly controlled using a wall treatment function (Y+ <3 for a near wall cell used
for present study). The mean axial velocity proﬁle normalized with inlet velocity
(Fig. 1) show very good agreement with both experimental data of [2] and numerical
data of [3, 18]. From the validation part it has been seen that present model is in
close approximation with the published results and our methodology to perform
present simulation is correctly achieved, hence this model and methodology has
been used for further analysis.

Figure 2 Comparison of present model with experimental and numerical results
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(a)

(b)

(c)

(d)

(e)

Figure 3 Normalized velocity proﬁles at diﬀerent positions throughout the bend for diﬀerent Re
& Rc /D: a) Rc /D = 1, b) Rc /D = 2, c) Rc /D = 3, d) Rc /D = 4, e) Rc /D = 5
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Study on mean velocity

Fig. 3 (a–e) illustrate normalized mean velocity proﬁles of turbulent ﬂow into the
90˚ pipe bend for diﬀerent Reynolds number and curvature ratios. The negative
value of y–axis indicates the inner core of the bend and the mean velocity is normalized with inlet velocity. At the inlet of the bend (α = 0˚), ﬂuid is accelerated
near the inner core and velocity acceleration depicted at the outer core of the bend
as expected due to the longitudinal pressure gradient for bends with low curvature
ratio (Rc/D = 1 & 2). Reynolds number is found as a weak function for bends with
low curvature ratio. After α = 60˚ bends with high curvature ratio (Rc /D = 3
to 5), the mean velocity is shifted upward due to the faster moving ﬂuid near the
outer core as expressed by [9]. Between 75˚ and 90˚ plane, the ﬂow has detached
from the inner wall, and the separated ﬂow region grows as the ﬂuid moves downstream, causing ﬂow acceleration along the outer wall. The main characteristic of
this ﬂow in this zone is the appearance of the camel back shapes in the velocity
distribution. These shapes are the result of loss of the stream wise momentum
due to the secondary ﬂow forming a strong downward motion from the symmetry
plane to the bottom (or top) wall. It is found that, ﬂow tends to recover its fully
developed shape while the Reynolds number is increasing. The normalized velocity
at symmetry plane of the bend decreases with increasing Reynolds number. This
observation is also consistent with recent experiments [27, 3] and it is also true for
a high range of Reynolds number and curvature ratio. Hence, it can be concluded
that for higher values of Reynolds number, pipe curvature eﬀects are reducing.

Figure 4 Normalized velocity proﬁles at diﬀerent positions throughout the bend for diﬀerent
curvature ratio

To study the eﬀect of curvature ratio on velocity proﬁle, Fig. 4 shows the normalized
mean velocity proﬁle with inlet velocity for single Reynolds number (Re = 1×105 )
with all ﬁve bends (Rc /D = 1 to 5). At the outlet of bend (α = 90˚), reverse ﬂow
has been observed due to the adverse pressure gradient at the outlet of the bend
where the momentum is lower than that near free stream, by which the velocity near
the wall reduces and the boundary layer thickens. It is found that the acceleration
of the velocity is higher for bends having low curvature ratio (Rc /D = 1). At
the downstream of the bend, tendency of acceleration of velocity at the inner core,
to recover its fully developed shape is high for bends with high curvature ratio
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(Rc /D = 5). Hence, it can be concluded that the ability to overcome the unsteady
and complex ﬂow pattern is more for bends with high curvature ratio.

Figure 5 Normalized ﬂow velocity vector ﬁelds

Fig. 5 shows the normalized ﬂow velocity vector ﬁelds at the central symmetry
plane and at the bend outlet (α = 90˚) for Re = 1×105 , Rc /D = 1. From α = 60˚
to α = 90˚, the mean velocity is shifted upward due to the faster moving ﬂuid near
the outer core as expressed by [9]. Secondary ﬂow pattern can clearly be observed in
this section. At the inner core of the bend, a low velocity region was observed, where
the ﬂow pattern was extremely unsteady and complex. This region is concluded to
be the separated region [23] and the size of this region is more for bends with low
curvature ration than others. It means that the tendency of ﬂow separation is more
for bends having low curvature ratio at the inner core of the bend. Due to the
relation between the centrifugal force with high velocity and pressure gradient on
the ﬂow, two identical counter rerating Dean vortices were also found.

4.3.

Study on mean velocity

It is already known that the secondary ﬂow consists two identical counter-rotating
vortices or swirl. In general, the strength of a swirl on a cut plane normal to the
axil ﬂow direction is represented by swirl number [28]. The swirl number is the
area–averaged ﬂux of angular momentum and it is used to quantify the strength of
a swirl around the axis of main ﬂow [9].
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Figure 6 Normalized swirl intensity throughout the bend (Rc/D)

Figure 7 Inﬂuence of curvature ratio on swirl intensity at bend outlet

To deﬁne swirl intensity, [9] used the magnitude of velocity tangential to the
pipe section and eq. (5) was used by [3] which was also used for present study.
∫[
Is =

⃗ − (U
⃗ · n̂)n̂
U
∫
Ub2 dA

]2
dA
(5)

where Is is the swirl intensity, is the vector of the ﬂow velocity and is a unit vector
normal to the pipe section area.
To evaluate the dependency of swirl intensity on Reynolds number in a pipe
bend, the intensity of secondary ﬂow calculated from equation (5) at diﬀerent plane
through the bend is normalized by the value of intensity at reference plane (x′ /D =
−17.6). The normalized swirl intensity for bend with Rc /D = 1 is shown in Fig.
(6). It can be observed that the swirl intensity is very low dependence on Reynolds
number.
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Figure 8 Inﬂuence of Reynolds number on swirl intensity

To study the eﬀect of Reynolds number & curvature ratio on swirl intensity at the
exit of the bend (α = 90˚), the results are compared with previous experimental
results of [17, 9, 3]. Additionally present study results are also plotted in Fig.
(7) and Fig. (8). It can be found that swirl intensity has a weak dependence on
Reynolds number and a high dependence on curvature ratio as expressed by [3] and
it is true for a higher range of Reynolds number and curvature ratio also.
5.

Conclusions

In the present study turbulent ﬂow of single phase incompressible ﬂuid through
90˚ pipe bend has been simulated numerically using k − ε turbulent model. The
validation of 3D models used for present study with experiments and numerical
results reported by [9] and [3, 18] indicates a good agreement. From the present
study, it is found that the normalized mean velocity proﬁle has a low dependency
on Reynolds number for low curvature ratio and for high curvature ratio it tends
to recover its fully developed shape while Reynolds number is increasing. Hence, it
can be concluded that, for higher values of Reynolds number, bend curvature eﬀects
are reduce. The tendency of ﬂow separation is more for bends having low curvature
ratio and the ability to overcome the unsteady and complex ﬂow pattern is more
for bends with high curvature ratio. The swirl intensity at the exit of the bend
is found as a strong function of the bend curvature ratio and a weak function of
Reynolds number for present study range. However additional studies are required
to provide a correlations between swirl intensity and bend curvature ratio.
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