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ABSTRACT
Pressure drop characteristics of turbulent flow through 90 degree pipe bends are numerically investigated by
computational fluid dynamic simulation using k-ε RNG turbulence model with standard wall function. After the validation
of present model against existing experimental results, a detailed study has been performed to investigate the pressure
distribution and pressure drop characteristics over a wide range of Reynolds number (Re = 1×105 to 10×105) and for
different curvature ratio (RC/D = 1 to 5) to study pressure loss coefficient in terms of Reynolds number and curvature ration
to provide cost effective solutions to design of the pipe bends. A number of important results have been achieved showing
the distribution of pressure at different location throughout the bend for different Re and Rc/D. Numerical results shows the
dependency of pressure distribution and pressure loss coefficient for different Reynolds number and curvature ratio
throughout the bend.
Keywords: CFD, pipe bend, pressure loss, Reynolds number, single phase, turbulent flow.

INTRODUCTION
The main characteristics of fluid flow through
pipe bends are the presence of adverse pressure gradient
developed by the centrifugal force acting on the flow. Due
to the presence of centrifugal force and pressure gradient,
the fluid moves towards the outer side of the bend and
comes back towards the inner side. For a tough bend
curvature, this adverse pressure gradient near the inner
wall may start the flow separation developing a secondary
flow allowing a large increase in pressure loss. This
increase of pressure loss experienced in the pipe bends are
generated by friction and momentum exchanges appearing
from the change of flow direction. Reynolds number, bend
curvature ratio and bend angle are the depending factors
for this. Therefore, investigations of the flow through
bends are of great significance in understanding and
improving their performance and minimizing the losses.
The applications of water flows through pipe
bends are found in many engineering applications. Some
of the excellent reviews bears testimony to this fact [1, 2,
3]. A number of researchers have investigated turbulent
flows in a pipe bends by means of theoretical, experiments
and numerical methods [4, 5, 6]. Very recent study on
turbulent characteristics for single phase flow in large
bends provides a new mathematical model for predicting
pressure loss by Liwei et al., [7], a numerical and
theoretical analysis on pressure characteristics in curved
pipe by Zang et al., [8] and detailed study on
characteristics of secondary flow and decay of swirl
intensity on pipe bends by Kim et al., [9]. Another
experimental study of pressure fluctuation [10] and
numerical study on pressure drop characteristics and
Reynolds number dependency on pipe bend [11] provides
very useful data base. Though a number of researchers
have already made a significant contribution on the
subject, much is yet to be done to present a clear picture of
the fundamental characteristics. In this paper the flow
characteristics and regularities of distribution in the most

common 90° pipe bend is studied by numerical methods
based on computational fluid dynamics. The paper is
structured in the following fashion. Section 1 gives a brief
idea on the previous research works and motivation for the
present work. Section 2 contains the necessary theoretical
background. Problem definition with validation is
provided in section 3. Section 4 contains the study on
various parameters affecting the flow pattern and is
followed by summary bulletin of the study under Section
5.
NUMERICAL METHODOLOGY
Governing equations
In the present study, using the segregated implicit
solver three dimensional Reynolds averaged Navier Stokes
(RANS) equations were solved. The proper selection of a
turbulence model is always a crucial job especially when it
has a direct application in practical and industrial problem
which need a high accuracy modeling. For present study,
pressure velocity coupling achieved using SIMPLEC
algorithm and the second order scheme was used for the
RANS equations calculation. The default under relaxation
factors were used to aid convergence for all models.
The governing equations for incompressible fluid
flow with constant properties are
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Equations (1) and (2) are conservation of mass
and momentum, respectively.
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Turbulence model
The main feature of turbulent flow is the
fluctuating velocity fields. This fluctuation in velocity
fields also be the cause of fluctuation of different transport
quantities such as momentum, energy etc. As these
fluctuations may 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 as suggested by many researchers
[9, 12, 13]. In this model, the turbulence kinetic energy (k)
and the turbulence dissipation rate (ε) are solved to
determine the coefficient of turbulent viscosity t .
Transport equation for k-epsilon

( pk ) ( pkui )
  t k 
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t ij ij
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PROBLEM DEFINITION
The problem that is considered here is the fluid
flow characteristics through two 90° pipe bends having
inner diameter of 0.01 m (for present study) and 0.104
m(for validation purpose) for curvature ratio (Rc/D) = 1
and 2. The inlet and outlet length of straight pipe in the
calculations was set up 20D for both cases to save
computational time. The pressure distributions 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. For present study three
dimensional unstructured mesh was used containing
tetrahedron elements, which was optimized via a gridindependence study. The bend geometry and mesh are
shown in Figure-1.

(3)
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where ui represents velocity component in corresponding
direction, represents component of rate of deformation,
represents eddy viscosity.
The equations (3) and (4) also consist of some
adjustable constants, these are as follows
C  0.09 ,  k 1.00 ,  1.30 , C1 1.44 , C2 1.92

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( IUin )2 where Iis the turbulence intensity, and the
3
C k 2

are given. The
Specific Dissipation Rate  in  
(0.3 D )
turbulence intensity has been calculated using the
following formula: I 0.16(Re)0.125 100(%) At the wall
boundaries, the non-slip conditions have been applied. At
the outlet, the gradient of flow variables in the flow
direction has been considered as zero.

Figure-1. Schematic diagram of the bend geometry and
present model with computational grid.
Validation
Distribution of wall static pressure at symmetry
plane against the axial angle α, in the form of the pressure
coefficient, obtained by experimental data of Sudo et al.,
[4] has been compared with numerical result Figure-2 at
different sections. For present study, reference pressure
has been taken at z'/D = -17.6. From the validation part it
has been seen that present model is in close approximation
with the published results, hence this model has been used
for further analysis.
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To evaluate the dependency of pressure on
Reynolds number, Figure-4 shows dimensionless pressure
with Reynolds number through the bend. It can be seen
from Figure-4 that, the dimensionless pressure has little
change with the Reynolds number in the inner and outer
core of the bend, and it tends to a constant value when the
Reynolds number becomes increasingly larger Re ≥ 3×105.
Pressure in the middle core is almost constant throughout
the bend. This observation is also consistent with Dutta et
al., [11].

Figure-2. Comparison of pressure coefficient for
present turbulent models with experimental.
RESULTS AND DISCUSSIONS
The main objective of the present study is to
characterize the effect of Reynolds number on single
phase turbulent flow in a 90° pipe bend through numerical
simulation. The results of the pressure distribution and
pressure drop coefficient along the different positions of
the bend in central symmetry plane are presented in this
section.
Study on pressure distributions
The pressure variations along the different
positions of the bend in central symmetry plane with
different Re are presented in this section. The minimum
value (zero) of β indicates the inner core of the bend and
static pressure is normalized with reference pressure taken
at z’/D = -17.6 as suggested by Sudo et al., [4]. For fixed
Re (1×105) and curvature ratio Rc/D = 1, Figure-3 shows
the variation of the dimensionless pressure with
normalized bend cross-sectional length β for different
axial angle α. It can be seen that the maximum pressure is
observed at outer core and minimum at the inner core as
expected. This happens due to the presence of centrifugal
force.

Figure-4. Variation of dimensionless pressure with
Reynolds number.

Figure-3. Pressure distribution along the normalized
bend cross-sectional length (β).
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coefficients based on the mass average pressure at
different sections of the bend having fixed curvature ratio
are shown in Figure-6. It was calculated based on the static
pressure difference between the succeeding and reference
sections. The pressure loss coefficient kp can be defined as

kp

p

(5)

2
0.5Uin

where p is the total pressure loss across the bend.

Figure-6. Variation of kp with α.

Figure-5. Variation of dimensionless pressure with
curvature ratio.
Figure-5 shows the dimensionless pressure
changes with the change of bend curvature ratio Rc/D,
keeping Reynolds number unchanged Re (1×105). It can be
seen from Figure-5, (1) the dimensionless pressure on
outer core decreases with the curvature ratio increases,
which tends to a constant value when Rc/D ≥ 3 ; (2) the
dimensionless pressure on the inner core increases with
Rc/D increases, which tends to a constant value when
Rc/D ≥ 3. This observation is also consistent with Zang et
al., [8].
The pressure drop characteristics
Another attemptswas done to characterize the
pressure drop characteristics in the bend for different
curvature ratios with different Reynolds numbers. The
variation of normalized mass averaged total pressure loss

Figure-7. Variation in kp with Rc/D at different Re.
Form the Figure-6 it has been observed that

maximum pressure loss coefficient appliers at   30 ,
this is mainly due to the development of secondary flow
and magnified swirl intensity of secondary flow and as Re
increases, pressure loss coefficient kp becomes lower and
almost same for higher Re due to higher velocity heads.
Figure-7 shows the dependency of average
pressure loss coefficient on Reynolds number and
curvature ratio. It is observed that pressure loss coefficient
has a weak dependency on high Reynolds number. As
Reynolds number increases, the rapid change of pressure
increase the both separation and friction effects, despite of
lower pressure loss coefficient due to higher velocity head.
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CONCLUSIONS
Turbulent flow of single phase incompressible
fluid through 90° pipe bend has been simulated
numerically using k-ε RNG turbulence model in the
present study. The validation of 3D models used for
present study with experiments reported by Sudo et al., [4]
indicates a good agreement. From the present study, it can
be concluded that the normalized pressure has a little
change with Reynolds number and it tends to almost
constant value for high Reynolds number (Re≥3×105).
Normalized pressure on theinner core increases with
curvature ratio and on the outer core decreases with
curvature ratio, and these tend constant when curvature
ratio. Pressure difference between inner and outer core of
the bend decreases as curvature ratio increases and

become a constant value for bend with high curvature
ratio. Due to the secondary flow, maximum pressure loss
coefficient appliers at  30 then decreases. Bends having
a small curvature ratio, which adds the significant pressure
loss, causes a rapid rise in pressure loss coefficient kp, and
this tends to constant for higher curvature ratio. The above
conclusions refer specially for present study range.
However, additional studies are necessary to provide a
correlation between pressure loss coefficient and the bend
curvature ratio.
Notation

The following symbols are used in this paper:
Re
=
D
=
Rc
=
α
=
β
=
r, θ, z =
coordinates
z’
=
µ
=
ρ
=

Reynolds number
bend diameter
radius of bend curvature
bend axial angle, (0°≤α≥90°)
bed cross-sectional length,
radial,
circumferential,
axial
distance along pipe axis
dynamic viscosity of fluid
density of fluid
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Eij
kp
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ε
k

=
=

eddy viscosity
inlet velocity

=
=
=
=
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vector of the flow velocity
velocity component
component of rate of deformation
pressure loss coefficient
turbulence intensity
specific dissipation rate
turbulent kinetic energy
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