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Present paper makes an eﬀort to study the ﬂow separation and velocity distribution
for incompressible turbulent ﬂow through 90o pipe bend due to the eﬀect of guide vane
installed in the bend portion. It has been observed here how the normalized velocity
distribution proﬁle changes if the guide vane is provided. k − ε turbulence model has
been adopted for simulation purpose. After validating with existing experimental results,
a detailed study has been performed for a particular Reynolds number and four diﬀerent
positions of guide vane. The value of Curvature ratio (Rc/D) has been considered as 1 for
present study. The results obtained from the present study have been presented in terms
of graphical form. A ﬂow separation region was found at bend outlet for ﬂow through
90o pipe bend without guide vane. This secondary ﬂow separation region was absent for
the cases which deals with the ﬂow through 90o pipe bend with guide vane. Velocity
distribution at seven diﬀerent downstream positions have been presented in graphical
form. Position to get a fully developed velocity distribution proﬁle for each cases has
been estimated on the basis of presented results.
Keywords: 90o pipe bend, ﬂow separation, numerical study, velocity distribution, with
/without guide vane.

1.

Introduction

Study on pipe bends and piping system demands a great importance in modern
engineering due to its huge area of applications. Turbulent ﬂow through pipe bends
has been an area of interest for researchers from both applied [1] and fundamental
view point [2]. Pipe bends are used as a part of several mechanical systems, e.g.
heat exchanger [3], reciprocating engines [4] and nuclear reactors [5]. Pipe bends
are also used in oil industries, water supply system and also for ﬂuid and material transportation and to change the direction of the ﬂow. So it is important to
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study about the single phase ﬂow through pipe bends for minimizing the losses by
understanding the complex ﬂow behavior and improving their performance. An experimental study on 90o pipe bend using Laser Doppler velocity meter for Reynolds
No 500, 1093, 43000 considering curvature radius as 2.8 times of the pipe diameter
was carried out by Enayet et al [6]. They reported that the secondary ﬂow occurs in
the inside section of the bend initially. The strength of the secondary ﬂow depends
on the inlet boundary layer and an increase in energy production was due to extra
strain rates induced by curvature. So and Anwar [7] showed that the mean axial
velocity proﬁle at 49D downstream at the bend exit is similar with the measured
proﬁle at 18D upstream of the bend curvature. Swirling ﬂow behavior, unsteady
nature of secondary vortices, and transition of secondary ﬂow phenomena has been
studied by a number of researchers. They investigated the unsteady ﬂow separation,
unstable shear layers and Dean Vortices for turbulent ﬂow through 90o pipe bend.
Turbulent ﬂows in a 90o pipe bend causes the ﬂow separation near the inner wall
which eﬀects in the piping system performance and also can excite strong vibration and ﬂow induced noise. Some researchers have studied structural vibration and
noise induced by boundary layer for turbulent ﬂows through diﬀerent pipe bends [8,
9]. They came up with the improved design of the guide vane to reduce structural
vibration, noise and pressure loss in elbows with circular cross section [10–12]. The
present work makes an attempt to study inﬂuence of guide vane on ﬂow separation
and velocity distribution. For this purpose numerical simulations have been carried
out for both with and without guide vane conditions. To understand the mechanics
in such cases, the change in velocity distributions are presented in graphical form.
2.

Numerical methodology

Study on turbulent ﬂow through pipe bends demand a great importance due to its
vast engineering application in modern days. The present study has been carried out
considering turbulent ﬂow of a single phase, steady, isothermal and incompressible
ﬂuid i.e. water through 90o pipe bend. Three dimensional Reynolds Averaged
Navier Stokes (RANS) equations have been solved using a segregated implicit solver
to get results. The second order scheme has been used for the calculations, with
a pressure velocity coupling achieved using SIMPLE algorithm.
3.

Turbulence Model

The governing equations for incompressible ﬂuid ﬂow with constant properties are:
∂ui
=0
∂xi

(1)

∂ui
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+υ
∂t
∂xj
ρ ∂xi
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Equations (1) and (2) are the conservation of mass and momentum respectively,
fi – vector representing external forces,
υ – is the kinematic viscosity.
Turbulent ﬂows are irregular, random and chaotic. The ﬂow consists of a spectrum of diﬀerent scales (eddy size) and are basically designed by the ﬂuctuations
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of the velocity ﬁeld. These ﬂuctuations can be very small scale and high frequency.
It is very diﬃcult to analyze the ﬂow problem directly. So right choice of turbulent model is necessary to make the virtual model more realistic compare to the
experimental model. 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 k − ε turbulence model has been implemented
for present study purpose because this model achieves better results for single phase
ﬂow through pipe bends [13-21]. 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:
]
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Where: ui represents velocity component in corresponding direction, Eij represents
component of rate of deformation, µt represents eddy viscosity.
The equations (3) and (4) also consist of some adjustable constants [22], these are
as follows:
Cµ = 0.09, σk = 1.00, σε = 1.30, C1ε = 1.44, C2ε = 1.92.
4.

Problem deﬁnition

The present work studies the eﬀect of guide vane installed in the pipe bend on ﬂow
separation and velocity distribution. The problem considered here is a single phase
ﬂow through 90o pipe bend, with and without guide vane having inner diameter
0.1 m and curvature ratio (Rc/D) 1. Curvature ratio can be deﬁned as the ratio
between the radius of the bend curvature and hydraulic diameter of the pipe. For
the sake of brevity, the study is limited to a particular Reynolds number considering four diﬀerent positions of the guide vane installed in the bend portion. In total
ﬁve diﬀerent virtual models (Case1, Case2, Case3, Case4 and Case5) have been
considered in the present study to get the desired results. Case1 considers a ﬂow
through simple pipe bend (bend without guide vane) whereas case2 to case5 represents bends with guide vanes at diﬀerent position. Both inlet and outlet length
of straight pipe were set up at 10D to save computational time for all the cases
mentioned above. Positions of the guide vane has been determined by radius ratios
(ratio of the nominal elbow radius to the inside radius of the elbow curvature Ri
of the pipe) taken from published literature [23] shown in the Tab. 1. The ﬂuid
medium was water having density (ρ) 998.2 kg/m3 and dynamic viscosity (µ) of
0.001003 kg/ms for the present study with working temperature of 300 K. Three
dimensional structured mesh with hexagonal element have been chosen and optimized via a grid independence study. The schematic geometry of the bend and
computational mesh are shown in the Fig. 1 and Fig. 2 respectively.

Kumar Saha, S. and Nandi, N.

356

Table 1 Diﬀerent positions of guide vane installed in the elbow

Case No.
Case1(Simple)
Case2
Case3
Case4
Case5

(a)

Position of Guide Vane
0
0.175
0.308
0.493
0.738

(b)

Figure 1 Schematic Diagram of the bend geometry: a) Without guide vane, b) With guide vane

(a)

(b)

Figure 2 Computational grid of the geometry

5.

Validation

Since the current study primary deal with computer based simulation of real life
ﬂow process, the validation of computational models are extremely important. Thus
a virtual computational model has been formed and compared with published experimental data. Same geometrical conﬁguration and boundary conditions as adopted
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by Kim et. al. has been used and results obtained from the simulations have been
compared against the published experimental data [13]. The authors of the previously mentioned, carried out their studies using a circular cross-sectioned 90o pipe
bend with curvature ratios (Rc/D) of 1.5 for their experimental study for Reynolds
number 6×104 . The present study has been carried out on a computational mesh
containing 3.5 million hexahedron elements, which was optimized via a grid independence study. Fig. 3 represents the graphical comparison between the published
results and results obtained from present study. Normalized axial velocity distribution at bend outlet position has been compared with Kim et al [13], see Fig. 3.
From Fig. 3, it is seen that the present model is in close approximation with the
published data. So it may concluded that the procedure of mesh generation and
simulation set up which has been used for validation purpose can be used for further
analysis.

Figure 3 Comparison between Normalized axial velocity proﬁles of present analysis with published
experimental results

6.

Results and discussion

The present study has been carried out for a single phase turbulent ﬂow through 90o
pipe bend with/without guide vane conditions. The objective of the present work is
to study about the eﬀect of guide vane on ﬂow separation and velocity distribution
for a particular Reynolds number and four diﬀerent position of guide vane. Seven
diﬀerent positions including the bend outlet position along the symmetry plane have
been preferred to study about the change in ﬂow separation and velocity distribution
for diﬀerent cases.
Fig. 4 to Fig. 8 represents the normalized velocity distribution at seven diﬀerent
position on the downstream at symmetry plane, for a particular Reynolds number
1×105 .
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Figure 4 Normalized velocity distribution at diﬀerent position for case1

Figure 5 Normalized velocity distribution at diﬀerent position for case2

Figure 6 Normalized velocity distribution at diﬀerent position for case3

Figure 7 Normalized velocity distribution at diﬀerent position for case4
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Figure 8 Normalized velocity distribution at diﬀerent position for case5

The seven plots in each ﬁgure describes the pattern of velocity distribution at
diﬀerent positions. The x-axis of the plots represents the velocity distribution
normalized by the mean velocity and y-axis represents the non-dimensionalized
length of the pipe diameter. Y/D = 0.5 represents the centre line position of the
pipe at symmetry plane, so min value of Y/D < 0.5 refers the inner core side and
Y/D > 0.5 value refers the outer core side of the pipe.
6.1.

About flow separation

Normalized velocity distribution at bend outlet position i.e. X/D = 00, (Fig. 4)
shows a ﬂow separation region for case1. This ﬂow separation region was not synchronous for the other four cases. So it is clear that the guide vane eﬀects on
ﬂow and may be the actual cause for non-appearance of the ﬂow separation region
for the last four cases dealing with guide vane. Whenever a ﬂuid moves through
a curved pipe or pipe bend, there was a radial pressure gradient developed due to
the centrifugal force acting on the ﬂuid element. So pressure will be greater at outer
core and least at inner core of the bend. The faster moving ﬂuid particle near the
central plane and inner core of the pipe have a tendency to move towards the outer
core. Therefore an adverse pressure gradient is encountered at the inner core side
of bend outlet and ﬂow separation may occur. On the other hand, guide vane split
the ﬂow at bend inlet position for the cases 2 to 5. So the radial pressure gradient
which mainly developed due to the eﬀect of centrifugal force may not transferal
towards the outer core beyond the guide vane and make the ﬂow separated.
6.2.

About velocity distribution

Each plot in Figs. 4–8 represents the normalized velocity distribution at symmetry
plane of the downstream portion. Total seven position from bend outlet has been
chosen for each case maintaining equal distance starting from bend outlet position to
X/D = 3. The term X/D deﬁne the position of the collected results at downstream
for the present study. The value of X/D represents the length equal to the X/D
times of hydraulic diameter. From the ﬁg 4 for case1, it has been observed that
the velocity distribution proﬁle did not achieve its fully developed shape up to non
dimesionalized distance X/D = 3. On the other hand, for case 5 the ﬂow attained
its fully developed shape between X/D 2 to 2.5.
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For rest of the three cases (case 2,3 & 4) it has been observed that the velocity
distribution proﬁle regain its fully developed shape between X/D value 1.5 to 2
though the Reynolds number for all the above mentioned cases are same.
7.

Conclusions

Single phase incompressible turbulent ﬂow through 90o pipe bend for both with& without- guide vane has been studied numerically using k-ε turbulence model.
Change in ﬂow separation and velocity distribution due to the eﬀect of guide vane
has been presented. The conclusions obtained from present study may be summarized as follows:
1. The ﬂow separation region has been found for case1 (without guide vane) only
at bend outlet, whereas this separation region is not present for the other four
cases (with guide vane) mentioned in table1 though the Reynolds number is
same for all the cases.
2. For case 1 i.e. without guide vane the fully developed ﬂow may not exist up to
the value of X/D = 3, whereas, fully developed ﬂow exists for the value X/D
= 2 corresponding to case 2, 3 and 4 (case 2, 3 and 4 conditions mentioned in
the Tab. 1).
3. For case 5 (case 5 conditions mentioned in the table) also fully developed ﬂow
does not exist for its value X/D = 2.
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