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Abstract 

Bends are primary source of formation of secondary flow and swirling vortices in pipes, channels and ducts. 
Flow losses and heat transfer are strongly affected by presence of bends in the flow passage therefore, in 
depth characterization of flow through bends is required. In the current study, the three dimensional, 
turbulent and incompressible flow through 90-degree bend is examined by using a CFD package Star 
CCM+. The data is analyzed in the results section to evaluate the effect of changing bend curvature ratio 
(λ=RC/d) and shape of cross section on intensity of secondary flow. It is observed that swirl intensity reduces 
drastically as curvature ratio is increased. Twin secondary vortices are formed and their intensity is a 
function of pressure gradient in the curved region of bend. Furthermore, it is found that circular cross section 
better supports the formation of dean vortices and secondary flow as compared to square and rectangular 
cross sections. The intensity of swirling vortices is also found decreasing as the aspect ratio of the 
rectangular section is increased up to 3:1. It means that there are lower flow losses for rectangular cross 
section bends with high aspect ratios as compared to square and circular cross section bends. 

Index Terms: Dean Vortices, Secondary Flow, 90ᵒ Pipe Bend, Swirl Intensity, Pressure Coefficient. 

 
1. INTRODUCTION 

Pipe bends are essential and key component of any piping system which are primarily 
used to divert the flow direction [1]. They are used in infrastructure for heating, ventilation 
and air conditioning (HVAC) system, plumbing and fire protection systems. Industries like 
pharmaceutical, petrochemical, beverages, power production and chemical processing 
are majorly relying on the design of their piping system for transportation of liquids, 
slurries, and gases [2]. The optimized design of piping system is accomplished by 
carefully selecting the suitable bends, fitting and valves for minimum losses [3].   
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The flow physics associated with pipe bends is investigated by many researchers by 
using experimental [4]and numerical methods [5], [6], [7]. The unsteadiness in flow 
through a bend is a function of Reynold’s Number (Re) and pipe bend curvature radius. 
As the fluid passes through a curved section of pipe, a pressure gradient is formed having 
low pressure at the inner surface and high pressure at the outer surface. This is due to 
the action of centrifugal force on fluid particle moving in a curved path [8]. This pressure 
gradient causes the formation of secondary flow and dean vortices, which is a pair of 
counter rotating vortex [9]. The secondary flow is formed due to movement of fluid 
particles perpendicular to primary flow direction. Adverse pressure gradients are 
observed for small bend curvature radius (λ ≤ 1.5) causing high flow losses [10].  Along 
with secondary flow and formation of dean vortices due to bends, flow separation is 
another phenomenon that occurs due to bends. Dutta et al. [11] investigated the flow 
separation in 90- degree bends in and found that the flow separation is significant for 
bends having low curvature radius. The erosion of pipe bends due to presence of particles 
and methods to reduce them are suggested by many researchers[12], [13]. The strength 
of secondary flow can be reduced by introducing a W-Weir at the end of bend section 
[14]. Another phenomenon that is associated with bends in accumulation and deposition 
of particles over time [15], [16]. 

Heat transfer from heat sinks is improved by introducing sinusoidal channels that causes 
secondary flow and hence improve fluid mixing [17], [18], [19]. Bends are also involved in 
many tubular heat exchangers [20]. Cooling of internal combustion engine is improved by 
vorticity of flow caused by 90-degree bend [21]. 

The measurement of flow losses and associated intensity of secondary flow is critical in 
most of the incompressible flow system. The flow physics of turbulent, incompressible 
flow at downstream of a 90-degree bend is not fully clarified yet. The effect of cross 
section changes on intensity of dean vortices require investigation. Therefore, this work 
is aimed to analyze the flow physics through 90-degree bend to see the effect of bend 
curvature ratio and change of cross section on characteristics of secondary flow. 
 
2. PHYSICAL MODEL AND PROBLEM DESCRIPTION 

2.1 Governing equations and mathematical model 

The problem described above is a 3-dimentional, turbulent, incompressible in a steady 
state. Therefore, the numerical model for the current model consists of one equation of 
continuity and three equations of momentum given by Eq. (1) and (2) respectively. In 
addition to these conservation equations, the mathematical model also includes two 

equations of (𝑘 − 𝜔) turbulence model.   

 
 

(1) 

 

 
(2) 

.( ) 0V 

2
.( ) ( . ) . ( ) . ( )

3
TV V p V V V                         



Xi'an Shiyou Daxue Xuebao (Ziran Kexue Ban)/ 
Journal of Xi'an Shiyou University, Natural Sciences Edition 

ISSN: 1673-064X 
E-Publication: Online Open Access 

Vol: 67 Issue 09 | 2024 
DOI: 10.5281/zenodo.13740609 

 

Sep 2024 | 89 

2.2 Problem description 

Fig 1 shows the computational domain of the problem having a bend curvature ratio of 
RC/d=2 where d is the pipe diameter. The working fluid was air having density of 1.225 
kg/m3. The upstream and downstream lengths are 20d and 50d respectively in order to 
achieve fully developed flow conditions. The upstream and downstream pipe length are 
normalized as y/d and x/d respectively. 

 

Fig 1: 90-degree pipe bend with upstream and downstream lengths 

Three dimensional polyhedral elements are used for meshing with prism layers. Built in 
mesher of Star CCM software is used to develop three different mesh sizes having 
276190, 441,317 and 1,167,240 elements to obtain an optimized solution via grid 
independence study.  

The Reynold’s number corresponding to inlet velocity is 60,000 to match the experimental 
conditions of Kim et al. [22], Sudo et al. [23]and Tanaka et al. [24] by using air as working 
fluid.  

2.3 Model validation 

For validation, the axial velocity at bend outlet was normalized with the inlet velocity and 
plotted in Fig 2 for comparison with the data presented by Kim et al. [22], Sudo et al. [23] 
and Tanaka et al. [24]. The geometric and boundary conditions are matched with above 
mentioned references having λ=2 and Re=60,000. The fine mesh with 1.16 million cells 
is used for simulation having polyhedral cells.  
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The normalized velocity u*(x) given by Eq. (1) is obtained at the bend outlet. Where u is 
the x-component of velocity at bend outlet and Ub is the inlet velocity. A close agreement 
is observed between the normalized velocity profiles hence, fine mesh with 1.16 million 
cells is used for further analysis. 

 
*( )

b

u
u x

U
  (3) 

 
Fig 2: Normalized axial velocity profile at 90-degree bend outlet 

 
3. RESULTS AND DISCUSSION 

In this work, the effect of bend curvature and change of cross section is investigated in 
different subsections on normalized velocity profile, swirl intensity and pressure coefficient. 
All other boundary conditions at inlet and outlet remain unchanged in the analysis.  

3.1 Bend curvature ratio effects 

The velocity variation at the 90-degree bend outlet is presented in Fig 3 at four different 

curvature ratios. The negative radial distance is representing the inner region of the bend. 

The highest velocity gradients are observed in the inner region for bend curvature ratio of 

λ=1. The velocity profiles get smoother as the bend curvature ratio is increased. 
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Fig 3: Axial velocity profile for 90-degree bend at different curvature ratios 

The swirl intensity of the dean vortices is estimated at the bend outlet by using Eq. (4) 

and plotted in Fig 4. Where v and w are velocity components normal to primary flow 

direction in y and z direction respectively and Ub is the velocity at inlet. 

 

 

(4) 

The intensity of dean vortices is significantly affected by radius of bend as evident from Fig 
4. The swirl intensity is dropped drastically when the curvature ratio λ is increased from 1 to 
2. It is also observed that the intensity of dean vortices is almost diminished at 20d 
downstream of bend for all four cases under investigation. 

 

Fig 4: Swirl Intensity at downstream of 90-degree bend at different bend 
curvatures 
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The pressure coefficient is defined by to Eq. (5) where p is the termed as static pressure, 
pref  is the reference pressure at inlet, ρ is density of air and Ub is the inlet velocity. 

 

 
(5) 

The pressure coefficient computed from Eq. (5) in the dimensionless form for different 
curvature ratios is presented in Fig 5(a). The curvature ratio is significantly affecting the 
pressure gradients as highest-pressure gradient is observed for the sharp bend having 
curvature ratio of λ=1. The higher-pressure gradients cause stronger secondary flow with 
high swirl intensity dean vortices: hence, results higher turbulence and high-pressure 
loss.  

 

Fig 5: (a)Pressure coefficient (b)Normalized velocity contours at different bend 
curvature ratios 

3.2 Effect of change of pipe cross-section 

In this section, four different cross sections are compared to see the effect of change of 
cross section on the velocity profile, pressure coefficient and swirl intensity. The cross 
sections used in the analysis are circular, square, and two rectangular cross sections 
having 2:1 and 3:1 aspect ratio. The bend curvature ratio and Reynold’s number are kept 
contact i.e. λ =2 and Re=60,000 for all four cases under investigation. 

Fig 6 presents the axial velocity profiles at the bend outlet for different cross sections. It 
is evident that change of cross section is significantly affecting the axial velocity profile at 
the bend outlet. The velocity profile for circular had the highest velocity variations and 
flatness of the velocity profiles increases as the aspect ratio for square and rectangular 
cross section is increased. This is due to the fact that fluid velocity components in the 
secondary flow which are in normal direction to primary are rapidly diminished at flat wall 
surfaces as compared to circular wall surface. Therefore, decreasing the level of 
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turbulence and low intensity vortices are formed for square and rectangular cross 
sections. 

 

Fig 6: Axial velocity profile for 90-degree bend at pipe/duct cross sections 

Fig 7(a) presents the pressure coefficient contours at 90-degree bend for different cross 
section shapes by keeping other boundary conditions unchanged. The extreme pressure 
gradient is observed for square and circular cross sections followed by rectangular cross 
sections.   

Fig 7(b) is presenting normalized axial velocity contour lines showing two counter rotating 
vortices at the bend at the bend outlet. A similar pattern can be observed that the size 
and severity of dean vortices is lowered for rectangular cross sections which is further 
reduced as the aspect ratio is increased.  

The swirl intensity is the measure of turbulence and indicate the severity of secondary 
flow. Fig 8 shows the intensity of the twin vortices at bend outlet for different cross 
sections and its dissipation rate at the downstream section.  

Although the pressure gradient was highest for square cross section, but the swirl 
intensity for circular is found maximum. That means circular cross section provide better 
mixing by formation of strong vortices as evident from Fig 7(b). Whereas, the lowest swirl 
intensity is observed for rectangular cross with aspect ratio of 3:1. 
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Fig 7: (a)Pressure coefficient (b)Normalized velocity contours at different cross 
sections 

 

Fig 8: Swirl Intensity at downstream of 90-degree bend at different cross sections 
 
4. CONCLUSIONS 

Incompressible, steady, three dimensional, and turbulent flow through 90-degree bend is 
analyzed in the current study.  The work is aimed to investigate the effect of cross section 
change and bend curvature ratio on the characteristics of secondary flow and dean 
vortices at constant Reynold’s number.  
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The major findings of this work are stated as under: 

 The gradient of pressure coefficient at the bend section is a strong function of bend 
curvature ratio (λ). Sharp bends causes most adverse pressure gradients due to 
deceleration of flow at the inner region and acceleration of flow in the outer bend region. 
The severe pressure gradient results in high intensity swirls formation called secondary 
flow. It is observed that intensity of swirls is significantly dropped as the bend curvature 
ratio (λ) is increased from 1 to 2. 

 The shape of cross section is strongly affecting the characteristics of secondary flow 
at constant hydraulic diameter, bend curvature ratio and Reynold’s number. The 
maximum pressure gradient is observed for square cross section followed by circular 
and then rectangular cross sections. In response to that, the intensity of swirls was 
maximum for circular cross section followed by square and rectangular cross sections. 
It means that the flat surfaces of square and rectangular cross sections are damping 
the intensity of secondary flow. Furthermore, it is found that swirl intensity is further 
reduced as the aspect ratio of rectangular cross section is increased from 2:1 to 3:1.   

The inclusion of bends in the flow path cause formation of dean vortices that can enhance 
heat transfer through better mixing. Additional studies are required in future to see the 
effect of bends in channel and tube for improved thermal performance. 
 
Nomenclature 

Cp Pressure coefficient, [-] Re Reynold’s Number [-] 

d Pipe diameter, [m] Ub Inlet velocity, [m sec-1] 

Is Swirl Intensity, [-] u*(x) Normalized axial velocity, [-] 

p Static pressure, [Pa] v,w Velocity in y and z direction, [m sec-1] 

pref Pressure at inlet, [Pa] λ Bend curvature ratio, [-] 
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