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Computational fluid dynamics (CFD) is a powerful method for visualizing and analyzing 
fluid flow in pipes, helping engineers design more efficient systems. However, many 
earlier studies focus on just one pipe size or flow speed, which limits understanding of 
how different conditions affect flow. This study explores how varying pipe diameters 
(1.5 cm, 3 cm, and 5 cm) and inlet velocities (0.297 m/s, 0.397 m/s, and 0.497 m/s) 
influence velocity and pressure inside a 90-degree pipe bend. Using ANSYS Fluent, nine 
scenarios were simulated under steady, incompressible flow conditions by solving the 
Navier-Stokes equations with velocity inlets and pressure outlets. The results showed 
that the smallest pipe at the highest velocity had the fastest flow (up to 0.708 m/s) but 
also the largest pressure drop (254.68 Pa). Larger pipes displayed more uniform 
velocity distributions and significantly lower pressure losses. These findings clearly 
demonstrate how pipe size and flow speed affect fluid behaviour, emphasizing the 
importance of selecting appropriate pipe diameters to optimize flow efficiency and 
reduce energy loss in piping systems.  
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1. Introduction 
 

Fluid flow through curved pipes is a fundamental subject in fluid mechanics, with profound 
implications for the efficiency and reliability of engineering systems ranging from water distribution 
networks and chemical reactors to heat exchangers and process piping [1]. When pipes bend, the 
fluid inside experiences centrifugal forces that create swirling flows called Dean vortices. These 
swirling motions change the speed and pressure of the fluid, making it more challenging to design 
piping systems that reduce energy loss and prevent early damage [2,3]. Although many studies have 
looked at how individual factors affect fluid flow, there’s still a gap when it comes to understanding 
how changing both pipe diameter and inlet velocity together impacts flow separation, turbulence, 
and pressure loss in 90° pipe bends. 

These studies help us gain a clearer picture of how turbulence influences the way fluids move, 
which is important for systems that need accurate flow control. Prakash and Sumana [4] showed how 
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the way liquid phases interact in bent pipes depends a lot on how wettable the bends are. Their work 
reveals that certain pipe coatings can change how two-phase flows behave, giving us valuable insights 
into controlling flow dynamics. Moreover, using advanced CFD techniques lets researchers see in 
much more detail how different flow conditions and setups impact the flow, making it easier to 
understand and improve system designs. They stressed how important it is to thoroughly study flow 
behavior in different pipe shapes, encouraging a well-rounded approach that looks beyond just 
curves to include U and C bends as well [5]. 

Research has improved understanding of how fluids behave in curved pipes. Computer 
simulations have shown that in pipes with sharp curves, the way the flow separates depend greatly 
on the pipe’s shape [6]. Studied how vibrations interact in U-shaped pipe bends when two different 
fluids flow through them [7]. Prakash and Samana [4] demonstrated how the surface’s ability to 
attract or repel liquids affects the flow behavior of two fluids moving through small, winding pipes 
[8]. However, most of these studies usually look at just one pipe size or flow speed, which limits how 
well their findings apply to different situations. More recent research using advanced turbulence 
models like LES and RSM has done a better job of capturing detailed flow patterns [8,9], but 
comprehensive studies that explore a wide range of pipe sizes and flow rates are still rare. 

To address this gap, our study will examine how three different pipe sizes (1.5 cm, 3.0 cm, and 
5.0 cm) and three different flow speeds (0.297 m/s, 0.397 m/s, and 0.497 m/s) influence key flow 
characteristics such as fluid movement, pressure loss, and turbulence in 90° bend pipe. We created 
nine different pipe shapes in ANSYS Fluent and used a finite-volume CFD method to simulate steady, 
incompressible fluid flow by solving the Navier–Stokes equations. To accurately capture the complex 
flow in curved pipes where separation can occur, we chose the k–ω SST turbulence model. The 
simulations used uniform flow speeds at the inlets and set the outlets to zero-gauge pressure [10].  

Recent studies have helped us better understand turbulence by using mathematical formulas and 
computer simulations to model how it behaves. Reetz et al., [11] discuss the emergence of turbulent-
laminar stripes, while Yanovych et al., [12] investigate anisotropic effects and vortex shedding in 
constrained geometries. Additionally, turbulent airflow can affect how large structures like bridges 
move and respond, influencing their overall behavior [13]. Turbulent flows can sometimes 
experience rare and intense episodes, like sudden bursts of energy loss or abrupt shifts to a 
completely different flow pattern [14]. These extreme events, including large dissipation episodes 
and rapid transitions, are unpredictable and can dramatically alter the behavior of the system for a 
short time [15]. Understanding these patterns is key to spotting when things might become unstable 
and helps us improve how we manage and control the flow. Moreover, even in chaotic flow systems, 
there are organized patterns called coherent structures or turbulent superstructures that can stick 
around. These play a big role in moving energy and materials over large areas, whether in the 
atmosphere or in industrial processes [16,17]. 

The post-processing involves several steps: first, visually examining overall flow patterns and the 
swirling Dean vortices using velocity and streamline maps; second, measuring turbulence by looking 
at turbulent kinetic energy levels; third, analyzing how pressure changes, especially focusing on drops 
around the bend and the total pressure loss; and finally, comparing centreline velocity profiles and 
cumulative pressure drops across all cases using line graphs. This approach is based on proven 
methods from earlier curved-pipe CFD research, helping to guarantee reliable and consistent results 
[18,19]. 
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2. Methodology  
 

This study uses CFD to investigate the turbulent flow behavior inside a 90-degree bent pipe. The 
goal is to understand how varying pipe diameters and inlet velocities impact factors like velocity 
profiles, pressure changes, secondary flow patterns, and flow separation zones. By focusing on these 
elements, the study aims to reveal how bends shape fluid dynamics in practical piping systems. 
 
2.1 Geometry Construction 
 

In this project, three pipe models with different diameters, 1.5 cm, 3.0 cm, and 5.0 cm were 
created to study how the size of the pipe affects fluid flow through a 90-degree bend, as shown in 
Figure 1. Each pipe has a total length of 1 meter, including the inlet and outlet straight sections to 
ensure fully developed flow. Each pipe was designed to be 1 meter long in total, including straight 
sections before and after the bend to ensure the flow remains steady as it enters and leaves the 
curve. We kept the bend’s shape consistent across all models so that any differences in the results 
would come solely from the pipe size. By comparing these three sizes, the study clearly highlights 
how pipe diameter impacts velocity, pressure, and turbulence within the bend. 
 

     
    (a)              (b)    (c) 

Fig. 1. The geometry of 90-degree bend pipe (a) Diameter 1.5 cm (b) Diameter 
3.0 cm (c) Diameter 5.0 cm 

 
2.2 Boundary Conditions 
 

Defining boundary conditions is essential to maintain the accuracy and reliability of the simulation 
results. Table 1 presents the boundary conditions used in the analysis of the 90-degree bend pipe 
simulation. To ensure the results weren’t affected by the mesh size, we compared velocity and 
pressure patterns using three different mesh sizes for each pipe diameter (Table 2). The mesh that 
provided accurate, stable results without requiring too much computing power was chosen for the 
final simulations. 
 

Table 1 
Boundary conditions of 90-degree bend pipe 
Boundary type Location Condition type Value 

Inlet Pipe entrance Velocity inlet 0.297 m/s, 
0.397 m/s, 
0.497 m/s 

Outlet Pipe exit Pressure Outlet 0 Pa (gauge pressure) 
Wall Pipe inner wall No-slip Wall Velocity = 0 m/s at the surface 
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Table 2 
The mesh sizes for different pipe diameter 
Diameter  
(m) 

Velocity 1 
(m𝑠−1) 

Velocity 2 
(m𝑠−1) 

Velocity 3 
(m𝑠−1) 

Outlet Turbulence 
intensity 

Turbulence 
model 

0.015 0.297 0.397 0.497 0 5% 𝑘 − 𝜔 
0.030 0.297 0.397 0.497 0 5% 𝑘 − 𝜔 
0.050 0.297 0.397 0.497 0 5% 𝑘 − 𝜔 

 
2.3 Meshing 
 

Table 3 shows the GIT variables for different diameter. The goal was to create a finely detailed 
mesh, especially in curved sections where the flow bends, to properly track how boundary layers 
grow and secondary flows form. Three different mesh sizes were tested for each pipe diameter to 
ensure mesh independence. Each mesh included finer elements along the pipe walls and in the 
curved section to resolve velocity gradients and wall effects accurately. Mesh quality metrics such as 
orthogonal quality and skewness were kept within acceptable limits to ensure numerical stability. 
Figure 2 shows the meshing image for bend pipe. 
 

Table 3  
Grid independence test (GIT) variables 
Diameter (m) Element size (m) Nodes 

0.015 0.0022 223,725 
 0.0021 226,320 
 0.0020 287,885 
0.030 0.0033 223,189 
 0.0032 244,900 
 0.0031 262,581 
0.050 0.0045 221,980 
 0.0044 242,424 
 0.0043 254,648 

 

  
(a) (b) 

Fig. 2. Meshing for 90-degree bend pipe (a) Meshing at 90-degree bend (b) 
Close-up meshing 

 
2.4 Post Processing 
 

After completing the simulations, ANSYS Fluent was used to review and visualize how fluid moves 
through curved pipes of various diameters (1.5 cm, 3.0 cm, and 5.0 cm) at three different inlet 
velocities (0.297 m/s, 0.397 m/s, and 0.497 m/s). Several analysis features were used to better 
understand the flow patterns. Velocity contour plots were created to show how fluid speed changes 
throughout the pipe, making it easier to spot areas of high or low velocity, as well as zones where the 
flow recirculates or separates from the pipe wall. Pressure contour plots were also generated to 
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highlight how pressure drops along the flow path, especially around the curved section where the 
most significant changes occur. 

We also looked at velocity vector plots to show both the direction and strength of the fluid flow. 
These visuals helped us spot secondary flow patterns, like Dean vortices, which often appear in 
curved pipes. Additionally, we examined turbulent kinetic energy (TKE) contours to get a sense of 
how intense the turbulence was throughout the system. These contours highlighted the areas with 
the most turbulence-especially around the bends-and helped explain how energy is lost and where 
the flow becomes unstable. 

To support quantitative analysis, we created line graphs showing how velocity and pressure 
change along the length of the pipe. Pressure drops charts made it easy to compare the total pressure 
loss for different pipe sizes and flow speeds. We also used overlay plots to directly compare results 
from each scenario, allowing us to see how changes in diameter and velocity affect the overall flow. 
These post-processing steps were key to making sense of the CFD data and drawing clear conclusions 
about how efficiently and dynamically fluid moves through curved pipes. 
 
3. Results and Discussion 
3.1 Grid Independence Test  
 

GIT was performed to ensure the convergence of the chart. Table 3 presents the number of 
iterations nodes for 0.015 m, 0.030 m, and 0.050 m pipe diameters. Figures 3 to 5 show the simulation 
results for 90-degree bend pipes with internal diameters of 0.015 m, 0.030 m, and 0.050 m, 
respectively, using the General Initialization Technique (GIT). Each figure includes three types of 
contour plots: (a) Velocity distribution, which reveals how flow speed changes throughout the bend; 
(b) Pressure distribution, highlighting the pressure gradients and losses caused by the curve; and (c) 
Turbulent kinetic energy (TKE) distribution, which pinpoints where turbulence is strongest within the 
flow. Together, these visualizations make it possible to directly compare how changing the pipe 
diameter affects key flow features, offering valuable insights into fluid dynamics in curved pipe 
systems. 
 

    
(a)        (b) 
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(c) 

Fig. 3. Result for GIT on 0.015m 90-degree bend pipe (a) Velocity chart (b) Pressure chart (c) Turbulent 
kinetic energy chart 

 

    
(a)         (b) 

 

 
(c) 

Fig. 4. Result for GIT on 0.030m 90-degree bend pipe (a) Velocity chart (b) Pressure chart (c) Turbulent 
kinetic energy chart 
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(a)        (b) 

 

 
(c) 

Fig. 5. Result for GIT on 0.050m 90-degree bend pipe (a) Velocity chart (b) Pressure chart (c) Turbulent 
kinetic energy chart 

 
3.2 Velocity 
 

Figures 6, 7, and 8 show how fluid flows through pipes of different sizes (0.015 m, 0.030 m, and 
0.050 m) at various speeds (0.297 m/s, 0.397 m/s, and 0.497 m/s). In all cases, the fluid moves fastest 
along the inside curve of the 90-degree bend due to centrifugal force, while the outside curve slows 
down and creates a swirling, turbulent area. As the flow speed increases, these fast-moving zones 
become more noticeable, especially in smaller pipes, which experience sharper changes in velocity 
and more turbulence. Larger pipes, on the other hand, have a smoother flow with less variation in 
speed through the bend. This shows that both pipe size and flow speed play important roles in how 
fluid behaves when turning. 
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  (a)          (b)            (c) 

Fig. 6. Contour velocity on 0.015m 90-degree bend pipe at different velocity (a) 0.297 
m/s (b) 0.397 m/s (c) 0.497 m/s 

 

       
(a)          (b)              (c) 

Fig. 7. Contour velocity on 0.030m 90-degree bend pipe (a) 0.297 m/s (b) 0.397 m/s (c) 
0.497 m/s 

 

          
  (a)           (b)             (c) 

Fig. 8. Contour velocity on 0.050m 90-degree bend pipe at different velocity (a) 0.297 
m/s (b) 0.397 m/s (c) 0.497 m/s 

 
3.3 Pressure 
 

Figures 9, 10, and 11 show how pressure changes in pipes of different sizes (0.015 m, 0.030 m, 
and 0.050 m) at various flow speeds (0.297 m/s, 0.397 m/s, and 0.497 m/s). Pressure is highest at the 
pipe’s entrance and drops as the fluid moves, with a sharp decrease at the 90-degree bend, especially 
near the inside curve where the fluid speeds up. Smaller pipes lose more pressure because their 
narrow size causes more friction and resistance. When the flow speed increases, the pressure drop 
becomes bigger. Larger pipes have a smoother pressure change, which helps reduce pressure loss 
during bends. This shows that pipe size is important for keeping pressure steady in a system. 
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   (a)           (b)           (c) 

Fig. 9. Contour pressure on 0.015m 90-degree bend pipe at different velocity (a) 0.297 
m/s (b) 0.397 m/s (c) 0.497 m/s 

 

         
(a)            (b)           (c) 

Fig. 10. Contour pressure on 0.030m 90-degree bend pipe at different velocity (a) 0.297 
m/s (b) 0.397 m/s (c) 0.497 m/s 

 

            
 (a)           (b)             (c) 

Fig. 11. Contour pressure on 0.050m 90-degree bend pipe at different velocity (a) 0.297 
m/s (b) 0.397 m/s (c) 0.497 m/s 

 
3.4 Turbulence Kinetic Energy 
 

Figures 12, 13, and 14 show how turbulence behaves inside pipes of different sizes (0.015 m, 
0.030 m, and 0.050 m) at different flow speeds (0.297 m/s, 0.397 m/s, and 0.497 m/s). Turbulence is 
strongest near the inside curve of the 90-degree bend. In the smallest pipe, turbulence is very focused 
in the bend because the fluid changes direction sharply. When the flow speed increases, turbulence 
gets stronger. The medium pipe shows similar turbulence but spread out more, while the largest pipe 
has less intense and more even turbulence. This means smaller pipes and higher speeds cause more 
turbulence, while bigger pipes help reduce it. 
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(a)              (b)     (c) 

Fig. 12. Contour turbulence kinetic energy on 0.015m 90-degree bend pipe at different velocity (a) 
0.297 m/s (b) 0.397 m/s (c) 0.497 m/s 

 

          
   (a)              (b)      (c) 

Fig. 13. Contour turbulence kinetic energy on 0.030 m 90-degree bend pipe at different velocity (a) 
0.297 m/s (b) 0.397 m/s (c) 0.497 m/s 

 

             
 (a)                 (b)       (c) 

Fig. 14. Contour turbulence kinetic energy on 0.050 m 90-degree bend pipe at different velocity (a) 
0.297 m/s (b) 0.397 m/s (c) 0.497 m/s 

 
4. Conclusions 
 

The CFD analysis of fluid flow through 90-degree pipe bends of different sizes (0.015 m, 0.030 m, 
and 0.050 m) at varying inlet speeds (0.297 m/s, 0.397 m/s, and 0.497 m/s) offers valuable insights 
into how velocity, pressure, and turbulence behave in these curved pipes. The simulations show that 
fluid moves fastest along the inside curve of the bend because of centrifugal forces, while the flow 
slows down along the outer curve, creating swirling recirculation zones. This effect is stronger in 
smaller pipes, where the tighter space causes sharper velocity changes. Pressure drops significantly 
at the bend, especially in smaller pipes where friction and resistance are greater, and these pressure 
losses increase with higher flow speeds. Larger pipes, however, show a smoother pressure drop, 
indicating they better handle changes in flow direction. When it comes to turbulence, the highest 
intensity is near the inner curve, particularly in smaller pipes where the fluid’s sudden change in 
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direction and acceleration cause more chaotic motion. Larger pipes distribute turbulence more 
evenly, resulting in gentler flow transitions. Overall, this study highlights how both pipe size and flow 
speed strongly influence fluid behavior in bends. Understanding these effects through CFD helps 
engineers design piping systems that maintain stable flow, reduce pressure loss, and save energy. 
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