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Abstract 

Internal flows in pipes are studied in greater depth and comprehensiveness in research. 

The computation done by using RANS equation. In particular, this study uses two equations 

turbulence model which is k-ε turbulence model. Mesh with 2×106 element is used because it 

is a mesh with lowest error. The research focuses on the effect of the curvature ratio (Rc) at the 

bend on changes in fluid flow characteristics. The Rc variations chosen in this study were 0.01, 

0.02, and 0.03. The pipe diameter is 0.01 m, resulting in Rc/D=1, Rc/D=2, and Rc/D=3. At 

Rc/D=1, the maximum fluid flow velocity is in an area closer to the inner core than the outer 

core. The fluid velocity distribution is also more even if Rc/D=1 is enlarged. The fluid flow 

separation appears in the pipe with Rc/D=1, but the fluid flow separation in Rc/D=2 and 

Rc/D=3 is not visible. The separation is at α=75.96º, while the reattachment location is at 

x/D=0.014. 
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Introduction 

Fluid is a substance that can easily be 

continuously deformed when shear stress is 

applied [1,2]. From the point of view of its 

location, fluid flow is divided into two types, 

i.e., internal and external flow [2,3]. 

External flow is a fluid flow that flows 

without being restricted by a solid surface 

[4]. External fluid flows can be found in 

fluid flows around vehicles and flow around 

wind turbines [1,5]. Meanwhile, internal 

flow is defined as a flow limited by the 

presence of a wall or a solid object [6,7]. The 

internal fluid flow is also close to human life 

[8,9]. Internal flow is generally found in 

internal combustion engines and flows in 

pipes. The shape of the pipe greatly 

influences the flow of the pipe. A straight 

pipe's flow differs from the fluid flow of a 

bend pipe. A pipe bend of 90º is an essential 

part of a piping system. A pipe bend of 90º 

can provide flexibility in fluid distribution. 

Various aspects characterize flow in a bend 

pipe: separation, secondary flow, and 

unsteadiness. All of these aspects are 

generally influenced by the Reynolds 

number and the bends' curvature radius. 

The study of flow in pipes has been 

carried out in the last few decades. Analysis 

has been carried out using various methods 

such as experimental, theoretical, and 

numerical. Weske (1948) carried out an 

experimental study to investigate the 

velocity distribution at the outlet of a pipe 

bend. The study was carried out with various 

cross-sectional shapes of pipes, such as 

circles, ellipses, squares, and rectangles. The 

analysis was carried out on the Reynolds 

number with a range of 0.2 to 0.6 × 106 [10]. 

Sudo et al. (1998) conducted experiments on 

a turbulent flow 90º pipe with Rc/D=2. The 

study used a hot wire to measure streamwise 

and circumferential velocity. The Reynolds 

number used is 60,000 [11]. Dutta et al. 

studied a 90º pipe bend using a variety of 

high Reynolds numbers. The method used is 

computational by using the k-epsilon 

turbulence model equation. The result is that 

increasing the Reynolds number can create a 

velocity profile on the inner core pipe to 
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recover fully developed flow by slowing 

down the speed and accelerating the fluid 

flow velocity around the outer core. The 

Reynolds number value also affects fluid 

flow separation in the pipe. As the Reynolds 

number increases, the fluid flow separation 

will move upstream. Meanwhile, increasing 

the Reynolds number makes the 

reattachment move closer downstream. 

Areas of low velocity are found near the 

inner core of the bend. This low-speed area 

is the forerunner of flow separation [12]. 

Kim (2014) characterizes the secondary 

flow of a 90º elbow in a turbulent pipe flow. 

The study was carried out experimentally 

and computationally. This study concludes 

that there is a similarity between the fluid 

flow velocity profiles in the Reynolds 

number range of 50,000 to 200,000. The 

swirly intensity at the mean tangential 

velocity decreases exponentially along the 

flow after the elbow. In addition, it can be 

seen that the weekly characteristics depend 

on the Reynolds number [13]. 

Overall, if accumulated, many of the 

studies mentioned above have conducted 

various studies of a 90º pipe bend. 

Variations common in the various studies 

above are variations in the Reynolds 

number. As previously mentioned, the 

Reynolds number greatly influences the 

characterization of the fluid flow in the 

bend. However, one other effect that has not 

been studied is related to the radius 

curvature. Therefore, this study aims to 

observe and study the effect of the curvature 

radius on the fluid flow characteristics in a 

90º pipe bend. Various fluid flow 

characteristics studied are velocity profile, 

streamlined fluid flow, separation point, and 

reattachment. Thus, this research will obtain 

additional data related to the 90º pipe bend. 

 

Methods 

1. Problem definition 

This study was done by modeling 

fluid flow in a bend pipe with a curvature 

angle of 90º. The pipe diameter uses a 

constant value of 0.01m. However, this 

study varied the curvature ratio (Rc) with 

sizes of 0.01 m, 0.02 m, and 0.03 m. Thus, 

this study varies the three Rc/D, namely 1, 

2, and 3. The fluid used in the pipe is water 

to be analyzed in this study. The Reynolds 

number is kept constant at 6×104. The 

overall dimensions of the simulation model 

can be seen in Figure 1 [14]. 

 

 
Figure. 1 Geometry 

 

2. Problem definition 

The type of mesh in this study is a 

three-dimensional structured mesh with 

hexahedral elements. The advantage of this 

type of mesh is that it can simplify 

computation and has a low cost per iteration. 

This study prepared three types of mesh, 

each differentiated based on the number of 

elements. The number of meshes prepared is 

2×106, 106, and 5×105. To determine the 

mesh used for further research is the analysis 

of the mesh independence test. The mesh 

that used in this study is depicted in Figure 

2. 

 
(a) Pipe length 
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(b) Detail of bend 

Figure 2. Three-dimensional structured mesh 

 

3. Governing equation 

The Reynolds Averaged Navier-

Stokes (RANS) equation is used to solve 

cases of fluid flow in bend pipes. This study 

uses the second order to analyze the steady 

flow. Pressure velocity coupling is set with 

the Coupled algorithm [15]. All fluid 

properties in this study use constant 

properties [16]. The RANS equation in this 

study models fluid flow as an 

incompressible flow [1]. In general, the 

RANS equation for incompressible flow 

consists of two equations: the equation for 

the conservation of mass and the equation 

for the conservation of momentum. The 

equation for the conservation of mass can be 

seen in equation 1. The equation for the 

conservation of momentum can be seen in 

equation 2. 
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4. Turbulence model 

Because the flow in the pipe is 

analyzed at the Reynolds number 6 × 104, it 

can be ascertained that the fluid flow in the 

pipe is turbulent. Therefore, this study uses 

a turbulence model to accompany the RANS 

equation. There are many turbulence models 

available in the RANS equation. The 

selection of the turbulence model requires 

various considerations, such as the 

capabilities and also limitations of the 

turbulence model. In particular, this study 

uses the standard k-ε turbulence model. The 

k-ε turbulence model performs well when 

modeling flow in either one or two phases. 

The mathematical equation of this 

turbulence model can be seen in equations 3 

and 4. 
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Results and Discussion 

1. Mesh independence test 

To ensure the computation results is 

verified, this study use mesh independece 

test. The method that used is Richardson 

Extrapolation. This study provides theree 

mesh variations for verified. Every mesh is 

distinguished by the elements number i.e., 

5×105, 1×106 and 2×106. Each stage of the 

mesh independence test was carried out as in 

the study of Julian et at [17]. The properties 

used in the mesh independence test are the 

velocity variables at positions x=0.02, y=0, 

and z=0 (the center point of the outlet bend). 

All variables are then given in table 1. The 

mesh variations are in the convergence 

index range where the results of the mesh 

independence test show that 
𝐺𝐶𝐼𝑐𝑜𝑎𝑟𝑠𝑒

𝐺𝐶𝐼𝑓𝑖𝑛𝑒(𝑟
𝑝)
≈

1[18]. The mesh independence test results 

show that the mesh closest to the parameter 

results is a fine mesh with a velocity value 

of 7.423, where the parameter value is 

7.425. In other words, the mesh with the 

lowest error is fine. Therefore, other 

computational processes will use a fine 

mesh. The results of the mesh independence 

test are depicted in Figure 3. 
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Tabel 1. Mesh independece test 

Mesh 

categories 

Number 

of 

elements 

Velocity  
Diskrit 

code 

Fine 2 × 106 7.423 f1 

Medium 1 × 106 7.418 f2  

Coarse 5 × 105 7.395 f3 

 

 
Figure 3. Mesh independece test results 

 

2. Validation 

The data obtained from this study 

were then validated by comparing it with 

research with the results obtained from other 

studies. The comparative data used were 

obtained through a study by Dutta et al. The 

results of the validation of the data can be 

seen more specifically in Figure 4. The data 

was taken at the outlet location of the pipe 

bend with Rc/D=2, as shown in Figure 3 (b). 

Based on the validation results, it can be 

seen that the data in this study showed 

identical results to data from Dutta et al., 

especially at r/R=-0.15 to 0.5. At r/R=-0.5 to 

-0.15, the data shows a slight difference, but 

the trend shown is still the same. The 

negative sign indicates the location is closer 

to the inner core. Thus, the data from this 

study are quite valid. 

 

3. Research results 

With the same tapping location as in 

the validation, an analysis of changes in Rc 

was carried out on the velocity profile of the 

bend outlet. The center of the pipe cross-

section is located at r/R=0. It can be seen that 

when r/R= 0.2 to 0.5, the pipe with Rc/D=3 

shows the highest speed when compared to  

 
(a) Velocity profile 

 
(b) Tapping location 

Figure 4. Validation 

 

other variations of Rc/D. However, when the 

r/R is in the range of -0.1 to 0.2, the pipe 

with Rc/D=1 has the highest speed. It is 

caused by the curvature of the pipe, which 

results in high-speed fluid flow closer to the 

inner core when it is right in the middle of 

the bend. Conversely, when Rc/D is 

enlarged, the high-speed fluid flow is closer 

to the outer core so that the maximum fluid 

velocity is in a location that is quite close to 

the outer core. Meanwhile, when r/R=-0.5 to 

-0.2, a pipe with Rc/D=3 produces a high 

velocity. It is due to the pipe's ability to 

avoid fluid flow separation. However, an 

anomaly occurs where the velocity at that 

location is at Rc/D=1 greater than that of the 

pipe with Rc/D=2. In contrast, the greater 

the Rc value, the smoother the curvature of 

a pipe to avoid fluid flow separation [19]. It 

cannot be explained in Figure 5. Therefore, 
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it is necessary to analyze the velocity 

distribution in the outlet bend section. 

 
Figure 5. Velocity profile with Rc/D variations 

 

The fluid flow velocity contour can 

show the velocity distribution along the pipe 

cross-section at the outlet bend. The fluid 

flow velocity contour can be seen in Figure 

6. An apparent increase in the Rc/D value 

can make the distribution of fluid velocity 

more even. Separation of fluid flow at the 

outlet bend is seen when Rc/D=1. 

Meanwhile, when Rc/D=2 and Rc/D=3, the 

fluid flow separation is not visible. 

However, in pipes with Rc/D=2, there is a 

fairly low-velocity fluid flow. This fluid 

flow is at the tapping location of the velocity 

profile and is very thin when viewed from 

the outlet bend cross-section, which causes 

the velocity profile Rc/D=1 to be greater 

than Rc/D=1. 

Figure 6 shows a longitudinal cross-

section of each pipe in the bend section. It 

can be seen more clearly that there is a 

separation of fluid flow at the location of the 

inner core at Rc/D=1. At first glance, the 

shape of the fluid flow separation is shown 

in study 6 [20]. Pipes with sizes Rc/D=2 and 

Rc/D=3 do not show any fluid flow 

separation. It is just that there is an area with 

low-speed fluid flow. This low-velocity 

fluid area is the forerunner of the formation 

of secondary flow in the pipe. The area of 

this low-speed area will get smaller as Rc/D 

increases. In Figure 7, it can also be seen that 

there is an increase in speed in the inner core 

when Rc/D is reduced. 

 
(a) Rc/D=1 

 
(b) Rc/D=2 

 
(c) Rc/D=3 

Figure 6. Velocity contour on outlet bend 

 

In particular, this paragraph 

discusses the separation of fluid flows. The 

separation of fluid flow is initialized by a 

point which called separation point. Further, 

a point which the separation of fluid flow 

end is called reattachment point [19]. The 

location of separation point in this study is  
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(a) Rc/D=1 

 
(b) Rc/D=2 

 
(c) Rc/D=3 

Figure 7. Velocity contour on pipe bend 

 

in α=75.96º. The location of the separation 

point is expressed in terms of the ratio 

between the outlet bend distance and the 

pipe diameter. The reattachment point 

measured in this study was at x/D=0.014. 

The method of searching and measuring the 

separation and reattachment points is carried 

out according to [20]. Overall, the speed 

profile at the separation point (SP), middle 

point (MP), and reattachment point (RP) can 

be seen in Figure 8. 

 
Figure 8. Velocity profile on separation 

point, separation, reattachment 

 

2. Kesimpulan 

This study discusses more deeply the 

flow in a 90º bend pipe. Furthermore, this 

research studies the effect of changes in Rc 

on the characteristics of the fluid flow 

through the bend. When Rc/D=1, the 

maximum velocity of the fluid is precisely 

r/R=-0.1 to r/R=0.2. It is caused by the 

extreme curvature of the pipe so that the 

high-velocity fluid is closer to the inner core. 

The high-speed fluid flow is closer to the 

outer core when the Rc/D value is enlarged 

to 2 and 3. The greater the Rc/D value, the 

more even the velocity distribution at the 

outlet bend will be. The fluid flow 

separation can be seen at the bend pipe outlet 

with Rc/D=1. Meanwhile, at Rc/D=2 or 

Rc/D=3, there is no fluid flow separation. 

The location of the fluid flow separation is 

at α=75.96º, while the location of the  
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