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This research is a correction of the empirical equation in previous research. It was 
aimed at minimising the difference between the final equation and the actual flow. The 
new parameter that appears is a correction based on validation of the results of the 
physical model analysis against the initial empirical equation. The final empirical model 
is influenced by the type of material, flowing flow, bend radius, pipe diameter, number 
of bend slices (n) and friction coefficient. Model accuracy test include NSE =  
–0.632 to +0.994, MAE = +0.021 to +1.699 and RMSE = +0.031 to +1.817. The optimum 
accuracy value achieved on curvature ratio (R/D) 2 up to 4. The best performance is 
achieved at the minimum resistance coefficient value, on curvature ratio (R/D) = 3 with 
a single slice and the curvature ratio (R/D) 3.5 with 2 to 5 slices. The result of the 

correction factor value of the resistance coefficient () = 1.3784 𝑛0.2077 on curvature 

ratio (R/D) 2,  = 1.2996 𝑛−0.296 on curvature ratio (R/D) 3 and  = 1.4095 𝑛−0.357 on 
curvature ratio (R/D) 4. A lower value of the curvature ratio (R/D) and the smaller 
number of slices on bends (n), the greater vortex at the angle of changes in pipe 
direction. The vortex is a series of turbulence occurrences at the bend; turbulence 
symptoms are formed when the flow approaches the bend. 
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1. Introduction 
 

Flow resistance in pipes is a phenomenon that is often encountered in piping systems [14], 
whether in household installations, industry or city infrastructure. These caused by various physical 
aspects of a flowing fluid network [8,15,27], especially related to the pipe material, type of fluid and 
shape of the pipe bend. This is overcome by appropriate pipe, routine pipe maintenance, using filters 
to prevent blockages and optimal flow. Also, efficiency of pump and coating materials to reduce flow 
resistance.  

Related research, such as a simple equation for the coefficient of pressure drop in slice bends 
[4,7], flow behaviour in slice bends [5] and pressure drop coefficient at a 90-degree pipe bend [3] 
was carried out regarding phenomena flow, simple equation approaches and flow behaviour in 90-
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degree bends with slice model. Other studies show the visual similarity of steady and oscillatory flow 
cross sections and the type of vortex detected in the cross sections. (steady, transient and pulsatile 
flow [34]) are not identically with the classic Lyne vortex pairs (oscillatory flow) [22]. With an 
empirical approach and software simulation [11]. This is under the objectives and real conditions in 
the field. 

Developing concepts based on initial research, with hypotheses and simulations. Based on this 
research, the analysis results are very suitable [3-5] and provide an appropriate description. In 
physical model, the calibration process is carried out carefully and the results obtained reflect the 
actual situation. The calibration discharge with triangular and rectangular threshold measuring 
instruments [1,2,16], also such as in open channel bends [26]. However, the results still need to be 
developed to provide a more complete result. The basic concepts to refer to in this research are the 
coefficient of pressure drop (𝐶𝑝𝑑) as follows [3]. 

 

𝐶𝑝𝑑 = [f (
𝑛 𝐿𝑖

𝐷
) + (1 − 𝑐𝑜𝑠2 𝑐𝑜𝑠(𝑛−1)2)]          (1) 

 
Based on previous research, pressure drop in straight pipes is mainly caused by friction, while in 

bends it is caused by friction and the impact of the bend [12]. Likewise, in straight pipes using PIV, 
the results show that the interface morphology determines the direction of the secondary flow 
pattern [29]. Pressure drop through straight and curved pipes increases with velocity [20]. The 
velocity vector distribution shows secondary motion caused by fluid movement from the inner wall 
to the outer wall of the bend, which causes flow separation [13]. Prediction of the selected 
turbulence model with LDA (Laser Doppler anemometer), the Reynolds influence on the intensity of 
the secondary vortex flow is a strong function of the bend radius of curvature and a weak function of 
the Reynolds number [32]. The dissipation of vortex intensity that occurs is exponential [19]. 

Pressure drop in bends with different turning angles shows an “increase-decrease-increase” 
trend. The smaller the 90-degree bend radius, the greater the centrifugal force on the flow; the 
secondary flow phenomenon is more obvious [31]. In a CFD simulation of liquid-solid particle flow in 
bends, head loss increases with increasing flow velocity [24]. In addition, flow disturbances occur 
upstream of the bend, downstream velocity is not ideal and velocity fluctuations tend to decrease 
[33]. Previous research on the characteristics and behaviour of flow in pipe bends tends to be carried 
out on curved pipe bends [6,9,17,18,25]. Considering these conditions, it is necessary to carry out 
further studies with a physical model approach. 

 
2. Methodology  
2.1 Material and Concept 

 
The modified bend in the form of a slice is an alternative bend that is flexible in terms of curvature, 

both the radius and angle of the bend. The concept and hypothesis are developed according to 
empirical studies and should be identical to the actual flow. The concept of mathematical-physical 
thinking is formed based on models and related materials, The Darcy-Weisbach law in steady laminar 
flow through a pipe [21]. The model is the idea of the shape of the bend (radius of the bend and 
number of slices), while the material is related to the pipe used and the type of fluid flowing [3]. 

Based on the results of analysis of the previous research as in Eq. (1), which includes elements, 
friction coefficient (f) depends on the roughness of the pipe wall and the type of fluid flowing, the 
radius of bend (R), the length of the slice axis (Li), the number of slice modifications (n), the pipe 

diameter (D), the arc angle of one slice ( = (angle of bend)/n), angle of direction change ( = /2). 
Using equation (1), then several treatments for different were developed based on this equation with 
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variations in the number of slice modifications (n) and selecting of flowing fluid, such as water and 
also the type of pipe. So, by selecting several types of elements, other generation data can be 
obtained, so that simulations using empirical equations can be run and obtain the desired resistance 
coefficient and pressure drop values. 

With the same conditions as the simulation above, it is then carried out using the Ansys 
simulation, which aims to monitor pressure changes due to resistance in the modified bends used. 
Apart from that, this condition also aims to determine the flow behaviour that occurs when passing 
through the modified bend. By using various models of modification bends, with hope, the flow 
behaviour that occurs appears to be equal to the hypothesis being developed. With Ansys simulation, 
you can also know the flow changes that occur while passing through obstacles in all the bend 
models, including types of flow and the flow changes. 

Next, an evaluation of the performance of the modification bend was based on mathematical-
physical concepts or empirical equations. Performance evaluation with the flow behaviour approach 
using Ansys simulation and compared with the results of analysis based on physical models in the 
laboratory. According to the results of the physical model analysis in the laboratory, differences and 
similarities can be identified. If the trends that arise from the empirical equations or Ansys 
simulations show conformity are identical to the physical model in the laboratory, then the empirical 
equations and Ansys simulations are equal to the actual phenomenon. So, the results obtained are 
very satisfactory or acceptable, even though empirical correction is still needed so that the trends 
that emerge coincide with the results of data analysis of physical model generation in the laboratory. 

 
2.2 Geometry 

 
The installation network is connecting between one pipe and another to form a single unit, which 

functions as a means of delivering fluids from the source to the service point. To unite a network, 
accessories are needed in the form of bends. To make it easier or more flexible to prepare bend 
connections, it is necessary to use flexible bends according to the network angle and space 
conditions. Thus, modifying bend joints using slices is an alternative. 

Of course, the concept of a modified bend has a greater obstacle than curved bends but has the 
advantage of flexibility in terms of bend conditions. The geometry of bends formed in a slice bend 
modification includes several elements that influence it, including the bend angle, pipe diameter (D) 
and the number of modified slices (n). The number of modified slices in a bend will result in the length 
of the slice, which will influence the amount of friction and the magnitude of the angle of change in 

flow direction () as well as the number of changes in flow direction. Referring to the concept, a 
straight line is a collection of very many and close points, then a curved line is a collection of very 
many points and forms a tight curve. 

The modified slice bends consist of many slices arranged in a curved and tight shape. The modified 
slice bends with a greater number of slices will have less resistance, resembling the resistance in a 
curved bend. If slice modification bends are made with a very large number of wedges, it is not simple 
to assemble, so it is necessary to review the optimal number so that the geometry chosen is optimal 
in terms of the performance of the bend and its assembly. An example of the geometric model in 
question is shown in the image below [3]. 
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 = 

90−degree

n
; n  2;  = 



n
; Li = 

R Sin 

Cos 
 

 
 = 

180−degree

n
; n  3;  = 



n
; Li = 

R Sin 

Cos 
 

(a) (b) 

Fig. 1. Geometry model of slice modification bend (a) 90-degree bends with number of slices 
(n) 4 (b) 180-degree bends with number of slices (n) 8 

 
Based on Figure 1(a). Use the bend angle of 90 degrees with 4 slice modifications that can be 

arranged with a minimum of 1 slice. What this means is that this modification of the bend allows it 
to be arranged starting with a minimum number of 1 slice to infinity, as long as it is possible to do so. 
Meanwhile, Figure 1(b). shows that this bend has the requirement of at least 2 slices in it. This aims 
to meet these requirements so that the transition angle that is arranged is smaller than 90 degrees 
so that the fluid can still flow even though the resistance or pressure drop is still high. Thus, the more 
modifications of slices arranged in a bends, the smaller the resistance, but the more difficult it is to 
assemble. 

 
2.3 Prediction of Pressure Drop Coefficient 

 
In this research, physical modelling functioned as control and calibration of the model simulation 

results. Do the simulation results obtained produce trends that are followed under the results of 
laboratory physics modelling? Likewise, do the flow behaviour and performance demonstrated by 
the software simulation also depict identical changing conditions? Physical modelling in the 
laboratory is a depiction of the natural flow that occurs in the fluid flow of pipe networks. Based on 
this philosophy, all simulation results obtained can be developed according to the results of the 
physical modelling carried out. 

Because this research aims to measure the correction factor of the resistance coefficient in the 
empirical equation that has been developed, the results of the empirical equation simulation are 
analysed and developed in such a way that the trends resulting from the empirical equation 
simulation are corrected mathematically as well as graphically. The results corrections of empirical 
equation simulation are correction factors generated for the empirical equation of the flow 
resistance coefficient in the modified bend and can be in the form of a mathematical equation. 

The prediction of the resistance coefficient is an empirical equation that has been corrected by a 
correction factor. The correction factor results from the analysis of the empirical simulation from the 
equation of the results of physical modelling in the laboratory. 

The corrected resistance coefficient is an empirical equation that has been corrected, so the 
generation value results from the corrected empirical equation. To provide a value result that 
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coincides with or is identical to the values from the results of physical modelling in the laboratory. 
Furthermore, the corrected resistance coefficient values along with related elements from the results 
of this research are used as recommendations based on consideration of optimal coefficient analysis, 
which provides optimal overall benefit values. 
 
Table 1  
Parts of the empirical equation (coefficient of pressure drop) modified bends 

No. Section of 
obstacle 

Values of Parts in 
Empirical Equations 

Notes 

1. Material 
(𝑎) 

f (
𝑛 𝐿𝑖

𝐷
) 

Friction (f), number of slices (n), diameter (D), length of slice (Li); 
Friction factor is influenced by wall roughness and fluid viscosity 

2. Geometry 
(𝑏) 

(1 − 𝑐𝑜𝑠2 𝑐𝑜𝑠(𝑛−1)2) The angle of direction change (), number of slices (n), radius of 

bend (R) and each slice angle (); The obstacles are affected by 
sudden direction changes, the more slices there are, the smoother 
the change in direction and the smaller the obstacle. 

Source: Previous research elaboration [3] 

 
3. Results and Discussion  

 
Based on the results of the analysis of empirical equation and physical model tests, they are 

evaluated for each result and then can be considered. Evaluation of the data distribution trends 
formed between empirical equation simulations and physical model tests aims to determine the 
suitability of the trends formed from the data resulting from the analysis. Of course, the trend 
obtained will not be the same or close to the trend of physical model test data. However, if the trend 
formed has an identical rhythm, then this condition illustrates the compatibility between the results 
of the empirical equation and the results of physical model treatment in the laboratory. 

The treatments implemented in this research include various conditions of selected curvature 
ratios. The curvature ratios taken include bend radius (R) = 2D, 3D and 4D. Based on the analysis 
results obtained between the empirical simulation and the physical model, the trends formed for all 
curve ratio conditions show identical and uniform results. The trend obtained for all conditions is that 
the greater the number of slices (n) in a modified bend, the smaller the resulting pressure drop. 

At a curvature ratio (R/D) of 2, the occurs of pressure drop value has quite a significant difference, 
the occurs of pressure drop in physical model simulation is quite high above the numerical simulation 
results with a coefficient of determination (R2) value in the physical model of 0.9053 and the 
empirical simulation of 0.983 or a significant level above 90%. Likewise, at a curvature ratio (R/D) of 
2, the value of the pressure drop that occurs has a significant difference in magnitude; the occurs of 
pressure drop in the physical model simulation is quite high above the results of the numerical 
simulation. The trend that appears from the analysis results shows that the empirical equations used 
have a pattern that is identical to the physical model. 

For a curvature ratio (R/D) of 3, the value of the pressure drop between the physical and empirical 
models occurs in the slice modification (n) = 2 and in other slice modifications they tend to be close 
together or identical and the value of the coefficient of determination (R2) in the physical model is 
0.8928 and empirical simulation 0.9871 or a significant level above 89%. At a curvature ratio (R/D) of 
3, the occurs of pressure drop values  have insignificant differences and tend to coincide or be close 
together. The trend that is built from the analysis results as shown in Figure 2 shows an even 
similarity. This means that the empirical equations used have a pattern that is identical to the physical 
model and is quite optimal. 
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Fig. 2. Pressure drops in modified bends with 
variations in slices at a curvature ratio (R/D) of 3 

 
Meanwhile, at a curvature ratio (R/D) of 4, the value of pressure drop between the physical and 

empirical models occurs when the slice modification (n) < 2 and other slice modifications also tend 
to be close or identical but not the same, at the curvature ratio (R /D) 3 and the coefficient of 
determination (R2) in the physical model is 0.4693 and empirical simulation is 0.9908 or a lower 
significant level. The pressure drops that occur have differences that tend to be close together. The 
trend that appears from the analysis results with the curvature ratio (R/D) = 4 also shows the 
empirical equations are identical to the physical model. 

Based on the results of the physical model analysis and empirical simulation above, the pressure 
drop that occurs can then be developed as a correction factor for the pressure drop coefficient at the 
bend. Furthermore, with this condition, it is necessary to analyse the influence of the related model 
parameters using the coefficient of determination (R2). Using regression analysis aims to determine 
the most appropriate model for predicting the magnitude of the observed data parameters, namely 
the curvature ratio of turns and the parameter number of slices in turns which have a strong influence 
on model formation. 

The best performance of the parameters resulting from regression analysis and variance analysis 
was used to develop the number of modified curved slices. These considerations are given with the 
intention that the results obtained in developing this model have optimal and efficient performance. 
With this aim, correction factors need to be included in the empirical equation so that it is identical 
to the physical model conditions. Further testing relates to the accuracy of the empirically developed 
model to predict values using Nash-Surtcliffe Efficiency (NSE), mean absolute error (MAE) and root 
mean square error (RMSE) analysis. 

To obtain the correction factor for the empirical model and by following the physical model data, 
the following steps include carrying out a linear regression test to find the correction factor for the 
pressure drop coefficient between the empirical data and the physical model data for each modified 
bend model (n) and the curvature ratio. (R/D). This regression analysis was carried out for all related 
parameters. By selecting a trendline to form a graph of the pressure drop coefficient correction factor 

equation with a temporary correction factor (o), final correction factor () and pressure drop 
coefficient (𝑎+𝑏=𝐶𝑝𝑑), with the subsequent pressure drop (p). If the curvature ratio (R/D) is 2, the 

equation is formed. o = 1.4092 𝑛0.1867,  = 1.3784 𝑛0.2077, with 𝐶𝑝𝑑−𝑒 = 0.5342 𝑛−0.409 and 

𝐶𝑝𝑑−𝑝𝑚 = 0.7326 𝑛−0.208. 

The physical model results of pressure drop with curvature ratio (R/D) 2 have a significant value 
compared to other R/D because the flow changes occur more suddenly compared to other smaller 
curvature ratios. Apart from that, the exponential equation has a positive power value because the 
curve formed by empirical data is lower than the physical model data, so it forms a rank equation 
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with a positive power. Meanwhile, Figure 3 with a curvature ratio (R/D) of 3, is relatively gentler 
because the turning radius is longer. The correction coefficient and pressure drop coefficient values 
formed are relatively smaller and the exponential equation has a negative value because the pressure 
drop data in the physical model is lower than the empirical simulation data. 
 

 
Fig. 3. Correction factor and pressure drop coefficient with 
the number of slice modifications (n) at R/D 3 

 
While the curvature ratio (R/D) of 4 is also relatively gentler because the turning radius is longer. 

The values of the correction factor and pressure drop coefficient formed are relatively smaller. The 
resulting exponential equation is negative because the pressure drop data based on physical model 
data is lower than the empirical simulation data. In this condition, the equation is formed o =
1.2757 𝑛−0.322,  = 1.4095 𝑛−0.357, with 𝐶𝑝𝑑−𝑒 = 0.5406 𝑛−0.292 and 𝐶𝑝𝑑−𝑝𝑚 = 0.6901 𝑛−0.615. 

Based on the equation that has been obtained, then validate the empirical equation with physical 
model data to determine the accuracy of the results of developing the equation with physical model 
data. 

Validation of the empirical equation results is carried out by simulating the physical model data 
obtained for all equations. In this way, the empirical development results (corrected) are then 
compared with the physical model data obtained. The development of empirical equations uses 
simulated empirical equation data, which is corrected by calculating the pressure drop (p) = 𝐶𝑝𝑑 

(U2/2g), with 𝐶𝑝𝑑 =  (𝑎+𝑏) against all conditions of curvature ratio (R/D) and slice modification 

(n). Next, perform statistical tests on the results of developing empirical equations to determine the 
accuracy of the model regarding the results of developing empirical equations that have been carried 
out, such as testing the initial empirical equation data that has been carried out previously. 

Based on the results of the above process by displaying all slice modification models (n) and 
curvature ratios (R/D) according to the formation and combination of accompanying parameters, the 
overall model accuracy test results that have been obtained essentially meet the requirements for 

model suitability, including the correction factor () and pressure drop coefficient (𝐶𝑝𝑑) and pressure 

drop (p). This is achieved by filtering the physical model data against the data trends that are formed 

and reducing the existing data deviation zones. Apart from that, this development model is an 
empirical model to obtain results that are close to physical model data as validation data so that the 
desired accuracy can be achieved. 

The following is a complete description of the development of the model from empirical 
equations as shown below. The description of the pressure drop coefficient (𝐶𝑝𝑑) values for various 

variations of slice modification bends (n) and various curvature ratios (R/D), which are completely 
shown in the following table. 



CFD Letters 

Volume 17, Issue 9 (2025) 178-193 

185 
 

Table 2  
Pressure drop coefficient with variations in slice modification bends (n) and curvature ratio (R/D)  
Curvature 
ratio 

Parameter Empirical model (𝐶𝑝𝑑), results of empirical model development Notes 

n1 n2 n3 n4 n5 

R/D = 2 p 1.3784 𝑛0.2077 [𝑎+𝑏] 
[𝑈2/2g] 

0.7363 0.6404 0.5902 0.5570 0.5326  

𝐶𝑝𝑑 1.3784 𝑛0.2077 [𝑎+𝑏] 0.7363 0.6404 0.5902 0.5570 0.5326  

R/D = 3 p 1.2996 𝑛−0.2296 [𝑎+𝑏] 
[𝑈2/2g] 

0.6980 0.4467 0.2859 0.2859 0.2476  

𝐶𝑝𝑑 1.2996 𝑛−0.2296 [𝑎+𝑏] 0.6980 0.4467 0.2859 0.2859 0.2476  

R/D = 4 p 1.4095 𝑛−0.357 [𝑎+𝑏] 
[𝑈2/2g] 

0.7620 0.4859 0.3099 0.3099 0.2681  

𝐶𝑝𝑑 1.4095 𝑛−0.357 [𝑎+𝑏] 0.7620 0.4859 0.3099 0.3099 0.2681  

Source: Analysis result 

 
Based on Table 2. The value of the pressure drop coefficient (𝐶𝑝𝑑) for various variations of slice 

modification bends (n) and the curvature ratio (R/D) from the results of developing an empirical 
model regarding pressure drop (p), is completely shown in the following table.  

 

 
Fig. 4. Empirical pressure drop coefficient (𝐶𝑝𝑑) 

for varying curvature ratios (R/D 2, 3 and 4 

 
To simplify the implementation in calculating the pressure drop in each bend, the next step is to 

develop the empirical model practically and effectively by making the curvature ratio (R/D) flexible 
and determining the bend model (n) discretely, which will make it easier to implement and use this 
empirical model. in the analysis, as described in Table 3 and Figure 5 below. 
 

Table 3  

The correction factor () is based on the slice modification bend (n) and various curvature ratios R/D 
Curvature ratio (R/D)  based on slice modification bends (n) 

1 2 3 4 5 6 7 8 9 10 

2 1.3784 1.5918 1.7317 1.8383 1.9255 1.9998 2.0649 2.1230 2.1756 2.2237 
3 1.2996 1.0585 0.9388 0.8622 0.8971 0.7647 0.7306 0.7023 0.6782 0.6574 
4 1.4095 1.1005 0.9522 0.8593 0.7935 0.7435 0.7037 0.6709 0.6433 0.6195 

Source: Analysis result 
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Fig. 5. Relationship between correction factor () and 
curvature ratio (R/D) 

 
Based on Figure 5, the equation formed is: 
 

 = 0.0944 (R/D)2 - 0.5506 (R/D) + 2.1021; n = 1  = 0.6070 (R/D)2 - 4.2701 (R/D) + 8.1121; n = 6 
 

 = 0.2876 (R/D)2 - 1.9715 (R/D) + 4.3843; n = 2  = 0.6537 (R/D)2 - 4.6030 (R/D) + 8.6559; n = 7 
 

 = 0.4031 (R/D)2 - 2.8086 (R/D) + 5.7363; n = 3  = 0.6947 (R/D)2 - 4.8942 (R/D) + 9.1326; n = 8 
 

 = 0.4866 (R/D)2 - 3.4092 (R/D) + 6.7103; n = 4  = 0.7312 (R/D)2 - 5.1535 (R/D) + 9.5577; n = 9 
 

 = 0.5524 (R/D)2 - 3.8806 (R/D) + 7.4770; n = 5  = 0.7642 (R/D)2 - 5.3875 (R/D) + 9.9418; n = 10 
 
To simplify and abbreviate this empirical equation, this factored empirical equation is hereinafter 

referred to as the EMA equation. This writing designation is for simplicity and as a tribute to the 
research team involved. To determine effectiveness and optimality based on the equation in Figure 
5 above, then tabulated as described in Figure 6 below this. 
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Notes: The friction coefficient (f) is based on the Moody diagram or trial and error on the flow and type of pipe 
Source: Analysis result 

Fig. 6. The pressure drop coefficient in a modified 90-degree slice bend is based on the EMA equation 

 
Based on the table above, the value of the pressure drop coefficient (𝐶𝑝𝑑), it is necessary to know 

the friction coefficient (f) and choose the curvature ratio (R/D) and the number of slices modification 
bend (n). By selecting R/D, you select the radius of the bend as well as the diameter of the pipe to be 
used. By using a Moody diagram or trial and error, the friction coefficient (f) can be obtained 
according to the fluid flowing, the diameter and the type of pipe used. If the friction coefficient has 

been determined, the pressure drop coefficient value is corrected as (𝐶𝑝𝑑) =  (a+b). 

To find alternative parameters that provide optimal results in research modelling, sensitivity 
analysis is needed. Sensitivity analysis in determining research modelling parameters has an 
optimization function in determining risks and cost benefits in the business and industrial fields. In 
the field of management and operations, it has the function of maximizing efficiency, while in the 
field of research and model development, the function is to determine parameter limits to obtain the 
best model to provide recommendations for the performance to be achieved. 

The sensitivity analysis process in this research is to enter new parameters into the equation. The 

new parameter is the correction factor for the pressure drop coefficient () both caused by pipe wall 

friction (a) and caused by changes in flow direction (b) in physical model data with empirical data. 
The pressure drop coefficient correction factor applies to all curvature ratios and slice modification 
bend models. In this analysis using physical model data, in addition to knowing the capabilities of the 
new parameters that appear, it is also possible to add treatment to variations in flow rate for pressure 
drop (p) and add variations to the slice modification bend model (n) to form a more perfect graph. 

The service capabilities demonstrated by the slice modified of the bend model in this research 
are the flexibility of the model and the equation for the efficiency of pressure drop by the bend model 
when it is in operation. The bend performance in this study is shown by the pressure drop coefficient 
ratio value based on the comparison between the pressure drop coefficient compared to the slice-
modified bend arm. Based on the results of the pressure drop simulation and the graph of the 
relationship between pressure drop (p) and pressure height due to flow (U2/2g), pressure drop ratio 
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(p/Li), head pressure ratio due to flow velocity [(U2/2g)/D] and a graph of the relationship between 

pressure drop (p) and flow rate (Q). 

From these graphs at a curvature ratio (R/D) of 2, the modified bend model whose flow 
performance is unbalanced is modified bend (n) = 2, the results of the physical model with empirical 
data are significantly different, most likely due to back pressure that occurs due to downstream of 
the bend, the physical model data has a much different trend compared to other physical model data. 
Meanwhile, at a curvature ratio (R/D) of 3, the level of performance displayed is somewhat different 
in the bend model (n) = 5, the results of the physical model with the development of the empirical 
model have a trend that is slightly away from the physical model data. At a curvature ratio (R/D) of 
4, the performance shown by the development of the empirical model as a whole is close to the same 
as the data from the physical model and the trends formed are also in line with the data from the 
physical model. 

The basic nature or character of flow and the dynamics or behaviour of flow in a closed pipe have 
a close relationship and are interrelated. These related elements include speed, roughness, fluid 
viscosity and pipe diameter. Pipe flow Osborn Reynold [10,30], stated that flow in a pipe at a number 
Re < 2000, the flow disturbance can be resisted by the viscosity of the fluid, is called laminar flow, 
flow that has a number Re > 4000 is called turbulent flow. Meanwhile, flows with Reynolds numbers 
include those called transition flows. 

According to the law of frictional resistance, the logarithmic graph of the ratio between pressure 

drop (p) and flow velocity (U), from a linear graph is formed with the value tan  = 1 or log U = log 

p atau p = C.U, in this condition the flow fluctuation What happens is still able to be resisted by 

the viscosity of the fluid and is called laminar flow. It is said to be a transition zone if the value of tan 

 = 1.75 – 2.00, also known as an unstable (transition) zone. If tan  is greater than 2.00 or the 
Reynolds number (Re) > 4000 then the zone is a zone of irregular turbulence or turbulence occurs 
which is called turbulent flow. 

The results of the analysis of flow characteristics based on physical model data at a curvature 
ratio (R/D) = 2, Re value > 4000, show that the overall flow is turbulent. Likewise, the linear equation 

graph uses the original data distribution, the value of tan  > 2 so that the flow is also turbulent. 
Meanwhile, in the flow before entering the bend and after passing through the bend in all the slice 
modification bends (n1 – n5) the flow is transitional except after n5 there is laminar flow because the 

value of tan  < 1. This shows that the flow through the slice-modified curved pipe tends to 
experience turbulence or irregular flow, resulting in turbulence. 

Likewise, what happens at the curvature ratio (R/D) = 3, Re value > 4000, the flow is turbulent. In 

the linear equation graph of the original data distribution, the value tan  > 2 also represents 
turbulent flow. However, before and after the turn there is a transitional and turbulent flow 
throughout. Meanwhile, the flow characteristics that occur in the modified slice bend model with a 
curvature ratio (R/D) = 4 are turbulent flows because Reynolds number (Re) > 4000. Based on the 
physical model data distribution, it shows that there is a transition flow because of the ratio of log U 
and log p < 2. Meanwhile, the characteristics and flow behavior that occurs in bends based on Ansys 

simulations using a modified 90-degree slice bend model at n1 to n3 at a bend curvature ratio (R/D) 
of 2 and a flow rate of 0.50 l/s are described as explained below. 

Based on the visual simulation of flow in a modified slice bend model (n) 1 with a curvature ratio 
(R/D) 2 as in Figure 7, the flow that occurs when passing through a bend occurs turbulence and 
vortexes appear on the sides of the corners in the bend and appear as shown in section 2 to section 
5. 
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Fig. 7. Flow behaviour in slice modification bends (n) 1 
with curvature ratio (R/D) 2 

 
Meanwhile, transition flow occurs before entering the curve as depicted in section 1 and some 

distance after passing through the bends as depicted in section 6. 
Likewise, in modified slice bends with the number of slices (n) 2 with a curvature ratio (R/D) 2 as 

in Figure 8, the flow that occurs when passing through a bend occurs turbulence and vortices appear 
to occur on all sides of the corner in the bend, but the vortex starts to get smaller because the number 
of cuts increases or the angle of change of direction decreases and appears as shown in cut 2 to cut 
5. Meanwhile, the transition flow occurs before entering the bend as depicted in section 1 and some 
distance after passing the curve as depicted in section 6. 
 

 
Fig. 8. Flow behaviour in slice modification bends (n) 2 
with curvature ratio (R/D) 2 

 
Meanwhile, also in modified curves, the slices have many slices (n) of 3 with a curvature ratio 

(R/D) of 2 as in Figure 9, the flow that occurs when passing through a bend still has turbulence and 
appears the vortex on all sides of the corners in the bend but the vortex has weakened because the 
number of slices is increasing or the angle of change of direction is smaller than the previous bend 
and appears as shown in section 2 to piece 5. Meanwhile, the transition flow occurs before entering 
the bend as depicted in Section 1 and some distance after passing the curve as depicted in Section 6. 
 



CFD Letters 

Volume 17, Issue 9 (2025) 178-193 

190 
 

 
Fig. 9. Flow behaviour in slice modification bends 
(n) 3 with curvature ratio (R/D) 2 

 
By following the hypothesis of this research, the modified 90-degree angle bend with slices means 

that the more the number of slices that form it, the smoother the shape of the bend will be, 
resembling a curved bend and the resulting pressure drop coefficient will be smaller. This has been 
proven by the performance and characteristics described above. Below, an EMA equation model is 
simulated to prove the hypothesis about slice modification bends with an unlimited number of slices 
(n) which are identical to curved bends. This is proven by the empirical models of Triatmodjo [28] 
and Nakayama [23] with curvature ratios (R/D) 2 and 4 which are implemented at a bend angle of 
90-degree as in Table 4 below. 
 

Table 4 
Simulation of the EMA empirical model with other empirical models  
slice 
bends 
(n) 

90-degree bend with R/D = 2 slice 
bends 
(n) 

90-degree bend with R/D = 4 Notes 

𝐶𝑝𝑑 

EMA = 

Triatmodjo 
[28] 

Nakayama 
[23] 

𝐶𝑝𝑑 

EMA = 

Triatmodjo 
[28] 

Nakayama 
[23] 

0.7326 
𝑛−0.208 

0.6901 
𝑛−0.615 

1 0.7326   1 0.6901    

5 0.5242   5 0.2565   Triatmodjo [28] 
curved bend 90-
degree 

10 0.4538   10 0.1675 0.1700  

30 0.3611   30 0.0852  0.0850 

50 0.3247   50 0.0622   

100 0.2811   100 0.0406   

200 0.2434   200 0.0265    

300 0.2237   300 0.0207   Nakayama [23] 
curved bend 90-
degree  

400 0.2107   400 0.0173   
600 0.1936 0.1900  600 0.0135   
800 0.1824   800 0.0113   
1000 0.1741   1000 0.0099   
2000 0.1507   2000 0.0064   

3000 0.1386  0.1350 3000 0.0050    

Source: Analysis result 

 
Based on Table 4, it can be concluded that the empirical equation obtained by simulating an 

infinite number of slice models (n), the pressure drop coefficient value obtained is identical to the 
curved bends of previous researchers. Although this situation is impossible to implement because of 
the level of difficulty if the number of n is infinite, it is recommended with a value of n between 1 
and 5 considering efficiency in the field. According to Table 4 above, the pressure drop coefficient 
value of the EMA equation is close to the pressure drop coefficient value in curved bends like the 



CFD Letters 

Volume 17, Issue 9 (2025) 178-193 

191 
 

Triatmodjo [28] and Nakayama [23] empirical models. This shows that the resulting equation is very 
significant following the hypothesis and research objectives and complements previous research. 

The final equation for pressure drop (p) of 90-degree bend with slice modification, p = 𝐶𝑝𝑑 

(U2/2g) and the pressure drop coefficient equation (𝐶𝑝𝑑) = (𝑎  + 𝑏), with values 𝑎 = f [(n. Li)/D] 

and 𝑏  = (1 − 𝑐𝑜𝑠2  𝑐𝑜𝑠(𝑛−1)2), as well as  = 1.3784 𝑛0.2077 at R/D = 2,  = 1.2996 𝑛−0.296 at 

R/D = 3 and  = 1.4095 𝑛−0.357 at R/D = 4. The results of the model accuracy test from this equation 
are NSE = –0.632 to +0.994, MAE = +0.021 to +1.699 and RMSE = +0.031 to +1.817. 

 
4. Conclusion 

 
Flow behaviour in modified bend with variations of curvature ratio (R/D) and slice modification 

model (n) obtained by Reynolds number values (Re) = 26.13 – 67.44 x 106 (R/D=2), Re = 29.33 – 64.87 
x 106 (R/D=3) and Re = 31.01 – 62.36 x 106 (R/D=4) so the occurs of flow varies from laminar to 
turbulent. Based on the Ansys simulation at the R/D = 2 and with n of 1, 2 and 3 forming a vortex on 
the inner side of the impeller, the occurs of vortex due to a sudden change in direction, this shows 
that with the n of 1, the angle of change in direction sharper and the vortex more extreme, whereas 
the greater of n, the angle of change in direction smaller, the vortex smaller and even disappears. 

The correction factor () for the obstacle coefficient obtained from the previous research equation 

is  = 1.3784 𝑛0.2077 for R/D of 2,  = 1.2996 𝑛−0.296 for R/D of 3, dan  = 1.4095 𝑛−0.357 for R/D of 
4. NSE model accuracy test results = –0.632 up to +0.994, MAE = +0.021 up to +1.699 and RMSE = 
+0.031 up to +1.817. The influence that occurs due to flow behaviour with variations in R/D and n on 
the pressure drop is the smaller, the smaller R/D and the smaller n so, the flow changes become more 
sudden and form a vortex at the inner corner of the bend. The vortex that appears is a series of flow 
turbulence occurring at n and based on Ansys simulations, turbulence symptoms form when the flow 
approaches the bend. Turbulence flow is the cause of the large pressure drop. 

Following Eq. (1) and Table 1, to determine the magnitude of the friction factor (f), it is influenced 
by the viscosity of the fluid, the value of which depends on the type and temperature of the fluid as 
well as the roughness of the channel walls, according to Moody's principle. The flow velocity (U) in 
the pipe due to the water level (H) in the reservoir or other is U2=2gH, with pressure drop (p) = 𝐶𝑝𝑑 

[U2/2g] (see Table 2). Fluid flowing in a bend that originates from a straight pipe will be forced 
according to the bend it is passing through. As a result, the occurs of the straight pressure, the outer 
pipe bend side experiences scouring due to maximum pressure. Meanwhile, on the inside of the 
bend, vortices and turbulence will occur due to the flow velocity being blocked or colliding with the 
flow on the outside of the bend. This turbulence phenomenon then triggers deposition on the inside 
of the bend. In curved pipe bends, this condition occurs more smoothly, whereas in slice bends the 
modification occurs sporadically. This happens more sporadically when the bends use a smaller 
number of slices (n). 
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