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This study investigates fluid flow in U-bend pipes with rough walls, an essential 
aspect of fluid engineering to improve system efficiency in applications such 
as heat exchangers and industrial piping. It compares numerical calculation 
results with Computational Fluid Dynamics (CFD) simulations performed in 
Ansys Fluent for three types of fluids: water, nano-Al₂O₃ (Water/Al₂O₃), and 
nano-ZnO (Water/ZnO), at mass flow rates of 0.74 kg/s, 0.75 kg/s, and 0.76 
kg/s. These findings are validated against a reference value of 0.735 kg/s from 
Ansys. The results indicate an increase in total pressure with rising mass flow 
rates: water achieved the highest total pressure, ranging from 2132.72 Pa (at 
0.74 kg/s) to 2252.316 Pa (at 0.76 kg/s), followed by Water/Al₂O₃, with 
pressures from 2100.92 Pa to 2220.59 Pa, and Water/ZnO, which had the 
lowest pressures ranging from 2091.69 Pa to 2208.73 Pa. ANOVA analysis 
reveals a significant impact of both fluid type and mass flow rate on total 
pressure, along with a significant interaction between the two factors. This 
underscores the importance of selecting appropriate combinations of fluid 
type and flow rate for optimal efficiency and reliability in industrial system 
design. 
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1. Introduction 
 

Analyzing fluid flow through pipes with U-bend sections and rough walls is a crucial aspect of fluid 
engineering, especially regarding total pressure calculations. U-bends in pipes with rough surfaces 
often lead to significant pressure changes due to the formation of turbulence, flow separation, and 
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interactions between the fluid and surface roughness; this statement was taken from previous 
research [1]. This is essential for system efficiency and flow performance in heat exchangers and 
industrial piping systems taken in the last study [2-4]. 

This study comprehensively compares total pressure results from numerical calculations with 
those from Computational Fluid Dynamics (CFD) simulations using Ansys Fluent software. CFD allows 
for detailed insights into total pressure distribution in rough-walled U-bend pipes under complex flow 
conditions. Three types of fluids are used in this study: Water-liquid, nano-Al2O3 (Water/ Al₂O₃), and 
nano-ZnO (Water/ZnO). The inlet mass flow rates tested are simulated with the three fluids. The 
simulation results are validated against a reference mass flow rate value from Ansys to ensure the 
accuracy and precision of the CFD results [5,6]. The simulation results will be validated against a 
reference mass flow rate value from Ansys of 0.735 kg/s to ensure the accuracy and precision of the 
CFD results. These methods were inspired by previous study [3,7–9].  

Numerical calculations and CFD simulations, such as those performed in Ansys Fluent, are vital in 
addressing these challenges. They allow in-depth analysis of total pressure distribution and fluid 
behavior under varied conditions without costly and time-intensive physical testing taken in the 
previous study [6]. Specifically, the integration of CFD in evaluating flow performance within U-bend 
pipes provides engineers with predictive insights into total pressure losses, enabling the optimization 
of design parameters to achieve efficient flow, reduce energy consumption, and ensure system 
reliability. Numerical methods, facilitated by tools like MATLAB, complement CFD by providing a 
quantitative foundation to validate and benchmark simulation results; a previous study inspires these 
methods [1,7,10,11]. 

To validate the simulation results from Ansys Fluent, comparisons are made with numerical 
calculations facilitated by MATLAB, like methods used in recent research on frictional loss and flow 
dynamics in pipe bends. The study is taken from the previous study [1,12–15]. Previous studies have 
demonstrated that validated CFD simulations offer reliable predictions of pressure distribution. 
However, geometric complexities and model assumptions can lead to discrepancies between the 
simulation and the previous study's empirical data [16]. Thus, this research aims to assess the 
accuracy and consistency of CFD simulations in predicting total pressure in U-bend pipes with rough 
walls, identifying any factors contributing to discrepancies for improved real-world model 
applications taken from the previous study [17–19]. Despite numerous studies on fluid flow and 
pressure distribution in pipe bends, there is still a significant gap in understanding the combined 
effects of surface roughness and U-bend geometry on total pressure calculations. This study 
addresses this gap by providing a detailed comparison between numerical calculations and CFD 
simulations, offering insights into the complexities of flow behavior in such configurations. The 
findings of this study, which highlight the importance of selecting appropriate fluid and flow rate 
combinations for optimal efficiency and reliability in industrial applications, have significant practical 
implications for fluid engineering. 
 
2. Set the Stage for Current Research 
 

The study of fluid flow within U-bend pipes with rough walls is critical in fluid engineering due to 
the significant impact of surface roughness on turbulence, flow separation, and pressure loss; this 
case is taken from the previous study and modified [4,20,21]. This configuration often leads to 
complex flow phenomena that influence overall system efficiency, making it essential to accurately 
assess total pressure distribution in such settings. Applications such as heat exchangers and industrial 
piping systems are particularly affected, as pressure variations can substantially impact system 
performance in the previous study [22]. 
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Computational fluid dynamics (CFD) techniques have become invaluable for detailed analysis of 
the impact of pipe geometry and surface properties on flow characteristics. This study leverages 
these advanced tools to provide a comprehensive understanding of fluid flow within U-bend pipes 
with rough walls [1]. Advanced turbulence models, such as Reynolds-Averaged Navier-Stokes (RANS) 
and Large Eddy Simulation (LES), have been widely used to improve the accuracy of predictions for 
turbulent flow and pressure behavior in U-bend pipes taken in the previous study [21,23]. Previous 
studies show that validated CFD simulations yield reliable predictions of total pressure distributions, 
although specific challenges arise due to geometric complexities and the assumptions inherent in 
modeling techniques. This study is taken from a previous study [8]. This research aims to evaluate 
the reliability of CFD simulation methods in predicting total pressure in U-bend pipes with rough walls 
and to enhance models for more accurate real-world applications inspired by the previous study 
[1,24]. 
 
3. Methodology  
3.1 Flowchart and Specific Geometry 
 

Figure 1 (a) illustrates the research methodology flowchart, detailing each step from model 
development to simulation and validation. Figure 1 (b) shows the U-bend geometry used in the study, 
specifying the dimensions and characteristics essential for analyzing fluid flow behavior [16]. 

 

 
(a) 
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(b) 

Fig. 1. (a) The flowchart method (b) Specific geometry 
 
3.1.1 Flowchart explanation  
 

This flowchart illustrates a systematic research process for analyzing pipe fluid flow using 
numerical methods and CFD simulations. The study begins by identifying research objectives and 
developing mathematical models to explain the physical phenomena under investigation. In the 
Define Fluid and Pipe Parameters stage, fluid properties and pipe parameters are specified, including 
the type of fluid (water, nano-Al₂O₃, and nano-ZnO), variations in mass flow rate (0.74 kg/s, 0.75 kg/s, 
and 0.76 kg/s), and pipe details (diameter 0.025 m, length 0.5 m, and roughness 0.00005 m). At this 
stage, an Address Limitations step is added to acknowledge potential limitations in the study, such 
as the impact of surface roughness variations and assumptions in the CFD model. This transparency 
strengthens the research quality by clarifying the analysis's limitations. 

After defining these parameters, a numerical method is applied using MATLAB to solve the initial 
mathematical model, and results are stored for comparison. Further CFD simulations are conducted 
in ANSYS using turbulence models such as RANS and LES for enhanced accuracy. At the same time, 
mesh quality is ensured with a minimum orthogonal quality of 0.627713 and a maximum aspect ratio 
of 71.8093. Steady-state and incompressible flow assumptions are also applied in this simulation. The 
simulation data is then collected, validated against reference data, and compared with the numerical 
results to assess discrepancies. The study concludes with an analysis of the effect of inlet mass flow 
rate on outcomes, followed by conclusions that summarize the critical findings of the research. 
 
3.2 Address Limitation 
 

The author needs to acknowledge the limitations of this study. With this transparency, the overall 
quality of the research can be strengthened. Here are some limitations that need to be 
acknowledged: 

 
i. Surface Roughness Variability: This study assumes uniform surface roughness on the 

U-bend pipe. However, variations in surface roughness in real-world applications can 
affect flow dynamics and pressure distribution, which may lead to simulation results 
differing from actual conditions. 

ii. Assumptions in the CFD Model: The CFD model is based on several assumptions to 
simplify the complexity of fluid flow, including ideal boundary conditions, steady flow, 
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and the neglect of some minor forces. These assumptions may not capture all aspects 
of real-world fluid behavior and can introduce errors or oversimplifications. 

iii. Mesh Quality and Grid Independence: The accuracy of simulation results heavily 
depends on mesh quality and grid independence. The results may need to be 
improved to achieve a fine mesh or ensure grid independence. 

iv. Nanoparticle Distribution: This study assumes a uniform distribution of nanoparticles 
in the fluid, whereas, in reality, nanoparticles may cluster or become unevenly 
distributed due to various factors, potentially affecting the fluid's viscosity, thermal 
conductivity, and pressure distribution. 

v. Validation Against Experimental Data: Validation of simulation results against 
numerical calculations rather than direct experimental data may overlook 
discrepancies that could arise in physical experiments due to unexpected factors or 
real-world complexities. 

 
Acknowledging these limitations provides a deeper understanding of the study's findings and 

suggests areas for further research to address these potential gaps. This transparency not only 
strengthens the credibility of the research but also aids future studies in building upon and improving 
the existing work.  
 
3.3 Table Properties of Fluid 
 

Table 1 presents data on the physical properties of various fluids, including water and air mixtures 
with Al2O3 and ZnO nanoparticles taken from the book at [25]. 
 

Table 1 
Properties of Fluid  
Fluid Density(𝜌) 

 
Specific Heat (Cp) 
J/kg k 

Thermal Conductivity W/m k Viscosity (𝜇) 𝑁𝑠/
𝑚ଶ 

Water-Liquid 998.2 4182 0.6 0.001003 
Water/Al₂O₃ 1006 4145.3 0.613 0.001002 
Water/ZnO 1010 4120 0.619 0.00103 

 
3.4 The Physics Formula 
 

The following is the formula for numerical calculations taken from the book at [25]. 
 

Find 𝐴:  𝐴 =  𝜋 × ቀ
ଶ

ቁ
ଶ
            (1) 

 
Find 𝑣 ∶  𝑣 = 

ఘ×
̇                (2) 

 
Find 𝑅𝑒 Number:  𝑅𝑒 = (ఘ×௩×)

ఓ
           (3) 

 
Find 𝑓:   ଵ

ඥ
= −2 logଵ(∈


/3.7 ଶ.ହଵ

ோඥ
           (4) 

 
The numerical solution of the Colebrook equation is often obtained using iterative or numerical 

methods. The specific MATLAB function used here is vpasolve, which finds numerical solutions to 
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equations; this solution formula is taken from a previous study [10,25–27]. In a more concise 
numerical form, the implementation using MATLAB can be represented as follows: 

Define the Colebrook Function: 
 
𝐶𝑜𝑙𝑒𝑏𝑟𝑜𝑜𝑘(𝑓) = ଵ

ඥ
+ 2 logଵ(∈/

ଷ.
ଶ.ହଵ

ோඥ
) = 0         (5) 

 
Solve for 𝑓: 
 

(𝑓) = 𝑣𝑝𝑎𝑠𝑜𝑙𝑣𝑒 (𝑐𝑜𝑙𝑒𝑏𝑟𝑜𝑜𝑘 (𝑓), 𝑓, [0, 1]          (6) 
 

Final Numerical Formulation: 
 

(𝑓) = 𝑑𝑜𝑢𝑏𝑙𝑒 (𝑣𝑝𝑎𝑠𝑜𝑙𝑣𝑒 ( ଵ
ඥ

+ 2 logଵ(∈/
ଷ.

ଶ.ହଵ
ோඥ

) = 0, 𝑓, [0, 1]        (7) 

 
In the context of MATLAB, double(vpasolve(...)) is used to find a numerical solution to an equation 

and then convert that solution into a double data type (a floating-point number); this solution 
formula is taken from a previous study [10]. 

Find ∆𝑃: 
 

∆𝑃 = 𝑓 × ቀ


ቁ × (𝜌 × ௩మ

ଶ
)            (8) 

  
4. Results  
4.1 Calculation by Matlab  
 

The numerical calculations in this study will be assisted by MATLAB, a powerful computational 
tool for efficiently performing complex mathematical analyses. MATLAB will facilitate the resolution 
of equations, including the Colebrook equation, allowing for accurate and reliable numerical 
solutions [26,27]. This software's capabilities will enhance fluid dynamics analysis, enabling the 
assessment of parameters such as friction factors and flow rates in various fluid scenarios. By 
leveraging MATLAB, we aim to ensure precision in our calculations and streamline the overall 
research process.  

The first fluid, water-liquid, shows in Figure 2 an increase in total pressure with the rise in inlet 
mass flow rate. At a mass flow rate inlet of 0.74 kg/s, the total pressure reaches 1130.59 Pa, while an 
increase to 0.75 kg/s results in a total pressure of 1161.04 Pa. Additionally, there is a data point at 
the same mass flow rate of 0.76 kg/s, yielding a higher total pressure of 1191.9 Pa. This increase 
aligns with the theory that higher mass flow rates raise pressure due to added kinetic energy and 
fluid-wall friction along the pipe; the theory is taken from the previous study [13].  

The second fluid, the Water/Al₂O₃ mixture, also shows a Figure 3 increase in total pressure as the 
inlet mass flow rate rises. At 0.74 kg/s, the total pressure is 1121.8 Pa, increasing to 1152.014 Pa at 
0.75 kg/s and reaching 1182.63 Pa at a mass flow rate of 0.76 kg/s. Although the pressure increase 
trend with mass flow rate is similar to water-liquid, the Water/Al₂O₃ fluid generally shows slightly 
lower pressures at the same flow rate. This can be attributed to the presence of Water/Al₂O₃ 
particles, which may increase energy dissipation within the flow and raise the fluid's effective 
viscosity, thus requiring less pressure to maintain flow compared to pure water; this theory is taken 
from the previous study [2]. 
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Figure 4 is the third fluid, the Water/ZnO mixture, which exhibits an upward trend in pressure 
with an increased inlet mass flow rate, though the values are generally lower than those of the other 
two fluids. At a mass flow rate of 0.74 kg/s, the pressure is 1117.38 Pa, increasing to 1147.474 Pa at 
0.75 kg/s. An additional data point at 0.76 kg/s shows a higher total pressure of 1177.97 Pa. This 
trend reflects a similar pattern to the other fluids, though with lower pressure values, possibly due 
to Water/ZnO particles in the mixture influencing flow characteristics; this theory is taken from the 
previous study [9].  
 

 
 

(a) 
 

  
(b) 
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(c) 

Fig. 2. The result numeric calculation of water-liquid for (a) 0.74 kg/s, (b) 0.75 kg/s, (c) 0.76 kg/s 
 

  
(a) 

 

  
(b) 
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(c) 

Fig. 3. The result numeric calculation of water/ Al₂O₃ for (a) 0.74 kg/s, (b) 0.75 kg/s, (c) 0.76 kg/s 
 

  
(a) 

 

  
(b) 
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(c) 

Fig. 4. The result numeric calculation of water/ ZnO for (a) 0.74 kg/s, (b) 0.75 kg/s, (c) 0.76 kg/s 
 
4.2 Simulation Result 
 

The simulations in this study will be conducted using ANSYS Fluent, a powerful computational 
fluid dynamics software known for its ability to accurately model complex fluid flow scenarios. ANSYS 
Fluent will facilitate the analysis of total pressure in systems involving U-bends, allowing for a detailed 
investigation of pressure distribution and losses due to changes in flow direction. This software's 
capabilities will enhance our understanding of fluid dynamics by enabling the assessment of 
parameters such as friction factors and flow rates in these critical flow geometries. By leveraging 
ANSYS Fluent, we aim to achieve precise simulations that will inform our analysis of total pressure 
variations and streamline the overall research process. 

Figure 5 consists of a contour plot and a table illustrating the total pressure distribution in a water-
liquid flow simulation using Ansys, with a mass flow rate of 0.735 kg/s. The contour plot shows a U-
shaped pipe where the pressure decreases from 4288.46 Pa at the inlet to 214.03 Pa along its length, 
indicating energy loss due to friction and flow resistance. The table lists area-weighted average total 
pressure values at various locations, highlighting the highest pressure at the inlet (4259.1769 Pa) and 
the lowest at the outlet (1169.3139 Pa).  

The first fluid in Figure 6, water-liquid, consistently increases total pressure as the inlet mass flow 
rate rises. At a mass flow rate of 0.74 kg/s, the total pressure is 2132.72 Pa; increasing the flow rate 
to 0.75 kg/s raises the total pressure to 2192.324 Pa, and a further rise to 0.76 kg/s yields a total 
pressure of 2252.316 Pa. This steady increase aligns with theoretical expectations, as a higher mass 
flow rate generally raises kinetic energy and the fluid's interaction with rough walls, leading to higher 
total pressures. Water-liquid's relatively high-pressure values can be attributed to the fluid’s density 
and increased wall friction, especially in curved sections, which amplify pressure demands along the 
pipe's flow path; this theory is taken from the previous study [28,29]. 

Figure 7 is the second fluid, a mixture of Water/Al₂O₃, which also shows an increase in total 
pressure with rising mass flow rates, although the values are slightly lower than those of water-liquid 
at each corresponding flow rate. For Water/Al₂O₃, a mass flow rate of 0.74 kg/s produces a total 
pressure of 2100.92 Pa, which rises to 2158.96 Pa at 0.75 kg/s, and further to 2220.59 Pa at 0.76 kg/s. 
The lower pressure compared to pure water can be linked to the presence of 
Water/Al₂O₃/nanoparticles, which increase the fluid's effective viscosity and thermal conductivity, 
affecting energy dissipation. The Water/Al₂O₃ particles help slightly reduce the total pressure 
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required to maintain flow, as their presence enhances internal fluid dynamics and modifies the 
interaction with pipe walls; this theory is taken from the previous study [28]. 

Figure 8 is the third fluid, the Water/ZnO mixture, which shows a similar trend, with total pressure 
increasing as the mass flow rate rises, though the pressure values are the lowest among the three 
fluids. At a mass flow rate of 0.74 kg/s, the total pressure is 2091.69 Pa, increasing to 2149.15 Pa at 
0.75 kg/s and reaching 2208.73 Pa at 0.76 kg/s. The lower pressure readings compared to Water-
liquid and Water/Al₂O₃ suggest that Water/ZnO particles produce slightly less resistance in the flow, 
leading to reduced total pressure. This characteristic may make Water/ZnO mixtures advantageous 
in systems requiring lower pressure loads, as water/ZnO particles in the fluid provide stable flow 
characteristics while generating less wall pressure, possibly enhancing efficiency in applications with 
curved piping; this theory is taken from the previous study [30]. 
 

 

 

(a) (b) 
Fig. 5. The result of reference by Ansys the fluid is water-liquid (a) Contour 0.735 kg/s, and (b) Total 
Pressure 0.735 kg/s 

 

 
 

(a) 
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(b) 
 

  
(c) 

Fig. 6. The result contour and total pressure of simulation of the fluid is water-liquid with the mass flow 
rate inlet for (a) 0.74 kg/s, (b) 0.75 kg/s, (c) 0.76 kg/s 

 

 
 

(a) 
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(b) 

 

  
(c) 

Fig. 7. The result contour and total pressure of simulation of the fluid is water- Al₂O₃  with the mass flow 
rate inlet for (a) 0.74 kg/s, (b) 0.75 kg/s, (c) 0.76 kg/s 

 

 
 

(a) 
 



Semarak International Journal of Nanotechnology  
Volume 3, Issue 1 (2024) 1-21 
 

14 
 

 
 

(b) 
 

  
(c) 

Fig. 8. The result contour and total pressure of simulation of the fluid is water- ZnO with the mass flow 
rate inlet for (a) 0.74 kg/s, (b) 0.75 kg/s, (c) 0.76 kg/s 

 
Figure 9 illustrates the simulation validation results for three types of fluids: water-liquid, Water/ 

Al₂O₃, and Water/ZnO, tested at inlet mass flow rates of 0.74 kg/s, 0.75 kg/s, and 0.76 kg/s. The 
horizontal axis represents the variation in mass flow rate, while the vertical axis indicates the 
percentage error in the simulation results relative to reference values. At a lower mass flow rate (0.74 
kg/s), Water-liquid exhibits an error of 2.77%, followed by Water/ Al₂O₃, 1.24%, and Water/ZnO, 
0.79%. However, as the mass flow rate increases to 0.75 kg/s and 0.76 kg/s, a notable rise in error 
occurs for all three fluids. This increase is most pronounced in Water-liquid, reaching an error of 
8.53% at 0.76 kg/s, while Water/Al₂O₃ and Water/ZnO record errors of 6.99% and 6.43%, 
respectively, at the same rate, this theory is taken the previous study [31]. 

The consistent rising error pattern across all three fluids indicates a direct relationship between 
mass flow rate and the degree of simulation deviation. These results suggest that the simulation for 
water-liquid demonstrates the highest inaccuracy compared to the other two fluids, with Water/ZnO 
showing more stable and accurate performance across all tested mass flow rates; this theory is taken 
from the previous study [15]. This finding implies that the thermophysical properties and 
characteristics of Water/ZnO contribute to a more stable simulation outcome compared to Water-
liquid and Water/Al₂O₃; this theory is taken from the previous study [9]. 
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Fig. 9. Simulation validation of ANSYS reference data with simulation 
results 

 
4.3 Graphic Comparison of Numerical Calculations with Simulations 
 

Figure 10 analyzes the differences between numerical calculations and simulation results for total 
pressure (Pa) at various mass flow rates (0.74 kg/s, 0.75 kg/s, and 0.76 kg/s) across three different 
fluids: Water-liquid, Water/Al₂O₃ Fluid, and Water/ZnO Fluid. The comparison indicates that the 
simulation results consistently show higher total pressure values for all mass flow rates compared to 
the numerical calculations. This discrepancy is observed across all tested fluids and suggests that 
while both methods follow a similar trend, the simulations tend to overestimate the total pressure. 
This graphical comparison highlights that numerical calculations provide a good baseline, but 
simulations may offer a more comprehensive understanding of pressure behavior under different 
conditions. Further investigation is needed to identify the factors contributing to the observed 
differences and refine both methods' accuracy. 
 

 
(a) 
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(b) 

 

 
(c) 

Fig. 10. Differences between numerical results and simulation 
results result for (a) 0.74 kg/s, (b) 0.75 kg/s, (c) 0.76 kg/s 

 
4.3.1 Analysis Anova  
 

Based on the ANOVA Table 2 results, the analysis indicates that fluid type and mass flow rate inlet 
significantly affect total pressure, with a significant interaction between these factors. Here is a 
detailed explanation of each component: 

 
i. Effect of the Column Factor (Mass Flow Rate): The column in the ANOVA table represents 

the influence of mass flow rate, showing a p-value of 0 and an F-value of 29.5. This 
indicates that changes in mass flow rate significantly affect total pressure. With a p-value 
< 0.05, we can conclude that variations in mass flow rate lead to substantial changes in 
measured pressure, likely due to changes in flow dynamics that impact the distribution of 
pressure within the system. 

ii. Effect of the Row Factor (Fluid Type): The row in the ANOVA table represents the effect 
of the fluid type used, with a p-value of 0 and a very high F-value of 13271.67. This 
indicates that fluid type significantly and strongly influences the measured pressure. With 
a p-value < 0.05, the statistical differences between fluid types are confirmed to produce 
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substantial variations in pressure, likely due to differences in physical properties such as 
viscosity or density of each fluid; this is similar to a previous study [32]. 

iii. Interaction between Fluid Type and Mass Flow Rate: The interaction between the column 
and row factors has a p-value of 0.0355 and an F-value of 4.47, indicating a significant 
interaction between fluid type and mass flow rate in affecting pressure. This means that 
the effect of mass flow rate on pressure is inconsistent across all fluid types; changes in 
mass flow rate can affect pressure differently depending on the fluid type used. This 
interaction shows that specific combinations of fluid type and mass flow rate result in 
pressure effects that the independent effects of each factor cannot fully explain; this 
theory is taken from the previous study [19,29,33,34]. 

 
Table 2  
Anova Results 
Source SS df MS F Prob>F 
Columns 2064.4 2 10324.2 29.5 0 
Rows 4645367.4 1 4645367.4 13271.67 0 
Interaction 3125.8 2 1562.9 4.47 0.0355 
Error 4200.3 12 350   
Total 4673341.8 17    

 
Overall, these ANOVA results demonstrate that fluid type and mass flow rate inlet have significant 

independent effects on pressure, and there is also an interaction between the two. This finding 
highlights the importance of considering the combined influence of fluid type and mass flow rate in 
applications involving pressure measurement or control, as each combination can yield different 
outcomes in the system. These are taken similarly to the previous study [35–37]. 

 
4.3.2 Discussion of Result Analysis 
 

Overall, the results of this study indicate that variations in fluid types and mass flow rates 
significantly impact pressure distribution in a rough-walled U-pipe. Fluids containing nanoparticles 
(Water/Al₂O₃ and Water/ZnO) exhibit lower pressure compared to pure water, which can be 
attributed to an increase in effective viscosity and more significant energy dissipation within the 
mixed fluids. These findings align with existing literature, where previous studies also reported similar 
effects of nanoparticles on fluid flow and pressure distribution [3,17]. 

Practically, these results have important implications for engineering applications, particularly in 
the design and optimization of industrial piping systems and heat exchangers. Understanding how 
fluid type and mass flow rate affect total pressure can help engineers optimize design parameters to 
achieve higher flow efficiency, reduce energy consumption, and ensure system reliability. By 
employing advanced turbulence models such as RANS and LES, prediction accuracy in CFD 
simulations can be improved, enabling more profound analysis and more precise design solutions 
[21]. 
 
4.3.3 Total effect of lowest and highest pressure on energy 
 

The variation in total pressure within a system, particularly between the lowest pressure 
produced by Water/ZnO at 2091.69 Pa and the highest at 2252.316 Pa, can be critically examined 
through potential energy and fluid dynamics. Lower pressure is typically indicative of reduced 
potential energy within the system, suggesting a corresponding decrease in the kinetic energy of the 
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fluid molecules [38]. This relationship constrains the system’s ability to perform work or facilitate 
movement, limiting dynamic processes such as fluid flow and energy transfer. In contrast, elevated 
pressure increases kinetic energy among the liquid molecules, translating into higher potential 
energy that enables the system to execute more work. Furthermore, higher pressure conditions can 
enhance reaction rates in chemical processes, thereby accelerating reactions that demand additional 
energy input [39]. 

The concept of potential energy can be effectively illustrated through a basketball analogy. A fully 
inflated basketball, representing high pressure, possesses more incredible potential energy, allowing 
it to rebound higher when dropped; this theory is taken at [40]. Conversely, an under-inflated 
basketball, or at low pressure, will not bounce as high due to its diminished potential energy. This 
analogy highlights that higher pressure generates more incredible energy to facilitate movement or 
other changes within the system. Therefore, the differences in total pressure produced by 
Water/ZnO hold considerable implications for the potential energy dynamics at play, where lower 
pressure signifies diminished energy while higher pressure corresponds to increased potential energy 
that enhances fluid dynamics efficiency; this theory is taken at [40]. A comprehensive understanding 
of these relationships is essential for the design and optimization of systems that depend on precise 
control of pressure and energy across a range of technological applications [41]. 

 
5. The Applications Relevant in The Future and Suggestions for Future Researchers 
5.1 The Application Relevant in The Future 

 
Several things from this study can be applied in the future; the following is an example: 
 
i. Industrial Pipe Systems: Optimizing the design and operation of U-bend pipes for 

transporting various fluids, ensuring better flow efficiency and pressure control in industrial 
installations. 

ii. Heating and Cooling Systems: Using nanofluids with U-bend pipes in heating and cooling 
systems enhances heat transfer efficiency and maintains stable operational temperatures. 

iii. Water and Waste Treatment: Applying nanofluids to improve the efficiency of water and 
waste treatment systems that use U-bend pipes, benefiting from modified flow 
characteristics to reduce buildup and blockages. 

iv. Microfluidic Power Systems: Developing microfluidic devices using U-bend pipes and 
nanofluids for applications such as micropower generation and precise flow sensors. 

 
5.2 Suggestions for Future Researchers 

 
After conducting this research, there are several suggestions from the researcher for future 

researchers, the following are the suggestions: 
 

i. Expand the Range of Fluids Tested: Investigate additional fluids or fluid mixtures to compare 
their pressure and flow characteristics in U-bend pipes, potentially identifying fluids with 
better performance. 

ii. Long-Term Studies: Conduct long-term tests to observe the stability and durability of fluid 
properties over extended periods and under various environmental conditions using U-bend 
pipes. 

iii. Particle Size and Concentration Variations: Explore the effects of varying nanoparticle sizes 
and fluid concentrations to refine pressure and flow performance in U-bend pipes. 
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iv. Simulation Accuracy: Improve simulation models to reduce error rates, especially at higher 
mass flow rates, and validate these models with experimental data in U-bend pipes. 

v. Interdisciplinary Approach: Collaborate with materials science and mechanical engineering 
researchers to develop new fluid formulations with properties tailored for specific 
applications in U-bend pipes. 

vi. Consider Additional Nanofluids: Future research could explore a wider variety of nanofluids, 
including those with different particle sizes, shapes, and concentrations, to assess their 
effects on pressure dynamics in U-bend pipelines; reference is taken from the previous study 
[35].  

 
6. Conclusions 
 

This study provides valuable insights into how different fluids behave under varying mass flow 
rates in U-bend pipes: 

 
i. Water-Liquid: Shows the highest-pressure values, likely due to its density and increased wall 

friction. 
ii. Water/Al₂O₃ Mixture: Exhibits slightly lower pressures than water-liquid, attributed to the 

increased viscosity and thermal conductivity from the nanoparticles. 
iii. Water/ZnO Mixture: The lowest pressure values suggest less flow resistance, which could be 

advantageous in systems requiring lower pressure loads. 
 
The ANOVA analysis confirms that fluid type and mass flow rate significantly affect pressure, with 

an interaction effect between the two. This highlights the importance of considering both factors in 
pressure control applications using U-bend pipes, driving potential innovations in various practical 
scenarios. Exploring these recommendations and applications could further enhance the 
understanding and utility of fluid dynamics in practical scenarios using U-bend pipes. 
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