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ABSTRACT  

Pressure loss coefficient of laminar flow across 30°, 45° and 60°  mini scale mitre bends 

investigated for the first time by using CFD simulation. Various flow velocities between 0.05 

and 2.2 m/s and three different pipes’ diameters 1, 2 and 3mm were used to obtain laminar flow 

with Reynolds numbers range between 150 and 2190 for each mitre angle. More than one 

hundred case studies were used in the study. The extracted data from the simulation were 

employed to compute the key values theoretically for each case.  The friction factor results of 

the present work agrees with the experimental values from the literature with less than ±5 % 

average error. The obtained data of mitre bends’s pressure drop illustrate the independency of 

the Pressure coefficient K on both of the flow Reynolds numbers and the pipe diameter for the 

employed pipe sizes and flow conditions. The results obtained from this work verify the 

independent influence of the mitre angle on the pressure loss coefficient. New values of 

pressure loss coefficient for mini mitre bends are found, and they have 39-59% larger values 

than those for normal size mitre conduits. 
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1. INTRODUCTION 

Prediction of pressure loss throughout pipe conduits is crucial to the industrial piping networks 

designers for using these systems effectively (Spedding et al., 2004). Mitre bends with different 

mitred angles and pipe sizes are used in many systems for directing the flow towards the route 

of the piping network for the cases of space limitation (Munson et al., 2006). Mini size pipes 

(with diameters of 200μm < D*< 3mm (Mortazavi and Tajiri, 2015) are used in many 

applications such as heat sink and air conditioning systems, refrigeration, cooling systems and 

many other applications (Kim and Mudawar, 2013, Parmar et al., 2017, Wen et al., 2018, Li 

and Hibiki, 2017, Zhang et al., 2023, Sukamta et al., 2023, Al-Sayyab, 2018, Salih and Yaseen, 

2020).  (Symbols with * are dimensional quantities and the symbols without * are 

dimensionless). 

Pressure drop across mitre bends is more complex compared with round bends due to the flow 

separation and back flow in the mitre bend as a result of secondary flow in addition to the 

frictional pressure drop. Pressure loss in bends is expressed in terms of pressure loss coefficient 

K. Due to the difficulties of conducting experimental investigations to examine the flow 

pressure loss in mini-scale pipes, researchers employ CFD as an effective alternative to study 

fluid flow and heat transfer through mini piping systems (Liu et al., 2012, Versteeg and 

Malalasekera, 1995, Debnath et al., 2017). 

Pressure drop across mitre bends in normal pipes scale was examined experimentally and 

numerically in various studies in the literature (Al-Tameemi and Ricco, 2018, Haidar, 1995, 

Kirchbach, 1935, Schmandt and Herwig, 2013, Schmandt and Herwig, 2016, Schubart, 1935).  

Haidar (1995) studied the pressure loss coefficient of high turbulent flow across 30°, 60°, 90°, 

120° and 150° single mitre bends. Pipe diameter of 40mm was employed in the investigation 

with Reynolds number Re=2×105. The study established that the coefficient of pressure drop 

has approximately constant value for each mitre angle at high turbulent flow. 

Pressure loss coefficient of turbulent flow (Re> 27000) across single and multi-mitred bends 

investigated by Kirchbach (1935) for smooth pipes and by Schubart (1935) for rough pipes. 

These studies employed mitre bends with 43mm pipe diameters and various single and multi 

mitre angles. The studies reported that the pressure loss coefficient K across mitred bends does 

not depend on the Reynolds number for the applied boundary conditions. Crane (1988) reported 

that the pressure drop coefficient of mitre bends is directly relying on the friction factor Cf for 

each mitre angle.  

Similarly, many fluid mechanics references (Munson et al., 2006, Rennels, 2022, White et al., 

2011, Miller, 1990) reported a constant value of the coefficient K for each mitre angle 
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regardless of the flow Reynolds number Re.     

Donaldson et al. (2011) investigated the pressure drop in straight pipes and across round 

serpentine mini-channel with 1mm diameter. The study employed various flow velocities with 

Reynold number Re between 350 and 3900. The results showed that the pressure drop across 

the mini bends are affected by the flow Reynolds number and the curvature of the bends. 

Ghobadi and Muzychka (2014) conducted an experimental study to examine the pressure drop 

of laminar flow through mini scale coiled tubes. The study utilised three different diameters 

1.59mm, 1.27mm and 1.016mm for various flow conditions. The study found that the pressure 

drop through the coiled pipe was directly proportional with the increase of the flow Reynolds 

number. However, the pressure drop decreased with the increase of the curvature radius of the 

coiled tube for the same tube diameter. 

Yusof et al. (2020) examined the pressure drop across serpentine mini scale rectangular channel 

numerically. The study utilised ANSYS Fluent to simulate the pressure drop of laminar flow 

across the bends. Various flow velocities were examined in the study with Reynolds numbers 

Re<2300. The results of the investigation depicted that the pressure loss coefficient of the 

serpentine decreased with the increase of Reynolds number Re. 

It can be noticed that the studies of pressure drop across mini scale bends are limited to the 

serpentines and the round bends. To the best of the authors knowledge, there is no investigation 

in the open literature, have studied the pressure loss of laminar flow throughout mini-scale mitre 

bends. Therefore, the authors are motivated to conduct this work due to the importance of the 

pressure drop prediction across mini-scale mitre bends. The main purpose of the study is to 

investigate the drop of laminar flow pressure throughout 30°, 45° and 60° mini scale mitre 

bends in terms of pressure drop coefficient K by using ANSYS Fluent with three different pipes 

diameters and various Reynolds number Re for each mitre angle and compare the results with 

experimental data from decent studies. 

2. SIMULATION PROCEDURE  

ANSYS Fluent employed to accomplish the simulation in this work. The procedure for each 

examined case consisted of six main steps pre-processing steps (1-5) and post processing step 

(6): 

1. Creating the geometry. 

2.  Meshing. 

3. Applying the boundary conditions. 

 4. Setting the solver. 

5. Running the solution.  
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6. Displaying and evaluating the results. 

2.1.  Geometry and Mesh Generation  

The Geometry for each case study was generated by using ANSYS-15 Design Modeler ANSYS 

Workbench software  (Guide, 2013). The geometry is three dimensional and it consists of two 

straight pipes (inlet and outlet sections each one has a length of 0.6m) joined together to 

generate the mitre bend. The length of the inlet section was selected to obtain fully developed 

flow upstream of the mitre bend. Three pipes’ dimeters were employed in this study with pipe 

diameters of 1mm, 2mm and 3mm. Three different mitre angles α*= 30°, 45°, and 60° were used 

for each pipe diameter. Fig. 1 depicts a schematic figure of the case geometry, where α* is the 

mitre angle. 

Fig. 1. Schematic Figure of the Mitre Bend Geometry. 

After creating the geometry, the ANSYS Meshing software was utilised to generate the mesh. 

A tetrahedral with inflation mesh of 0.6mm elements size and hard behavior was employed for 

the inlet and the outlet sections of each case. Inflations of five layers, 1.2 rates of growth and 

smooth transition were utilised nearby the walls to obtain more accurate results in these areas. 

The size of the mesh was chosen after applying independency mesh size test. Six different mesh 

sizes were examined in terms of pressure drop in the inlet section. The maximum difference 

between the pressure values resulting from different mesh sizes was about 4.5%. 

Fig. 2 clarifies the mesh specifications of the geometry nearby to the mitre-bend for the case of 

α*=45° and D*=3mm. 

2.2.  Boundary Conditions and Solver Settings  

After geometry and mesh generation, boundary conditions and solver settings were applied to 

the case study. The inlet surface of the bend's entrance part and outlet surface of the bends exit 



292                 Al-Tameemi et al. 

part were characterized as a velocity inlet and a pressure outlet respectively. Pipes walls were 

characterized as walls. Various flow velocities were examined in this study from 0.05 to 2.2 

m/s to acquire Reynolds numbers values in a range of Re= 150-2190. After applying the 

boundary conditions, the appropriate solver (Fluent) should be setting. The solver settings 

specifications are shown in Table 1.  

Fig. 2. Mesh Specifications Nearby the Mitre Bend and in the Cross Section for α*=45° and 

D*=3mm. 

Table1. Selected Settings of the Solver. 

Solver Setting The Selected Option 

The coupling of pressure-velocity 

The gradient 

The pressure 

The momentum 

Convergence Criteria 

SIMPLE 

Green-Gauss cell based 

Second order 

Second order upwind 

1 ×10−6 

Three dimensional, double precisions, steady, and pressure-based solver was applied for every 

case. Absolute velocity formulation was used with laminar flow model. The employed working 

fluid was Water liquid at atmospheric pressure and 25°C.  

2.3. Running the Solution and Evaluating the Results  

After finishing the solver settings, the solution for each case was accomplished by applying 600 

iterations for each run to verify the convergence criteria. When the convergence obtained, the 

data of pressure distribution along the centerline of the inlet and outlet sections were collected. 

For obtaining accurate results, about 500 pressure data results were collected along each of the 

inlet and the outlet sections for each case. The collected results then employed to evaluate the 

needed data as specified in section 3.    

3. PROCEDURE OF DATA CALCULATIONS  

This section includes the procedures of employing the collected data from the CFD simulation 

to compute the required quantities in this work. 
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3.1. Velocity Profile 

Velocity profiles evaluated at different distances from the inlet of the upstream section. At each 

location, velocity distribution along the radius of the pipe from r*=0 to r*=R*=D^*/2 were 

extracted from the simulation results. The maximum velocity of the flow U*max is computed 

by using:(White et al., 2011)  

𝑼𝒎𝒂𝒙
∗ = 𝟐𝑼∗  ,                                                             (1) 

where U* is the velocity of the flow. 

3.2. Friction Factor and Reynolds Number 

The Darcy friction factor Cf and the coefficient of pressure drop K were computed for each case 

by employing the pressure loss in straight pipes and across the mitre bend respectively. Friction 

factor was found by applying:(White et al., 2011) 

𝐶𝑓 =
2 ∆𝑃∗𝐷∗

∆𝐿∗𝜌∗𝑈∗2 ,                                                                 (2) 

where Cf represents the friction factor, ΔP* represents the pressure loss in the inlet section, D* 

is the diameter of the mini pipe, ΔL* is the length of the pipe between the two selected points, 

ρ* represents the density of the fluid. The pressure drop ΔP* was computing by subtracting the 

average pressure at L*
in =0.4m from the average pressure at L*

in =0.2m. The Reynolds number 

Re of the flow was computed by applying: (White et al., 2011) 

𝑅𝑒 =
𝜌∗ 𝑈∗ 𝐷∗

𝜇∗
,                                                                (3) 

where μ* is water viscosity.  

3.3. Mitre Bend Pressure Loss Coefficient 

The procedure of  Ito (1960) was utilized to find the pressure loss throughout the mitre bend. 

This procedure was successfully used in various studies like Spedding and Bénard (2007), 

Spedding et al. (2004), Crawford et al. (2007) and Al-Tameemi and Ricco (2018) with accurate 

results. The procedure used the pressure distribution along the inlet section and along the outlet 

section to compute the pressure drop throughout the mitre bend. The difference between the 

pressure distribution along the inlet and outlet sections equals the drop of the pressure through 

the mitre bend ΔP*
MB. The procedure of mitre bend pressure drop calculation is clarified in 

details by Al-Tameemi and Ricco (2018). 

The mitre bend pressure loss ΔP*
MB then utilized to calculate the coefficient of pressure drop K 

by using: (Munson et al., 2006) 

𝐾 =
2 ∆𝑃𝑀𝐵

∗

𝜌∗𝑈∗2
,                                                                          (4) 

where ΔP*
MB is the pressure loss across the bend. 
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4. RESULTS AND DISCUSSIONS   

This section includes the obtained data of pressure drop throughout mini-scale mitre bends. 

Various ranges of mini-tube diameters, mitre angles and Reynolds numbers were employed in 

this study. Pressure drop along the inlet section was utilized to compute the friction factor and 

verify the accuracy of the obtained data. The pressure drop along the outlet section was used 

with that of the inlet section to compute the pressure drop across the bends.   

4.1.  Inlet section pressure drop  

Pressure drop in the inlet section is employed to compute the laminar flow Darcy friction factor. 

Before computing the friction factor Cf, it was crucial to verify the fully developed flow 

condition. The results of velocity profile of the flow at various locations from the entrance of 

the inlet section, between L*
in = 0 and L*

in = 0.5m, were used to prove the fully developed 

condition of the flow. The obtained results of velocity profiles illustrate that the condition of 

fully developed flow was achieved at 0.2m downstream of the entrance as depicted in Fig. 3. 

The velocity profiles, after that distance, are congruent at the selected distances up to  

L*
in =0.5m. 

Pressure drop along the inlet section was collected from the simulation results for every case 

from L*
in =0.2m to L*

in =0.4m and used to evaluate Darcy friction factor Cf. 

A comparison between the evaluated results of Darcy friction and the empirical formula of 

McKeon et al. (2004) and the experimental data of Elazhary and Soliman (2012) was 

accomplished to verify the accuracy of the present work computed data as depicted in Fig. 4.  

It can be noticed that the present work results of Cf agree with the published experimental data 

and well-known empirical correlation especially at Re < 1000. The computed friction factor of 

the present work coincides with the experimental results of Elazhary and Soliman (2012) with 

less than ±5 %  average error. However, the present work data and the experimental data of the 

mini pipes follow the same trend of the empirical formula of McKeon et al. (2004), nevertheless 

they were higher with about ±10% average error.  

The convenience agreement of the present work Cf with the experimental data more than that 

with the empirical correlation could be caused by the difference in the pipe scale, as both of the 

present work and the experimental results of Elazhary and Soliman (2012) used mini scale pipes 

with D*=1.87mm, while the empirical correlation of  McKeon et al. (2004) was derived 

according to experimental data of flow through normal size pipes with D*=129mm. The 

comparison supports the present work data accuracy as they well agreed with the empirical 

formula and the published experimental results.  
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Fig. 3. Velocity Profiles at Various Distances from the Entrance Upstream of the Mitre-bend. 

 

Fig. 4. Comparison Between the Present Work Darcy Friction Factor of Laminar Flow in the 

Straight Mini Pipes Upstream of the Bend and the Empirical Correlation of McKeon et al. 

(2004) and the Experimental Data of Elazhary and Soliman (2012). 

4.2. Mitre bend pressure loss coefficient  

Pressure drop through the bend ΔP*
MB for all cases was determined by following the procedure 

of Ito (1960). Pressure drop coefficient K then computed by applying equation 4 for each pipe 

diameter and mitre angle. More than one-hundred data points of K were evaluated in this work. 

Figs. 5a, 6a and 7a display the pressure loss through the mitre bends of α*=30°, 45° and 60° 

respectively in terms of pressure drop (ΔP*
MB). It can be noticed that the pressure drop across 

the bend increases with the decrease of the pipe diameter and the increase of the flow velocity. 

Furthermore, the effect of the diameter on the pressure loss through the bend increases with the 



296                 Al-Tameemi et al. 

increment of the flow Reynolds number Re. This behavior of the pressure drop is expected as 

the pressure drop is directly proportional with the increase of the inertial forces those are 

increase with the increase of the flow velocity and with the decrease of the pipe diameter. 

Figs 5b, 6b and 7b depict a comparison between the results of computed pressure loss 

coefficient K in the present work of mini mitre bends with 30°, 45° and 60° mitre angles 

respectively, and the experimental data of Schubart (1935) and the reported values in textbooks 

(Rennels, 2022, White et al., 2011). 

The evaluated data show that the coefficient of the pressure drop K of mini-scale mitre bends 

increases with the increase of mitre angle α* and it is approximately independent on the 

Reynolds number of the flow Re for the used flow velocities. The directly proportion of the 

coefficient K with the increase of the mitre angle α* could be related to the flow separation and 

secondary flow increment with the increase of mitre angles as depicted in Fig.8.    

It can be noticed that results of this work have larger values comparing with the experimental 

data and the reported values in text books. The difference could be related to the surface tension 

effect as the present work employed mini-scale pipes diameters (1-3mm) and laminar flow, 

while the reported values by White et al. (2011) and Rennels (2022) did not mention the flow 

velocity nor the pipe size, and the experimental data of Schubart (1935) used very high 

Reynolds numbers Re>25000 through large pipes diameter D*=43mm as the influence of 

surface tension is approximately negligible. 

Fig. 5. (a) Pressure Drop ΔP*
MB Across Mitre Bend, (b) A Comparison Between the Present 

Pressure Loss Coefficient K and the Experimental Data of Schubart (1935) , White et al. (2011) 

& Rennels (2022) for α*=30. 
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Fig. 6. (a) Pressure Drop ΔP*MB Across Mitre Bend, (b) A Comparison Between the Present 

Pressure Loss Coefficient K and the Experimental Data of Schubart (1935) , White et al. (2011) 

& Rennels (2022) for α*=45. 

Fig. 7. (a) Pressure Drop ΔP*
MB Across Mitre Bend, (b) A Comparison Between the Present 

Pressure Loss Coefficient K and the Experimental Data of Schubart (1935) , White et al. (2011) 

& Rennels (2022) for α*=60. 

Fig. 8. Velocity contours for various mitre angles for the case of D*=3mm and Re=1492.  

New values of the coefficient K for laminar flow throughout mini-scale mitre bends were found 

in this study by averaged the computed values of K for each mitre angle α*. Fig. 9 shows a 
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comparison between the coefficient of the pressure drop values K for various mitre angles 

which are reported by Rennels-Hudson and White (Rennels, 2022, White et al., 2011) and the 

new proposed values of mini mitre bends in the present work. The comparison displays that the 

proposed values of the present work follow the similar trend of the reported data in the literature. 

However, the present results have greater values than the reported data, of large-scale pipes and 

high Reynolds numbers, with 39-59%. This increase could be related to the domination of 

surface tension over the other forces as a consequence of using mini-scale pipe sizes and 

laminar flow conditions in the present study. 

Fig. 9. Comparison Between the Reported Pressure Loss Coefficient K by Rennels-Hudson and 

White  (Rennels, 2022, White et al., 2011) and the Average Values of the Present Work Data. 

5. CONCLUSIONS  

This work investigated the pressure loss coefficient of laminar flow across mini scale mitre 

bends by using CFD simulation.  Three mini pipe diameters were used and three various mitre 

angles were employed for each diameter. More than 100 pressure loss data points were 

computed in this study in straight pipes and across the bends.  The comparison between the 

pressure drop in straight pipes and the experimental data in the literature show an agreement 

within ±5% average error. It can be concluded that the pressure drop coefficient of laminar flow 

across mini scale mitre bends does not affect by the flow velocities and the pipes diameters for 

the employed boundary conditions. The obtained data show that the pressure loss through the 

mitre bends for the employed boundary conditions influences by the mitre angle α and this 

agrees with the published research in the literature. New values of laminar flow pressure loss 

coefficient across mini mitre bends are found and they were about 39-59% greater comparing 

with the reported data in the literature for normal size mitre bends. The divergence of present 
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work data from the published data in the literature could be caused by the difference in the mitre 

pipes scale and the flow conditions. 
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