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ABSTRACT 

In previous works undertaken, pressure drop due to friction can accurately and precisely be 

determined for a straight pipe section using the conventional methods, that include the Darcy-

Weisbach, Colebrook-White / Newton-Raphson, Moody chart, Barr, Wood, Haaland, 

Swamee and Jain, Hazen-Williams, Lamont and General Exponential formula. However, 

when a bend is introduced to the pipe section, accuracy and precision becomes questionable 

due to the estimation involved. In this research, the understanding of the flow pattern and the 

transition of fluid flow in the pipe due to the change in flow direction, the fluid interaction its 

self (fluid element(s) friction) and pipe wall-fluid interaction are investigated with the aim of 

accurately and precisely determining the pressure loss due to the several contributing factors, 

the bend angle, radius of curvature, flow velocity and pipe diameter as seen in literature. 

 

In this research, the flowing fluid is considered as a continuous incompressible column in 

motion. As the fluid flows in a straight pipe section before the bend, it is subject to the above-

mentioned conventional equations when determining the frictional losses. Just before the 

bend, perturbation occurs. As the fluid enters the bend, the change in pipe geometry subjects 

the flow to centrifugal and centripetal forces simultaneously. It collides on the outside of the 

bend and is simultaneously pulled to the inside of the bend. This results in the start of the 

splitting of the fluid into two flow fields generating the Dean vortices, which has been 

described by many authors in different ways. Perturbation on exit of the fluid from the bend 

and generation of the secondary flow occurs, which continues to decay as fluid flow 

continues in the downstream straight pipe, forming the last component of pressure drop. 

 

Considering the cylindrical bend, clearly there are two halves wherein collision and adhesion 

hydraulic areas are formed. The rest of the contributing factors to pressure drop is the 

formation of the Dean vortices, generating secondary flow with a specific decay, relative to 

the flow velocity. The special contributing agent to the collision and adhesion of the fluid 

about the bend is solely due to the specific bend angel and the accompanied bend radius of 

the respective bend relative to a flow velocity. Of little contribution is the aspect of 

perturbation, which is unknown due to the existence of the velocity component of the flowing 

fluid together with the pipe roughness. Numerous experimentations and simulations have 

been conducted for varying friction factors but gave the same general trend. Of importance to 

note, friction factors in most tests were found with fixed bend angles and bend radii. 
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1. INTRODUCTION 

Main energy or pressure losses in irrigation systems are mainly due to fluid friction within 

the straight pipe sections. There are, however many methods used in the determination of 

frictional losses along the pipe sections, for example the approaches by; Darcy-Weisbach, 

Colebrook-White / Newton-Raphson, Moody chart, Barr, Wood, Haaland, Swamee and Jain, 

Hazen-Williams, Lamont and General Exponential formula (Wilson, 2012). In addition to 

these losses in the irrigation systems, there are secondary or minor losses that are attributed to 

by the fittings, i.e., bends, Tee pieces, sluice valves, ball valves, reducers, reflux valves, foot 

valves and screens. These, however, are regarded as minor losses but contribute significantly 

to the head requirement when sizing a pump. Application of the above-mentioned straight 

pipe frictional loss methods is applicable to some extent with some level of limitation in the 

case of a bend or fitting. Energy or pressure losses are mainly due to fluid-wall frictional 

losses and dynamic losses within the pipe sections and fittings. The minor (frictional) losses 

due to the bends and fittings contribute to the pressure drop along the supply line and overall 

loss of system pressure Yasmina and Rachid (2015). These occur as a result of the collision 

and shear stress of the water with the pipe wall or fitting and eddies produced in the 

turbulence (dos Santos et al., 2014). The main reason for accurately determining frictional 

losses is to enable efficient flow calculation in the hydraulic design of irrigation systems. 

Secondary frictional losses, however, occur because of three factors; firstly, the change in the 

direction of flow, secondly due to the fluid interaction its self (fluid element(s) friction) and 

thirdly, pipe wall-fluid interaction as with flow in a straight pipe section before and after 

bend, and in some cases, the enlargement and or constriction of the pipe section at the bend. 

 

1.1. Energy Loss due to Change in the Flow Direction 

Bends in irrigation pipe lines are introduced essentially to redirect the flow to the required 

blocks for irrigation purposes. The energy losses relative to the bend in the pipe sections are 

mainly dependent on the angle of the bend and the radius of curvature of the bend. Change in 

flow direction introduces pressure differentials and flow separation resulting in the formation 

of eddies.  As the angle of the bend increases the energy losses inevitably increase and as the 

bend radius of curvature increases, the energy losses reduce (nptel, 2015). 

 

1.2. Energy Loss due to Fluid Interaction or Shearing Fluid Elements 

Inevitably due to the introduction of the bends, there are energy losses within the shearing 

fluid elements due to the change in the stream lines of flow. As the fluid column flows past a 
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pipe bend, fluid element(s) close to the inside of the bend experience a pull radial to the 

centre of curvature of the bend that is defined as centripetal acceleration (nptel, 2015). Due to 

the curved duct and change in flow path, the fluid element(s) also encounter centrifugal 

acceleration due to self-weight from the momentaneous centre of curvature of the bend to the 

outer wall, resulting in the swirl and mixing of the fluid. The fluid flowing through the bend 

typically flows in the manner shown in the Figure 1.1 below. 

 

 

Figure 1. 1 Forces on a fluid element and pressure gradient in a duct at a 90 degree 

bend (nptel, 2015) 

Pressure increases on the inner wall of the pipe from point A, and gradually increases to a 

maximum at point B. Consequently, on the opposite end of the pipe, the fluid column 

encounters centripetal acceleration and pressure falls at C to a maximum at point D and the 

water flowing in the middle inevitably experiences some pressure gradients also causing 

secondary losses in the plane radial of the pipe. The retarded flow close to the wall C to D 

also experiences a vacuum resulting in the formation of the eddy currents, causing energy 

losses. Figure 1.2 shows the differential pressures observed experimentally in a 90° bend. 

 

Figure 1. 2 Pressure gradient in a duct at a 90 degree bend (Sun et al., 2012) 
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The pressure differentials together with the fluid-wall interaction also result in the separation 

and formation of eddy currents in the fluid, causing pressure loss. As flow continues 

downstream of the 90° bend pipe, it continues to spiral and oscillate along the pipe until it 

stabilises at fifty times the pipe diameter in length along the pipe from the central plane of the 

bend (Sun et al., 2012). 

 

1.3. Energy Loss due to Fluid-Wall Interaction 

In addition to the explained energy losses, there is energy lost due to the fluid to wall 

interaction articulated in terms of the velocity of flow; 

   

  ⁄           (1. 1) 

Where      a resistance coefficient dependent of pipe total bend length and the ratio of 

radius of curvature of   bend (R) to pipe diameter (D) i.e. R/D taken at the 

centre plane of the bend; 

    average flow velocity; and 

    acceleration due to gravity. 

  varies marginally with the Reynolds number (  ) but increases as surfaces roughness 

increases (Wilson, 2012). The accuracy of the K values is largely dependent on the 

foundational formulas. These could be Colebrook-White / Newton-Raphson, Moody chart, 

Barr, Wood, Haaland, and Swamee and Jain formulas (Babatola et al., 2008). The sum of the 

three main factors contributing to the pressure drop, the change in the direction of flow, the 

fluid interaction its self (fluid element(s) friction) and pipe wall-fluid interaction need to be 

correctly quantified with the relative change in the bend angle, radius of curvature, flow 

velocity and pipe diameter, to precisely and accurately quantify the secondary pressure drop. 

This in summary will be the pressure loss due to the fluid wall friction and dynamic forces 

before, within and after the bend. 
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2. DETERMINATION OF SECONDARY LOSSES IN IRRIGATION SYSTEMS 

2.1. Introduction to Determination of Minor Frictional Losses 

Frictional losses in a pipe section though measured with the Darcy-Weisbach, Colebrook-

White / Newton-Raphson, Moody chart, Barr, Wood, Haaland, Swamee and Jain Hazen-

Williams, Lamont equation and General exponential formula, there are limitations in the 

application of the formulas in the measurement of the pressure drop in bends and fittings 

since their focus is on straight pipe sections. These methods only focus on the frictional loss 

due to the fluid interaction with the internal wall of the pipe per given length. 

 

2.2. Limitations of Darcy-Weisbach Friction Equation 

At high flow rates, during the transition flow and turbulent flow in smooth and rough pipes, 

the measurement of pressure drop was found not to satisfy the Darcy equation or rather with 

large Reynolds numbers, which called for the inclusion of additional parameters to accurately 

measure pressure drop (Tek, 1957). Considering the experimental data, the generalized Darcy 

equation seemed to satisfy pressure drop reasonably within a range of Reynolds numbers, but 

as the Reynolds number increased the Darcy equation was found to lose its predictability on 

the actual pressure drop. This is likewise, since the Darcy law considers that the drag force is 

linearly proportional to the flow velocity, but this holds for low flows velocities (Awad, 

2016). This calls for a need to find new methods of determining pressure drop. 

 

2.3. Colebrook-White / Newton-Raphson, Moody chart, Barr, Wood, Haaland, and 

Swamee and Jain formulas 

These are merely the Darcy - Weisbach friction equation with the consideration of the pipe 

roughness, hydraulic radius and the Reynolds number, and are capable of estimating 

frictional losses at higher levels of Reynolds number or turbulent fluid-flow. Using statistical 

methods, Babatola, Oguntuase et al. (2008) checked the accuracy, analysed the rationality 

and goodness of fit for the formulas. The method gave different levels error 1.0, 1.0, 1.0, 

0.9999, 0.9997, and 0.9991 for the Colebrook-White, Swamee and Jain, Moody, Barr, 

Haaland, and Wood, respectively. The first three methods were deemed to be the best options 

because the high coefficient of determination. However, the Moody method was deemed the 

best due to is explicit chart in the absence of software packages to calculate. These methods 

however are specifically for determining the frictional losses in straight pipe lengths and to 

some extent are not applicable to the losses due to bends in irrigation systems. 
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2.4. Hazen-Williams, Blasius, Lamont, Scimeni, Manning and the General Exponential 

Equations 

The Darcy–Weisbach equation and the Colebrook White formula are rational and 

dimensionally homogeneous, while the Hazen-Williams equation is dimensionally not 

homogeneous with a limited range of applicability although it caters for the cases of sloping 

pipes as opposed to the horizontal pipe of the later mentioned two formula (Valiantzas, 

2005). Likewise, the Blasius, Lamont, Scimeni, Manning and the General Exponential 

equations are not dimensionally homogeneous, and all these methods focus on straight pipe 

sections, meaning they fall short for the accurate determination of secondary / minor head 

loses due to friction. 

 

2.5. Methods for Determination of Minor Losses 

Methods deemed accurate for the determination of secondary or minor losses in pipe bends 

and fittings can be classified within three categories. These are the equivalent length, the 

resistance coefficient, and the valve flow coefficient method though the valve flow 

coefficient method is mostly used for valves. The resistance coefficient method however has 

many ways of defining the coefficient making it necessary for one to know the way in which 

it was developed and its conditions of application.  It makes extensive use of Tables that one 

must understand in its application to avoid errors. 

 

2.5.1. The equivalent length (Le/D) 

This method as used in the SABI Irrigation Design Manual for designing irrigation systems 

when determining the minor losses, is on the basis that minor losses are proportional to the 

velocity head component ( 
  

  
)  as in a straight pipe, considering the Darcy-Weisbach 

equation (ARC, 2003); 

   
  

 

  

  
          (2. 1) 

where;     fluid head; 

   Moody friction factor or Darcy-Weisbach friction factor; 

   straight pipe length;      internal pipe diameter; 

   average fluid velocity; and     acceleration due to gravity; 

The pressure drop across a fitting would be equivalent to a straight pipe length   , giving a 

slight increase to the multiplier 
  

 
 such that the overall drop across a fitting would be 
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regarded as         . The head multiplier would then be taken to be            for the 

frictional loss in the fitting. It was also discovered that there exists a constant in the different 

pipe diameters for a 90º long radius bend when considering the ration       assisting in 

estimation of the equivalent length losses (ARC, 2003). The equivalent length equation 

combines the losses due to the differential pressures within the fluid as it turns about the 

bend, the wall surface area in contact with the water, entrances and exit losses of the fluid in 

the bend and change in direction, treating the losses as existing in one straight pipe.  Overly, 

the pressure drop when using the equivalent length method tries to sum up all contributions to 

the frictional losses over the curved flow path through the bend, equating all pressure drops to 

that of an equivalent length of straight pipe loss leaving room for inaccuracies due to 

estimations made, also calling for the need for research on better methods. 

 

2.5.2. The resistance coefficient (K) 

Although it is like the equivalent length method, the resistance coefficient method sums up 

the resistance coefficient giving the form (Perry, 1950): 

    (
  

 
 ∑   

   ) (
  

  
)        (2. 2) 

The resistance coefficient method, as used by the Chemical Engineers Handbook in 1950, 

had the intention of using a resistance coefficient as though it were the same for different 

diameters again, introducing inaccuracies. It was found thought that generally the resistance 

coefficient decreased as the fitting size increased. The K value was used in the fully turbulent 

flow conditions and not on laminar flow to date (Perry, 1950). In a bid to improve the friction 

factor K, the Crane 2 friction factor was introduced with a range of K factors for each fitting, 

with the provision of adjusting the K values per fitting, which also brought confusion. It was 

also discovered that at Reynolds numbers less than 2 000, there was an express increase in 

the K vales (Silverberg, 2001). Hooper (1981) modified the K value to include the fitting size 

and the Reynolds Number such that (Albright, 2008), 

  
  

  
   (  

 

 
)         (2. 3) 

Advancement on the work by Hooper (1981) gave the three-K equation which could fit the 

data well (Darby et al., 2001): 

  
  

  
   (  

  

    )        (2. 4) 
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2.5.3. Valve flow coefficient (Cv) 

Though used mainly for valves Cv (   in the S.I. units) values can be easily converted to K 

values. The methods outlined earlier uses the multiplier with the velocity head term giving a 

likelihood of the same results and with the valve flow coefficient method (Wilson, 2012). 

 ́    √(  ́  ⁄ )         (2. 5) 

Where:  ́   volumetric flow rate in m
3
/s    ́   pressure drop in pascal (≡ N/m²) 

    density of liquid in kg/m 

The equivalent length (Le/D) and the resistance coefficient (K) use the same velocity head 

multiplier when predicting the frictional losses allowing conversion between the two, 

considering the fitting dimensions are known in either case when using the length (Le/D) or 

the resistance coefficient (K) method. The argument however, pertaining to the two methods 

is how the length (Le/D) and the resistance coefficient (K) method are compared with 

different Reynolds numbers and pipe roughness. 

 

Despite the efforts to correctly quantify the secondary losses, smaller frictional factors than 

those obtained by Moody, Prandtl and White Colebrook, Nikuradse smooth pipe law or the 

Blasius law, have been obtained in huge diameter pipes (Berlamont, 2014). It was found that 

the small amounts of swirl at the bend persists down the straight pipe line, diminishing the 

frictional factor as premeditated by the Reynolds number, validating the Blasius law. 

Reduction of the frictional factors is of the order of (5 to 10) % for swirl of the order 1 to 2 in 

large pipes 

 

The use of the Darcy-Weisbach, Colebrook-White / Newton-Raphson, Moody chart, Barr, 

Wood, Haaland, Swamee and Jain Hazen-Williams, Lamont equation and General 

exponential formula has some limitations in the application of the formulas when measuring 

the pressure drop in bends and fittings since their focus is on straight pipe sections.  Methods 

deemed accurate for the determination of secondary or minor losses in pipe bends, the 

equivalent length, the resistance coefficient and the valve flow coefficient method, though 

mostly used for valves, are also estimations of the pressure drop in a bend. 
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2.6. Single-Phase Flow Through a Vertical Bend 

Single phase flow is characterised by one state of matter, gas (steam or vapour) or liquid 

(water) as in the case of irrigation water, the primary variables being, velocity, pressure, 

enthalpy and density. As irrigation water flows through a bend, it experiences a radial 

pressure gradient generated by the centrifugal force acting on the fluid due to the bend. The 

water partially splits from the centre and spirals as it moves sideways past the bend forming a 

double flow field as shown in Figure 2.1 (Briley, 1974).  

 

 

Figure 2. 1 Corkscrew flow in a bend: a) Section along bend; b) Rectangular cross-

section pipe and; c) Circular cross-section pipe (Briley, 1974)  

 

 

Figure 2.2 U-bend with bend-to-pipe diameter ratio 24 and Reynolds number = 23 6000 

Pressure contours (Briley, 1974) 

Flow separation was also seen to be adverse with sharp bend angles, increasing the pressure 

losses  (Jayanti, 2011). This flow pattern was also seen to be similar even with large bend 

angle pipes. The pressure losses at the bend were concluded to be a result of change in fluid 
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momentum due to the bend and dynamic viscosity, wall friction and varying Reynolds 

number as it collides, and swirls as influenced by the bend angle and radius of curvature of 

the bend. The pressure drop was expressed as a sum of two components, firstly frictional loss 

due to the straight pipe section or equivalent loss because of the Reynolds number and the 

pipe roughness. Secondly, pressure loss due to the change in flow direction (Jayanti, 2011), 

the bend loss coefficient due to the curvature ratio and bend angle was expressed as: 

   
 

 
    

    

 

 

   
 

 

 
    

      (2. 6) 

 

Where:    the Moody friction factor in a straight pipe;      the density; 

               the mean flow velocity;       the bend radius; 

               the tube diameter;      the bend angle; and 

                the bend loss coefficient obtained from Figure 2.3 below. 

 

 

Figure 2.3 Pipe bend loss coefficients (Wilcox, 1978) 

In other experiments conducted, the frictional loss in a single-phase bend was found to be 

composed of the fluid-wall friction, the vortex detachment, secondary flow generation and 

downstream tangent for the two symmetrical velocity profiles developed at the bend (Azzi 

and Friedel, 2005). The pressure loss in a 90° bend was also expressed graphically by Azzi et 

al (2015) as shown in Figure 2.4. 
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Figure 2.4 Mean static pressure of incompressible liquid flow through bends in a 

horizontal plane (Azzi and Friedel, 2005) 

The frictional, hydrostatic pressure drop and secondary flow generation are ruled by 

dissimilar contributing factors and as such, the three, frictional, hydrostatic (and dynamic 

viscosity components of the pressure drop excluding the acceleration or due to gravity 

component) and secondary flow generation can be added together to give the resultant 

pressure drop. 

 

2.6.1. Pressure drop outside and inside of pipe bend 

Frictional pressure drop outside of the bend within the pipe can practically be seen to be due 

to the impact of the straight flowing stream lines of fluid with respect to pipe bend. Ideally 

there exists a half cylinder hydraulic area of collision instigating a variation in the angular 

momentum with the outer wall and a half cylinder hydraulic area of detachment and 

attachment of flow also creating pressure loss on the inner wall at the bend. The concave 

outer wall of pipe bend causes the change in the stream line flow directions and the mean 

angular momentum. Contrary to that, the convex inner wall acts as the starting point of the 

generation and direction of the vortices due to the mean shearing of the fluid, giving the mean 

angular motion. The two effects due to the bend angle and radius give the characteristics of 

the turbulence development (Röhrig et al., 2015). The development of the mean stream wise 

velocity due to the concave outer wall and the convex inner wall were illustrated in a study a 

by Rohrig et al (2015) at 0°, 22.5°, 45°, 67.5° and 90°. A computational study using the 

Large Eddy Simulation (LES) and various Reynolds-averaged Navier–Stokes (RANS) were 

used and calculated by the low Reynolds number Eddy Viscosity Model (EVM), as seen in 
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Figure 2.5. The  ́    ⁄  indicates the center through the bend with   ́  ⁄     , the outer 

and  ́  ⁄     , the inner bend contour. 

 

Figure 2.5 Mean velocity profile development at angular positions ϕ inside a bend 

section (Röhrig et al., 2015) 

The development of the mean stream wise velocity field with the profiles at the different 

bend positions was also shown for the different computational methods employed in the 

study. It was pragmatically seen that the velocity profile progressively became unequal. It 

was also observed that acceleration of the fluid with substantial pressure decrease occurred 

on the fore part of the inner concave side as opposed to the outer convex part as seen in 

Figure 2.6 below. The shaded region 0° to 90° indicates pipe bend length over the whole pipe 

configuration.   

 

Figure 2.6 Inner and outer arc pressure coefficient along bend at Reb = 2 4000 (Röhrig 

et al., 2015) 
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Further comparison was also done for the coefficient of friction for the inner concave side as 

well as the inner convex part of the bend as shown in Figure 2.7. 

 

 

Figure 2.7 Comparison of the friction coefficient of friction of the bend at Reb = 2 4000 

(Röhrig et al., 2015) 

 

Comparable numerical studies were also undertaken by Dutta et. al (2016) to characterize the 

effects of various Reynolds numbers (Re = 1 × 10
5
 to 10 × 10

5
) on the flow separation on the 

inner bend with Numerical simulation. Similar results were obtained for the normalized mean 

velocity profile fluctuation as seen in Figure 2.8 below where Ux/Uin refers to the mean 

velocity and inlet velocity respectively. 

 

 

Figure 2.8 Mean velocity profile fluctuation on bend (Dutta et al., 2016) 

Velocity acceleration on the outer part of the bend was also perceived to be higher as 

expected. Separation and reattachment points were also observed for the dissimilar Reynolds 

numbers at diverse positions of the pipe bend in the central symmetry plane. The negative 
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pressure hydrostatic pressure drop as the case of a non-aerated nappe, was formed mainly due 

to the separation point (SP), middle point and the reattachment point (RP) in the inner part of 

the bend. SP, MID and the RP features are expressed in bubble flow as seen in Figure 2.9. 

 

Figure 2.9 Various sections of laminar separation bubble flow (Lin and Pauley, 1996)  

In the numerical simulation undertaken, as the Reynolds number increased the velocity 

profile close to the inner part of the bend tried to recuperate to the fully developed flow form. 

This was achieved by the slowing down of flow in the outer core and accelerating effects in 

the  inner part of the bend, giving rise to the assumption that pipe curvature effects reduce 

(Dutta et al., 2016). Studies were also done to get an understanding of the dependence of 

separation and reattachment points on the Reynolds number from the bend outlet. These are 

shown below in Figure 2.10. 

 

 

Figure 2.10 Separation and reattachment point’s dependency on Reynolds number (a) 

Separation points. (b) Reattachment points (Dutta et al., 2016) 
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As the Reynolds number amplified, the separation point travelled upstream of the bend and 

the convers occurred with the reattachment point. Again, with bend Rc/D = 1 and different 

Reynolds numbers, velocity fluctuations in the x and y directions were also seen as shown in 

Figure 2.11, with the negative and positive values (r/R) representing the inner and outer core 

respectively at the separation region. 

 

 

Figure 2.11 Root mean square velocity (rms) profiles of velocity oscillations at the bend 

exit (a) Urms in x direction. (b) Vrms in y direction (Dutta et al., 2016) 

The strength of oscillation was larger in the x compared to the y direction, and Urms profiles 

did not demonstrate considerable dependency on the Reynolds number change, compared to 

the clear dependency of  Vrms profiles, with peak value becoming larger, moving from the 

center to the outer part as the Reynolds number increased (Dutta et al., 2016). Due to the 

existence of the bend or curvature, it was concluded that the change in flow direction 

produces a centrifugal force that makes the denser water phase to travel away from the centre 

of curvature of bend, and at the same time, flows traverses to the centre of curvature of bend. 

Concurrently, the maximum axial velocity traverses to the outside of the bend with the 

formation of a proportioned pair of counter-rotating helical vortices (Autee and Giri, 2016). 
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2.6.2. Dynamic and kinematic viscosity of water 

Viscosity, as a measure of the resistance of the flowing water as it deforms passing the bend, 

contributes to the differential pressure loss; that is the "thickness" or "internal friction". This 

is largely due to shear stress and tensile stress in the flowing fluid (Maheshwar, 2018). Being 

a tensorial quantity, viscosity can be represented in two independent components. These are 

two viscosity coefficients which are also defined as the Dynamic or Absolute viscosity and 

Kinematic viscosity or dynamic viscosity per density of fluid. These yield the most important 

Shear viscosity, often referred to as the viscosity of the fluid in general, which is simply the 

fluid reaction to applied force (ratio of the pressure applied to fluid in the axial direction (x, y, 

z axis) on fluid surface to the resultant change in velocity) or velocity gradient. Secondly, 

Volume viscosity which is also called the bulk viscosity, normally applicable to compressible 

fluid and Extensional viscosity, a combination of shear and bulk viscosity which also occur 

with compressible fluids (Ismael, 2015). The change in Kinematic viscosity with a change in 

temperature (Viscosity index) is also used in cases with significant temperature differences 

but is not the case with irrigation water. Figure 2.12 and 2.13 below shows the water relative 

viscosity and the viscosity of water at saturation pressure. 

 

Figure 2.12 Water relative viscosity (The Engineering tool box.com, 2018) 



16 
 

 

Figure 2.13 Water viscosity at saturation pressure (The Engineering tool box.com, 2018) 

 The use of the Dean number was on the Chisholm model as modified by Sánchez Silva et al. 

(2003) to introduce the curvature ratio (2R/D) and Reynold number gave more accurate 

results for the determination of pressure drop. 

 

2.6.3. Dean vortices formation and secondary flow generation downstream of bend 

Flow in the pipe bend consists of recirculating regions with curved streamlines generally 

characterised by the Dean’s number (Dean, 1928). This was defined relative to the pipe bend 

diameter with centre line radius. Dean’s number considers the viscous, inertia and curvature 

due to the pipe bend. Dean’s number (  ), gives the ratio of the square root of the product of 

the inertia and centrifugal forces to the viscous forces. 

   (
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⁄      (2. 7) 

Where:     Dean’s number;    pipe diameter; 

   velocity;    density; 

   dynamic viscosity;    pipe radius;  

   pipe bend centre-line radius.     Reynold’s number; and 

   the diameter for non-circular geometry, and equivalent diameter in use. 

 

The relationship between pressure gradient and flow rate was found to be independent on the 

bend curvature but on Dean’s number. This was shown by various authors but with just 

different definitions of the Dean’s number (Vashisth et al., 2008). The curvature, 1/R was 
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seen to affect the flow pattern. Figure 2.14 below shows the secondary flow field for low and 

high Dean Numbers (Ghobadi and Muzychka, 2016). 

 

Figure 2.14 Secondary flow field for small and large Dean Numbers (Ghobadi and 

Muzychka, 2016) 

For a radius of curvature > 5, the flow field in a circular cross-section of the bend was found 

to be dependent on the Dean number. For    > 370, turbulent flow and secondary boundary 

layers are seen to mature on the pipe bend wall on the outer bend and exiting as fluid 

approaches the inner bend. With the increase in the Dean number with the consequent 

centrifugal force and axial velocity, more fluid is pulled into the secondary boundary layers 

close the outside bend. The secondary boundary layers close the external outer bend reduce 

by thinning and congealing on the inside bend. Simultaneously, the locations of the largest 

axial velocity moves toward the external bend (Berger et al., 1983). The two-phase pressure 

drop was also seen to be dependent on the ratio R/D but independent of the pipe diameter for 

a 90º bend as the case of single-phase flow (Hsu et al., 2015). Secondary flow generated due 

to the inequality of the pressure at bend and the centrifugal force radial to the bend curvature 

is reliant on the bend radius of curvature and Reynolds number relative to the pipe diameter 

and bulk velocity and when radius of curvature Rc/D > 1.5. Secondary flow pair of counter 

rotating Dean vortices were produced and at the same instant, stream wise flow starts to 

distort and shift from center of curvature (Weske, 1948). Swirl intensity was also found to be 

greatly reliant on the radius of curvature and less a function of Reynolds number.  Swirl 

intensity (secondary flow generated) dissipation was also found to be exponential in nature 

and signified by the swirl number as well (Chigier and Beer, 1964). The strength of a swirl 

about the axis of flow, swirl number, is the area-averaged flux of angular momentum. This 

was represented by in equation 2.8 as show below (Kim et al., 2014). 

   
∫[ ⃗⃗  ( ⃗⃗   ̂) ̂]

 
  

  
 ∫  

          (2. 8) 
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Wherein      swirl intensity; 

  ⃗⃗   flow velocity vector; 

  ̂   unit vector normal to the pipe section area; and 

    pipe section area. 

 

Jongtae et al (2014) also expressed the exponential decay of the swirl a as a decreasing 

function: 

  

   
          

 

 
           (2. 9) 

 

Where     the rate of decreases of secondary flow intensity downstream at the elbow; and 

     Initial swirl intensity value.  

 

This was seen to be 0.21 from the finest fit amid the data and correlation. This is expressed 

graphically in Figure 2.15 below. 

 

 

Figure 2.15 Degeneration of normalized swirl intensity along pipe from elbow exit with 

Rc = 3D (Kim et al., 2014)  

Based on above equation,    was found to dissipate 10% of its original value which is 

approximated at 11D downstream of elbow. To find out the effects of other geometric 

parameters, the results were compared to the previous velocity measurements and expressed 

as in Figures 2.16 to 2.18 below. 
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Figure 2.16 Dependency of normalized swirl intensity degeneration along pipe from 

elbow exit with radius of curvature (Kim et al., 2014) 

 

Figure 2.17 Swirl intensity dependency on Reynolds number at exit of elbow (Kim et al., 

2014) 

 

Figure 2.18 Swirl intensity dependency on radius of elbow curvature of at exit of elbow 

(Kim et al., 2014) 
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Kim et al. (2014) concluded that swirl intensity does not have much dependency on the 

Reynolds number but shows greater dependency on the radius of curvature of the bend and 

that studies needed to be undertaken to give the relationship between swirl intensity and the 

elbow radius of curvature. This was achieved with the use of the numerical method and 

turbulence model. In conclusion to this study, swirl intensity, defined as the area averaged 

tangential velocity, decreased exponentially on exit of the bend or elbow, dissipated faster as 

the radius of the elbow curvature grew bigger. Figure 2.19 shows a schematic diagram of the 

swirl decay and the stream line flow as described in the modelling. 

 

Figure 2.19 Numerical results for experiment (a) stream wise velocity profiles, (b) 

Streamline (Sudo et al., 1998) 

Based on pressure gradient analysis with 90° bends, least downstream recovery length was 

found to be 150 times (Azzi and Friedel, 2005). Frictional losses within two phase fluid were 

also undertaken to shade more light on frictional loss due to bends. In the case of two-phase 

flow, pressure loss was found to increase due to energy dissipation with momentum exchange 

amid the phases together with the separation and mingling of the gas-liquid phase. 

 

2.7. Two-Phase Flow Through a Bend 

In the situation of the two-phase flow, primary variables are still the same as the single-phase 

flow with the addition of the mass and void fraction. As irrigation water flows through the 

bend or fitting, mass is conserved, and the process is adiabatic. Two-phase flow through a 

bend is associated with a centrifugal-force-induced stratification of two phases with a process 

of migration of bubbles near the internal side of the bend (Jayanti, 2011). The complex 

interaction between the inertia, pressure, centrifugal forces, viscous, surface tension, adhesion 

and gravitational, leads to the heavier phase migrating to the inner side of the bend, a process 
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defined as film inversion. It was also observed that the gravitational force also affects the 

flow form (Azzi and Friedel, 2005). As for the instance of bubble or slug flow in a vertical 

bend, gas was seen to flow on the inner side of bend owing to the equilibrium of the 

centrifugal forces pulling the liquid phase to the external and gravity pulling it down. The 

completion between the two phases due to the radius of curvature, bend angle and mixture 

mean velocities is expressed by the Froude number which is given as follows: 

       

      ⁄           (2. 10) 

wherein the Froude Number is unity at radial equilibrium and the gas phase changes to the 

inner side of bend and less than unit with the converse (Azzi and Friedel, 2005). The method 

of measuring two-phase flow through bends is deemed impossible though it has been 

proposed the below method of multiplying the single phase pressure losses by a two-phase 

multiplier (Chisholm, 1980). 
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}          ]    (2. 11) 

 

Where:        the pressure drop in two-phase flow; 

                    pressure drop in a single-phase flow of total mass flux and liquid properties; 

                   the bend loss coefficient for single phase flow; and 

                 the quality of phase. 

Pressure drop in the two-phase is more than that of the single-phase due to the reduction in 

flow area for the two phases and this is what potentially takes place in an irrigation system at 

times (Coleman and Garimella, 1999). Estimation of the two-phase density and the 

subsequent hydrostatic pressure drop for a vertical tube with a bend, depends very much on 

the void fraction and is very much affected by the void fraction error (Ghajar and Bhagwat, 

2013). Ghajar et al (2013) analysed the dependency of the two-phase density on void fraction 

using the slip ratio and drift flux model-based correlations and found the drift flux model-

based correlations performed better than the slip ratio. 

 

2.7.1. Void fraction and two-phase dynamic viscosity models 

The entire pressure drop in a liquid-gas mixture entails the hydrostatic, frictional and 

acceleration vectorss of the pressure drop. Knowledge of the two-phase mixture density 

which is dependent on the accurate prediction of void fraction is needed for the calculation of 

the total pressure drop in a liquid-gas mixture . This is expressed in Equation 2.12 with 
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mixture density and void fraction of alternatively two-phase quality below (Ghajar and 

Bhagwat, 2013). The approach assumes no slip beteewn the two phases in the homogeneous 

flow model. 
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     (2. 12) 

 

When  (
  

  
)
    

         (mixture density) 

and                       (void fraction) 

and          (
 

  
 

   

  
)
  

 (alternative two-phase quality) 

 

Where:                 pipe length, m;      pressure, Pa; 

                             acceleration due to gravity, m/s
2
;      quality 

                             void fraction; 

and subscripts:     accelaration;                    hydrostatic;                      friction; 

                             gas phase;                        liquid phase;                     mixture; 

                             total; and                          two-phase. 

 

 

Figure 2. 20 Two-phase density determined by void fraction and two-phase mixture 

density is founded on two-phase quality founded on the values of void fraction 

measured at Oklahoma State University, Two-Phase Flow Laboratory. 
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The two-phase density expressed by way of a void fraction and the alternative two-phase 

quality are in good agreement for bubbly flow but significantly differ for the annular flow 

regime as seen above. Based on visual observation, the alternative two-phase quality method 

under predicts two-phase density and resultant hydrostatic pressure drop. For non-boiling 

liquid-gas as in the irrigation water, we can disregard the influence of the acceleration 

constituent to the two-phase pressure drop (Ghajar and Bhagwat, 2013). Overly, the friction 

or pressure drop is considered for the fluid wall interaction and the liquid-gas interface 

expressed in Equation 2.13 below (Ghajar and Bhagwat, 2013).. 

 

(
  

  
)
    

 
     

    
     (2. 13) 

 

Where:    two-phase mixture mass flux,            , kg/m
2
s

-1
; and

 

                pipe diameter, m 

 

This two-phase friction factor equation is dependent on the two-phase Reynolds number, 

    
  

  
 ,   being phase dynamic viscosity, Pas

-1
, which also depends on the two-phase 

dynamic viscosity. The two-phase dynamic viscosity requires the formulation of a two-phase 

equivalent mass flux, (   - equivalent), expressed below in Equation 2.14 (Akers et al., 

1958). 

 

     (       √
  

  
)     (2. 14) 

 

Many methods of predicting  pressure drops at bend have been developed, validation of 

which can only be done when practical tests have been uder taken. Autee and Giri (2016) 

made a comparative study of the leading methods in the determination of pressure drop 

through the bends. In the study, it was found that the applicability of the pressure drop 

correlations differed by ± 50%. Most literature reports have either used the Blasius or 

Colebrook equation on the calculation of the two-phase friction factor also founded on the 

two-phase Reynolds number. However, the Blasius equation is used in smooth pipes and does 

not take in to consideration the transition between laminar and turbulent flow whereas the 

Colebrook equation is mainly for turbulent flow regimes. The Churchill friction factor 
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correlation, (Equation 2.15), was deemed more accurate as it takes in to account the effects of 

pipe roughness ( ) and the smooth transition between laminar and turbulent flow with the 

variables A and B is expressed below. 
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2.7.2. Two-phase flow in upward, horizontal, or downward arrangement 

With the use of long inlet and outlet pipes, it is presumed the flow is fully developed. An 

upward, horizontal, and downward arrangement with a 90º bend test on the single-phase 

pressure drop and flow pattern was conducted. It was discovered that for the single-phase 

flow, friction factor due to the 90º bend was more than that of a straight pipe length for the 

same Reynolds number. Friction factor for a smaller curvature ratio (2R/D) was found to be 

greater than that of a bigger curvature ratio bend. For two-phase pressure drop, the pressure 

drop in the upward arrangement of the 90º bend is more than that of the horizontal 

configuration due to the swirled motion and liquid flow reversal in the pipe bend (Hsu et al., 

2015). However, this happens in the upward arrangement only at specific flow patterns 

(Reynolds number) and pressure gradient, and none in the downward configuration. As the 

mass flux and quality increased in all cases (two-phase to single-phase), the difference in 

pressure drop for all three scenarios became insignificant due to the rising flow inertia. This 

is also the case of flow in irrigation system.  liquid flow reversal was more evedent in the 

larger pipe diameter used in the test but there exists threshold velocities in each case, after 

which there is no more liquid flow reversal occuring. Threshold flow velocities were found to 

be 2ms
-1

 for a 5.5mm diamiter pipe bend and 4ms
-1

 for a 5.9mm diameter pipe bend. 

 

In other experiments on a 90° bend with a horizontal inlet and upward outlet, the frictional 

losses were equivalent to the flow in the reverse, that is, a vertical inlet and a horizontal 
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outlet. In the case of a horizontal inlet and downward outlet, a 35% decrease in the frictional 

loss was experienced at the bend (Deobald, 1962). An investigation was also done on the 

influence of the plane on the bend. The frictional losses on a 90° bend in the vertical plane 

was found to be 30% less than in a horizontal plane (Grant and Cotchin, 1989). 

 

The total pressure drop in a liquid-gas mixture in a horizontal pipe entails of the hydrostatic 

(gravity), frictional and acceleration components of the pressure drop, with the pipe bend 

being horizontal. The effects of gravity can be neglected as supported by the result of error in 

two-phase hydrostatic pressure drop with prediction of void fraction by Ghajar and Bhagwat 

(2013). Likewise, a pipe having a uniform size at bend, the momentum change or 

acceleration component was said to be insignificant (Autee and Giri, 2016). Change in 

momentum or acceleration as fluid impacts the bend the resultant change in flow direction, 

the nappe or vortex detachment, secondary flow generation and downstream tangent for the 

two symmetrical velocity profiles developed at the bend, adds to the observed pressure drop. 

In some instances, it was also concluded that there are two separate effects that result in the 

pressure drop due to a bend, the pressure gradient which leads to excessive friction on the 

outer wall of bend inside the pipe bend and the secondary flow due to the bend geometry 

(Crawford et al., 2003). 

 

2.8. CFD Analysis of Energy Losses on a 90° Bend 

Dos Santos et. al (2014) examined flow through a 90° blend with incompressible airflow in 

turbulent conditions. Using the finite volume method, the mass, momentum and the k-ɛ 

turbulence equations (k - turbulence kinetic energy and ɛ - dissipation rate) were developed to 

determine the friction loss coefficient of the bend and the effect of Reynolds number on the 

coefficient. Pressure drop was found to be attributed to by the fluid wall interaction and the 

dynamic losses. Static pressure contours were developed showing the stream line of flow. 

Flow was characterised by high pressure on the external of the bend and low pressure on the 

inside as flow close to the inner side of the bend tends to proceed straight with the outer flow 

spiralling as seen in figure 2.21 below. 
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Figure 2. 21 Static pressure contours, Streamlines details at Re=1×10
5
 and Secondary 

flow patterns at the elbow cross section (dos Santos et al., 2014) 

The frictional loss coefficient decayed over the Reynold’s number 1×10
4
 ≤ Re ≤ 1×10

6
 and 

were fitted to give the coefficient of friction; 

 

   
      

                             (2. 16) 

 

 

Figure 2. 22 Loss coefficient (  ) with the Reynolds number (dos Santos et al., 2014) 

 

Despite the undertaken studies, there has not been consideration of the coefficient of friction 

with the change in pipe diameter, the bend angle and the radius of curvature. This means it 

will not be possible to determine the universe empirical friction coefficient that would cater 

for a change in the pipe diameter, bend angle and radius of curvature. 
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2.9. The Effect of Geometric Parameters on Frictional Losses 

The energy losses due to the fluid wall interaction happen as fluid flows before and after the 

bend. This will always be the case in an irrigation system, pressurised in its normal operation. 

Effectively there will always be a component of fluid wall friction which will hinge on the 

roughness of the pipe (Farshad et al., 2001). The contribution of pipe geometry / shape, 

roughness, bend angle, curvature radius and change in pipe diameter on frictional losses are 

considered in this section. 

 

The geometry of channel was seen to have little to no effect on the threshold as seen in Figure 

2.23 (Dai et al., 2014). 

 

Figure 2. 23 Contrast of normalized friction features of laminar flow with models (Dai 

et al., 2014). 

The effect of pipe roughness on frictional losses is influenced by the flow velocity in the 

pipe. The change in flow velocity influences the flow profile with the accompanied change in 

the Reynolds number (Tezuka et al., 2008). Pipe roughness is also influenced by the 

hydraulic diameter flow area with its variation and the extent of wall shear stress (impact) by 

the flowing fluid, which also affects the rate at which flow turns turbulent from laminar flow. 

The more the roughness the sooner flow turns turbulent compared to a smoother pipe with 

respective flows (Kandlikar et al., 2005). Experimental study on fully developed flow as seen 

in an irrigation pipe in use, showed that the roughness played slight effect on the flow 

features that is, the friction factor and critical Reynolds number of fluid when considering the 
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relative roughness 0% < ε/Dh ≤ 1%. At relative roughness over 1%, the friction factor and the 

critical Reynolds number progressively are at variance with the predicted values. At relative 

roughness ε/Dh = 1% a threshold was recommended to differentiate between smooth and 

rough flow in micro- and mini-channels. In a study of a water distribution network as of the 

principle of an irrigation system, pipe roughness may be detrimental to the pumping energy, 

with a saving of 0.7 to -0.2 % of the total pumping energy (Speight, 2014). In some other 

scientific work undertaken, at pipe relative roughness below 5%, it was found that the 

incompressible fluid had no effect on the flow resistance (Li, 2003).As the irrigation water 

flows past the bend, the degree of fluid wall interaction varies with the angle and shape of the 

bend, introducing the effect of the bend angle and radius of curvature. 

 

Generally, as the angle of the bend increases the energy losses inevitably increase (nptel, 

2015). With the exception of the long-radius pipe bends, the frictional loss was found not to 

be comparative to the refraction or bend angle for a given R/r value (Ito, 1960). This is 

illustrated in Figure 2.24 below with different bend angles tested. 

 

Figure 2. 24 Variation of the frictional loss coefficient with bend angle for smooth pipe 

bends for Reynolds number of 2×10
5
 (Ito, 1960) 

Again, generally as the bend radius of curvature increases, the energy losses reduce (nptel, 

2015). A minimum value of the frictional loss coefficient, kt, was seen for R/r ≈ 5 for the 45° 

and 90° bends, and ≈ 4 for 180° bends. This is also shown graphically Figure 2.25 below by 

experimental test undertaken. 



29 
 

 

Figure 2. 25 Variation of bend-loss coefficient with relative radius for smooth pipe 

bends for Reynolds number of 2×10
5
 (Ito, 1960) 

With the impact of curvature ratio, H/R, on the development of secondary flow, energy loss 

and turbulence were also investigated for an open channel, as with the principle of flow in a 

pipe bend on horizontal ground. In linear models, secondary flow is realized to increase with 

increase in curvature according to low-amplitude perturbation models, but it was found that it 

hardly increases in with curvature or it was not proportional (Blanckaert, 2009). This 

phenomenon termed saturation and was also seen for turbulence and energy loss. Secondary 

flow was found to develop as a result of the curvature resulting in the formation of 

turbulence, leading to energy loss which lagged behind the turbulence formation. 

 

In summary pressure drop occurs in three sections, pipe section just before the bend, within 

the bend and after the bend. Perturbation occurs before the bend, after which pressure drop 

occurs in the bend as the column of flowing fluid is split into two, generating Dean Vortices. 

Fluid under goes deferential forces as it splits and combines, with the collision and adhesion 

on the outside and inside of the bend respectively. Pressure drop finally occurs with 

perturbation as it leaves the bend and generated secondary flow in the straight pipe section,  

continuing downstream of the bend with decaying intensity as the last component of pressure 

drop due to the bend. The Dynamic and Kinematic viscosity component also plays part to the 

viscosity of the fluid with temperature and overall pressure drop. The effect of pressure drop 

is further enhanced with the change from a single-phase fluid to two-phase fluid with a small 

component of contribution by the plane of the bend, with the general flow pattern of the flow 

field seen remarkably well with the use of CFD.  
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3. DISCUSSION AND CONCLUSION 

Determination of pressure drop can accurately and precisely be determined for a straight pipe 

section using the conventional methods Darcy-Weisbach, Colebrook-White / Newton-

Raphson, Moody chart, Barr, Wood, Haaland, Swamee and Jain, Hazen-Williams, Lamont 

and General Exponential formula. However, when a bend is introduced, accuracy and 

precision becomes questionable since all methods used give close approximations. 

Considering empathetically the flow pattern and the transition of fluid flow due to the change 

in direction of flow as seen in literature, it is evident that pressure loss can be understood to 

be due to several contributing forces, the bend angle, radius, flow velocity and pipe diameter. 

 

When fluid flows in the straight pipe section before the bend, it is subject to the conventional 

methods when determining the frictional losses. Just before and after the bend, perturbation 

occurs as seen clearly with pressure contour image about the bend. As the fluid enters the 

bend, the change in pipe geometry subjects the flow to centrifugal and centripetal forces 

simultaneously, which results in the splitting of the flow field, generating Dean Vortices 

which has been described by many authors in a different way, generating secondary flow, 

which decays downstream the straight pipe, forming the last component of pressure drop. 

 

If the flowing fluid can be considered as a continuous column in motion, it can be agreed that 

it collides on the outside of the bend and is simultaneously pulled on the inside. Considering 

the cylindrical bend, clearly there are two halves wherein collision and adhesion hydraulic 

areas are formed. The rest of the contributing factors will then be the formation of the Dean 

vortices generating secondary flow with a specific decay, relative to the flow velocity. The 

special contributing agent to the collision and adhesion of the fluid about the bend is solely 

due to the specific bend angel and the accompanied bend radius of the respective bend. This 

may also be seen as the major force contributing to the pressure drop relative to the flow 

velocity of the fluid. Of little significant, is the aspect of perturbation which is also unknown 

due to the existence of the velocity component of the flowing fluid together with the pipe 

roughness. 

 

Numerous experimentations and simulations have been conducted giving varying friction 

factors but the same general trend of frictional losses except for the tests by Ito (1960) and 

the phenomenon termed saturation by Blanckaert (2009). Of importance to note, friction 

factors in most tests were for a fixed bend angle and bend radius.  
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4. RESEARCH PROPOSAL 

4.1. Main Purpose of the Research 

The purpose of this research is to accurately and precisely quantify the frictional losses 

(secondary or minor losses) at the bends in irrigation systems due to the fluid molecular-wall 

collisions with pipe roughness and the dynamic forces resulting in the inter-particle collisions 

by the moving fluid as it passes through the bend. The research also aims to deriving a simple 

empirical formula for accurately and precisely calculating the frictional losses at the bends, 

and apply the concept to L-bends in irrigation system design. For one to calculate frictional 

loss at a bend, friction factors were often used as seen in the literature review, which required 

a thorough knowledge of how they were derived and the estimation of the equivalent length 

which also left room for errors. Friction coefficients were also derived relative to the fixed 

bend angle and radius of curvature introducing yet more in accuracies in any change of bend 

angle and diameter that could be encountered in the irrigation design. The analysis and 

generation of an empirical formula for the calculation of the frictional losses, bridges the gap 

between the uncertainties in the use of the various friction coefficients, estimation with the 

use of an equivalent length, change in the bend angle and diameter, and at the same time 

introduces a quick method of calculating the frictional losses in the design of irrigation 

systems to improve system efficiency. 

 

4.2. Problem Statement 

In irrigation systems, the frictional losses are largely due to the long pipe sections and in the 

fittings, i.e., minor losses. As the irrigation system pipe network gets to shorter lengths with 

smaller block widths and long-rectangular blocks lengths, the irrigation system gets 

complicated and the proportion of losses due to the fittings and the valves increases, but these 

are by convention termed minor losses (Wilson, 2012). Over the years, there has been 

development of formulas and methods of determining minor losses in irrigation systems to a 

great degree of accuracy (Wilson, 2012). However, this has not been as much accurate as 

compared to the determination of frictional losses along the straight pipe sections. The 

relatively inaccurate determination of the minor losses results in the under sizing of the 

irrigation pumps which can result in the failure of the irrigation system or poor system 

performance (Wilson, 2012). Over sizing of the irrigation systems, though operational may 

occur that is bigger pipe diameters, valves and respective components of the system design 

are used, leading to a higher capital cost for the irrigation system. 
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To enable the determination of minor losses, it is needful to correctly determine the frictional 

loss contribution due to individual influences; roughness, Reynold’s number, radius of 

curvature, bend angle, pipe diameter, wall hydraulic area interaction and pressure 

differentials (incorporating the energy losses due to change in direction of the fluid elements) 

in the fluid flow about the bend is needed, instead of combining everything in the friction 

coefficient or approximating an equivalent length. Accurate determination of frictional loss 

can be more reliable and precise when the frictional loss is a function of specific parameters 

as mentioned earlier. 

 

4.3. Justification of the Study 

The validity of Darcy's law when considering frictional losses has been a subject of interest 

for many years (Wilson, 2012). This has also been seen in the inapplicability of the Darcy 

formula with large Reynolds numbers. Questions have also arisen in the use of the fitting 

friction factor and the pipe friction factor (Wilson, 2012). Accurately determining the losses 

due to pipe bends, T pieces, sluice valves, ball valves, reducers, reflux valves and foot valves 

with screens will also reduce the cost incurred in over sizing of pumps and possible over and 

under designing. Overlay, there is a saving in the capital and pumping cost, i.e. the saving in 

pipe sizes and electricity consumed by the ideal system. The existence of the minor losses in 

the irrigation systems calls for a need to accurately determine the actual energy losses for 

designing of efficient irrigation systems. Determining the frictional losses as a function of the 

roughness, Reynold’s number, radius of curvature, bend angle, pipe diameter, wall area 

interaction and pressure differentials (incorporating the energy losses due to change in 

direction of the fluid elements) in the fluid flow about the bend, instead of estimating them at 

10% to 15% of the main losses and will give more timely, accurate and precise values of 

frictional losses that can be used for designing efficient irrigation systems. This is also 

essential with the current introduction of lower operating pressure emitters and possible use 

of special bends in an irrigation system. A new correlation needs to be developed in relation 

to the curvature multiplier and the momentum change due to the bend. 

 

4.4. Aims 

The main objective of the research is to accurately and precisely quantify the minor losses at 

the bends with respect to the dynamic forces acting on fluid, inter-particle collisions and the 

molecular-wall collisions due to the pipe diameter, roughness, flow velocity(s), bend angle(s) 

and bend radii, and apply the concept to specialized and L-bends in irrigation system design. 
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Hypotheses; Pressure loss in irrigation systems is largely due to the turns the fluid is 

subjected to and the resulting secondary flow generation when the irrigation system is in 

operation. 

 

4.4.1. Specific objectives 

 To develop an empirical equation of minor losses as a function of roughness, Reynold’s 

number, radius of curvature, bend angle, pipe diameter, wall area interaction (adherence 

and collision hydraulic radius) and pressure differentials resulting in the energy losses due 

to change in direction and shearing of the fluid elements before, about and after the bend;  

 To develop the successive dynamic hydraulic gradient due to successive pipe bend and a 

chart for manually determining the frictional losses or a MS Excel spread sheet tool for 

determining the frictional losses at different bend angles, radii of curvature, specific pipe 

diameter and flow velocity; 

 To compare minor friction losses determined by the tool(s) in above objective to those 

determined by “traditional methods” with reference to the practically measured values. 

 To determine the effect of two-phase flow on pressure loss and the effect of the gradient 

or incline and plane of the bend on pressure loss. 

 

4.5. Originality of the Study 

Determination of pressure drop is important for the enhancement of the performance of 

irrigation systems as we move towards the use of low-pressure drip systems and possible use 

of special bends in irrigation systems. This research will narrow in on the individual practical 

components contributing to pressure drops due to secondary or minor losses to increase 

irrigation efficiency. 

 

4.6. Methodology 

In the precise and accurate determination of the frictional losses due to the existence of a 

bend in a pipe section of an irrigation system, the build-up of a fully developed flow is 

critical. Fully developed flow before the bend rescinds the measurement of any other 

frictional loss due to secondary effects but only the introduction of the bend in all instances 

measured. This will be achieved using a quite long inlet and outlet pipe from the bend. A 

fixed straight length pipe section will be used to successively form the bend, eliminating the 
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friction factor effect due to straight pipe section in all the measurements. The initial 

measurement of pressure drop in the straight pipe section before introducing the bend forms 

the base or reference equivalent pipe length friction, enabling the precise and accurate 

determination of the pressure drop due to the existence of a bend in a pipe section.  

 

A fixed straight length pipe sections will allow the measurement or increase in frictional loss 

only due to the change of fluid wall interactions at intervals before, within and after the bend 

(influence regions) to be measured, also eliminating the effects of pipe joints with the bend or 

fitting connections, which would otherwise introduce unwanted frictional losses in the 

experiment. The schematic Figure 4.1 below shows the experimental configuration of the test 

apparatus with a fixed transparent straight pipe to successively form bend(s) (0 to 90) and 

subjected to varied flow conditions, 0 m
3
/s to 5 m

3
/s or more. 

 

Figure 4. 1 Experimental configuration of the test apparatus on a 6m × 6m frame 

A transparent continuous pipe will be bent from approximately a quarter of the way into the 

pipe section from the two ends, giving a specific fixed length for the development of the 

successive bend angle(s) and radii with the respective pipe diameters. Varied pipe section 

lengths (from 1m to 4m lengths within the 1.5m variance on both sides as shown in the test 

apparatus) and pipe diameters will also be tested to see the relationship between frictional 

losses with successive change in bend angle(s) and radii, with pipe length. Flow will be 
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varied from zero to a maximum flow velocity to achieve the varied Reynolds numbers with 

the control of the fluid release in the test apparatus, enveloping the normal flow through an 

open-end pipe set up and a range of pressurised (zero to maximum allowable) operation 

conditions as with a normal irrigation system. An infrared or high-speed camera will be used 

to make visual observation of the flow patterns with successive bend angles up to a maximum 

of ninety degrees (90°) with the varied flows. 

 

The measurement of frictional losses at various pressure ranges will enable the assessment of 

the different conditions experienced in the different sections of an irrigation system owing to 

elevation and length of the pipe network, and exemplify the different pipe diameters of 

irrigation systems, with bend angles zero (0°) to ninety degrees (90°). The change in flow 

velocity influences the flow profile with the accompanied change in the Reynolds number, 

which also affects the rate at which flow turns turbulent from laminar flow (the extent of wall 

shear stress or  impact by the flowing fluid) and pipe roughness influenced by the hydraulic 

diameter or  flow surface area (Tezuka et al., 2008). The pressure gradient introduced by the 

bend, which leads to excessive friction on the external wall of bend (inside the pipe bend), 

will be considered relative to the allowable flow velocities that would introduce a difference 

in the overall equivalent pipe length roughness. 

 

Pressure measurement along the pipe will be done with the use of pressure sensors installed 

into the pipe at intervals along axis (on the external and inside of the bend) to measure 

pressure across the length of the straight pipe section successively becoming a bend. Axial 

rotation (through 30° intervals i.e. six times) of the pipe under test shall be done to determine 

the pressure coefficient all around the pipe. The inlet and outlet velocity measurement will be 

after the pump supplying the test apparatus. Changing gradient or incline of the test 

apparatus, changing plane of the bend will be done with the successive bends tested. The 

gradient or incline and plane of the bend, that is the vertical and horizontal even the 

continuous revolution of the pipe orientation will be tested and compared to the findings in 

literature reviewed. 

 

4.6.1. Objective 1: 

To develop an empirical equation of minor losses as a function of roughness, Reynold’s 

number, radius of curvature, bend angle, pipe diameter, wall area interaction (adherence and 
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collision hydraulic radius) and pressure differentials resulting in the energy losses due to 

change in direction and shearing of the fluid elements before, about and after the bend; 

 

With the setup of the described apparatus, measurement of the different parameters on entry, 

within and exit of the fluid through the pipe(s) will be done. The pipe roughness for the 

different flexible pipes will be determined from the manufacturers’ information on pipe. The 

Reynold’s number will be determined from the Reynolds’ formula taking into consideration 

the density of the fluid, velocity of the fluid, the characteristic length of the pipe, the dynamic 

viscosity of the fluid and the kinematic viscosity of the fluid with respect to temperature of 

the water. Considering the angular measurements as seen in the schematic diagram of the 

apparatus, the successive radius of curvature and bend angle of the pipe will be measured 

corresponding to all the other instantaneous parameter measurements.  The pipe diameter can 

be taken as given by the manufacturer and verified with the Vernier callipers, considering the 

wall thickness of the pipe. For the wall area interaction (adherence and collision hydraulic 

radius), the bend can be considered to be made of two cylindrical halves, forming the inner 

and outer wall for adhesion and collision respectively as the bend is formed.  The successive 

change in pressure will be measured with the pressure sensors as configured in the apparatus, 

considering the pressure before, with and after the bend. Pressure differentials resulting in the 

energy losses due to change in direction will be considered in the formation of the Dean 

vortices and the resulting generation of the secondary effects with swirl intensity generation 

(Kim et al., 2014). 

 

Generally, the combined mathematical homogenous equation of the measured parameters 

will give the empirical formula of the pressure drop due to the bend. The measurements 

parameters will be used to derive an empirical equation for the determination of the frictional 

loss coefficient (  ) for any bend with respective diameter, pressure and or incline in the 

design of an irrigation system. 

 

4.6.2. Objective 2: 

To develop the successive dynamic hydraulic gradient due to successive pipe bend and a 

chart for manually determining the frictional losses or a MS Excel spread sheet tool for 

determining the frictional losses at different bend angles, radii of curvature, specific pipe 

diameter and flow velocity; 
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The successive dynamic (changing or successive) hydraulic gradient due to successive pipe 

bend should be derived mathematically form the empirical equation. The below graphical 

plot in Figure 4.2 of a U bend shows a typical hydraulic gradient that will be derived from the 

homogenous empirical equation                        . 

 

 

Figure 4. 2 Ideal pressure profile along a horizontal return bend (Padilla et al., 2012) 

A graphical representation (3D depending on number of parameters) on the of the variation of 

the bend angle, θ, curvature, R/d, Reynolds number, Re and operating pressure, with the 

changing gradient or incline, changing plane of the bend and bend length, will give the 

resultant loss coefficient,   . This may also be established mathematically with Excel for 

ease of application in the design process. 
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4.6.3. Objective 3: 

To compare minor friction losses determined by the tool(s) in above objective to those determined by “traditional methods” with reference to the 

practically measured values; 

 

Comparison of the practical test results, traditional methods and modelling results found in literature or that may have to be undertaken will be 

done with the developed empirical equation. Table 4.1 below shows the pressure loss comparison between the different methods. 

 

Table 4. 1 Frictional losses or pressure drop comparison 

Frictional losses or pressure drop,                         

Practical 

measured 

Empirical 

equation 

Equivalent length 

method 

Resistance coefficient 

method 

Valve flow coefficient 

 

Literature CFD model 

results 
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 ∑ 
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 ́    √(  ́  ⁄ ) 
   

      

               

       

Measured in 

Laboratory 
To be derived 

(Babatola et al., 

2008) 
(Perry, 1950) (Perry, 1950) (dos Santos et al., 2014) 

  (ARC, 2003)    
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4.6.4. Objective 4: 

To determine the effect of two-phase flow on pressure loss and the effect of the plane of the 

bend on pressure loss. 

 

Bubble flow and the effect of gravity will be checked by introducing some bubbles into the 

system with the above-mentioned apparatus configuration. The slope and plane of the bend 

angles will be introduced to the corresponding bend angle,   , pipe diameter,  , pipe length, 

 , bend radius,    , flow velocity,    and pipe roughness,   tested.  

 

4.7. Expected Results 

Having undertaken the various tests with understanding gathered from the literature review, 

the sensitivity of the various parameters constituting the component of secondary frictional 

losses will be determined. Of interest, each parameter will be viewed individually for a better 

understanding with the collective giving the overall pressure drop. The expected outcome 

will be the: 

1. effect of the radius of curvature and bend angle on pressure drop; 

2. effects of pipe material roughness and flow velocity on pressure drop; 

3. effects of pipe diameter on pressure drop; 

4. effect of the total length of the bend or curvature contributing to the fluid-wall contact 

(hydraulic area); 

5. effects of operating pressure on frictional loss; 

6. effects of slope on pressure loss; 

7. effects of bend angle plane on pressure drop; 

8. effect of bubbly flow on pressure loss; 

9. flow regime (Observed pressure differentials and secondary flow with varying bend 

length, angle, radius and Reynolds Number); 

10. hydraulic gradient and perturbation 

11. graphical or relationship between pipe diameter, bed length, angel, radius of curvature, 

pipe roughness, shape and flow velocity; and 

12. dimensional homogeneous empirical equation for more accurate quantification of 

frictional losses for bends. 
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4.8. Resources Required and Budget 

Table 6. 1 Resources for the practical tests 
No Item Description Quantity Cost (R) 

1.  Flexible HDPE pipes diameter (20, 25, 32, 40, 50, 63, 75, 90, 110, 125, 140, 160, 200, 250,  315, 355, 400, 450 and 500 mm) 1 R 10 206.00 

2.  6 m × 6 m square tube frame work 1 R 10 500.00 

3.  Pressure sensors 30 R 6 022.80 

4.  Pipe clamps  3 R  525.00 

5.  Winch with two ends 1 R  300.00 

6.  Protractor tool 1 R  124.10 

7.  Bolts and nuts sum R  750.00 

8.  Labour sum R 30 000.00 

9.  Sundries (transport, glue, administration, etc., ) sum R 4 500.00 

TOTAL R 62 927.90 

 

4.9. Work Plan 

Table 7. 1 Activities and anticipated time frame 

Item  Description 

2016 - 2017 2018 2019 

Sep Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

1.        
Literature 

Review 
                                                        

2.        
Proposal 

Development 
                                                        

3.        
Laboratory 

Experiments 
                                                        

4.        
Data 

Analysis 
                                                        

5.        
Thesis draft 

reports 
                                                        

6.        

Thesis 

submission 

and 

Corrections 
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