
Journal of Physics:
Conference Series      

PAPER • OPEN ACCESS

Numerical investigation of fill height and secondary
currents in an inclined partially filled pipe flow
To cite this article: Aniruddha Bose et al 2024 J. Phys.: Conf. Ser. 2899 012017

 

View the article online for updates and enhancements.

You may also like
Simulation of Particle Incorporation during
Electrodeposition Process: Primary and
Secondary Current Distributions
Jaesung Lee and Jan B. Talbot

-

Simulation Research on Optimal
Installation Position of partially-filled pipe
Electromagnetic Flowmeter sensor
Yulin Jiang, Wuzhi Jiang and Chao Zhang

-

Vertical distribution of fluid velocity and
suspended sediment in open channel
turbulent flow
Debasish Pal and Koeli Ghoshal

-

This content was downloaded from IP address 81.77.36.179 on 13/03/2025 at 13:10

https://doi.org/10.1088/1742-6596/2899/1/012017
/article/10.1149/1.2032429
/article/10.1149/1.2032429
/article/10.1149/1.2032429
/article/10.1088/1742-6596/1453/1/012074
/article/10.1088/1742-6596/1453/1/012074
/article/10.1088/1742-6596/1453/1/012074
/article/10.1088/0169-5983/48/3/035501
/article/10.1088/0169-5983/48/3/035501
/article/10.1088/0169-5983/48/3/035501
https://pagead2.googlesyndication.com/pcs/click?xai=AKAOjstf_-1cq-LDAWKDe9L2zm2sXLeIEX1kw9Db-_5Fzls15KttfRA6cM4-TDIzsiQnTqe7U06Z6KlrJMVQ30hxgmomQ3fPV9rn_AVLWDs5fg7350Quw03F5-xO5z2nsl8zV4PGt5Itx3kR_dBn6mcMtQBu94_mIZViv4lkdZX6MEEAOIvY7wHaQl65nO0nSvi6_juG8cwDn_r-TrmJbzO_K3y27wkIE1r17VEP7QkA3zIgF0IsoYde3-SFq1C4zxOyG1sibkA2IqYlfXaNruy5GfZ6-UXyxOG6RsnF1Ch8oBBCR9xaLtenkYQ50xm_xAPPE8Dm56nKVM3epAiKEe0sWn6p5HbI31w5s8KzVFi3dHOkgto&sig=Cg0ArKJSzP4sKG_QWRsZ&fbs_aeid=%5Bgw_fbsaeid%5D&adurl=https://ecs.confex.com/ecs/248/cfp.cgi%3Futm_source%3DIOP%26utm_medium%3Dbanner%26utm_campaign%3DIOP_248_abstract_submission%26utm_id%3DIOP%2B248%2BAbstract%2BSubmission


Content from this work may be used under the terms of the Creative Commons Attribution 4.0 licence. Any further distribution
of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.

Published under licence by IOP Publishing Ltd

XXVI Fluid Mechanics Conference
Journal of Physics: Conference Series 2899 (2024) 012017

IOP Publishing
doi:10.1088/1742-6596/2899/1/012017

1

Numerical investigation of fill height and secondary 

currents in an inclined partially filled pipe flow 

                   Aniruddha Bose1*, Duncan J Borman2, Timothy N Hunter3, Julian T Spencer4 

                                               and Christopher J Cunliffe5  

1 School of Computing, University of Leeds, Woodhouse Lane, Leeds, LS2 9JT, UK 
2 School of Civil Engineering, University of Leeds, Woodhouse Lane, Leeds, LS2 9JT, UK 
3 School of Chemical and Process Engineering, University of Leeds, Woodhouse Lane,   

Leeds, LS2 9JT, UK 
4 National Nuclear Laboratory, Chadwick House, Birchwood Business Park, Warrington, 

Cheshire, WA3 6AE, UK 
5 National Nuclear Laboratory, Havelock Rd, Workington, Cumbria, CA14 3YQ, UK 

 
                                                  *E-mail: scabo@leeds.ac.uk 

 

Abstract. Partially filled pipes are used in industrial processes to transport liquid 

and particle laden flows. A good understanding of the three-dimensional flow in 

these pipes is critical to ensure material is transported without issue, for example 
without particulates settling out. In this work, air-water two-phase flows in a 

partially filled pipe geometry of an industrial slurry transport rig are investigated 

using unsteady Volume of Fluid (VOF) RANS model in OpenFOAM to investigate fill 

height and secondary currents. Both are important factors in partially filled pipes 

where the water depth and secondary current strength can influence solid particle 

transport and settling. The study confirms that the CFD approach can reliably 

predict the flow depth across a range of pipe inclination and the secondary 

currents are predicted in good qualitative agreement with those seen in other 

studies. The effect of pipe inclination on fill height and the effect of fill height on 

secondary currents are investigated for a range of mass flow rates. The results of 

fill height agree well with the experiments and are in line with the Manning 

equation for a hydraulically smooth pipe. Secondary current strength is seen to 

increase with fill height in agreement with other studies.  

1. Introduction 

Partially filled pipe flows are common in several industrial applications where water or other 

liquids are transported from one place to another, often with suspended solid particles. Examples 

include petrochemical, food processing, mining, and sewerage systems where slurry flows are 

typically either driven by pressure gradient or gravity [1], [2]. Studies investigating gravity-driven 

partially filled pipe flows are infrequent in the literature when compared to pressure-driven 

flows. A lot of industrial settings employ gravity-driven flows and therefore there is an interest in 

understanding the mechanisms going on inside such a system and our ability to reliably predict 

these with computational models. Flow in a gravity-driven partially filled pipe can be described 

by the Manning equation [3] 

https://creativecommons.org/licenses/by/4.0/
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where Ub is the bulk velocity of the flow, Rh is the hydraulic radius [3], which is given by the ratio 

of the flow cross-sectional area to the wetted perimeter, and S is the channel slope. The empirical 

coefficient n is the Manning roughness coefficient and is taken as 0.009 for hydraulically smooth 

pipes [3].  

         Partially filled pipe flows are different from fully filled pipes because of the presence of 

secondary currents [1]. Secondary currents are induced at the corners of the air-water interface 

inside the pipe due to the presence of the air-phase and non-circular fluid cross-sectional area (an 

example from simulations shown in Figure 5). These secondary currents occur in the plane of the 

cross-section of the liquid inside the pipe and change the dynamics of the system, particularly, the 

velocity field and pressure gradient [1]. Therefore, it is important that models accurately predict 

these secondary currents.  

          Previous studies of flow inside a partially filled pipe have focused on rapid filling in pipeline 

systems and the associated air-water interaction and interface evolution through both 

experimental and computational studies [4-7], CFD and experimental studies of the movement of 

an entrapped air pocket during pipe filling and its effect on pressure surges [2], [8-11], and 

numerical modelling of geyser or explosive eruptions of air and water due to release of entrapped 

air pocket [12]. Experimental studies have focused on investigation of heat transfer [13] and 

continuous single-phase rimming flow [14] in a rotating, partially filled pipe. Additionally, CFD 

studies have investigated shear stress distribution [15] and the effect of bed roughness on velocity 

distribution and shear stress [16] in partially filled pipes. The authors in [1] computationally 

investigated the effect of secondary currents on friction factor and turbulent structures in 

partially filled pipes. They showed that secondary currents are more dominant for half-filled 

and three quarter filled pipes as compared to quarter filled pipes. In [17], the authors have 

performed experiments on partially filled laminar and turbulent pipe flows and showed that the 

presence of secondary currents heavily distorts the mean streamwise velocity distribution in 

turbulent flows. 

         Despite the notable research, there are few studies investigating the effect of pipe inclination 

on water depth and the impact of water depth on secondary currents in partially filled pipes. Both 

these flow characteristics are important in cases where partially filled pipes transport solid 

particles as both the depth of the water (and the associated secondary currents) influence solid 

particle transport and settling. 

Thus, the aim of this study is to computationally investigate the effect of pipe inclination on 

fill height (d) inside a partially filled pipe, and the effect of fill height on secondary currents acting 

on the cross-section of the pipe and compare to other studies. 

2. Flow Description and Numerical Modelling  

2.1 CFD setup and Methodology 
The pipe geometry used in this study is based on the experimental slurry transport rig used in 

[3]. To the best of the authors’ knowledge, a CFD study on the same geometry has not been 

performed before. Two pipes, each of length 12 m and diameters, D1 = 0.0763 m (marked D in 

Figure 1a), and D2 = 0.1 m (marked E in Figure 1a) are used in the experimental studies. The angle 

of inclination of the pipe of diameter D1 is 1 % and that of the other is 5 %. Water or slurry enters 

the working section of the pipe from a header tank (marked B in Figure 1a) via a short vertical 
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drop. There is a flow meter shortly after the drop (early in the inclined working section) that also 

acts to stabilise the flow. There is a small opening to the atmosphere in the roof of the pipe to 

allow air to be drawn in (located shortly after the flow meter). Figure 1 shows a photograph of the 

experimental rig alongside a representation of the 5-metre-long modelling domain considered in 

this study. Further details of the experimental setup can be found in [3]. 

         The CFD model uses a simplified configuration by removing the header tank and the initial 

vertical drop and replacing with an equivalent representative boundary condition. This is done 

after conducting a sensitivity study, where same results were obtained downstream of the pipe 

irrespective of whether the initial vertical drop is simulated or not. Tests were conducted on both 

12 m and 5 m pipe lengths and they both yielded comparable downstream results. Therefore, to 

save computational time, the CFD results are given for a 5 m pipe length for both D1 and D2. At the 

model inlet, a small area covering about 25 % of the total area is provided for air entry, and the 

rest is water. This is done to stabilise the flow inside the pipe and replicate the experimental 

conditions. At the outlet, backflow of water is prevented and a no-slip condition is imposed on the 

walls. A break is shown by parallel lines on the model pipe to represent the entire length in the 

space available. 

         A 3D hexahedral mesh for the pipe geometry is used. The isometric and the cross-sectional 
view of the mesh are shown in Figure 2. After a mesh independence study, the optimum number 

of mesh elements was found to be 1.7M. The simulations were performed at mass flow rates 

ranging from 0.2778 kg/s to 2.083 kg/s which is equivalent to hydraulic Reynolds number (Reh) 

(as in [3]) of 1.519 X 104 to 6.863 X 104. For pipe diameter, D1 = 0.0763 m, four different slopes of 

1 %, 2 %, 3 % and 5 % and for D2 = 0.1 m, three different slopes of 3 %, 5 % and 7 % are simulated.  

 

Figure 1. Experimental photo and CFD setup: a) photo of the experimental setup [3] used as a 

basis for CFD studies, b) schematic of the CFD model showing boundary conditions (not to scale). 

water inlet 

air inlet 
flow direction 

L= 5 m D = 0.0763 m outlet 

inlet 

a) 

b) 
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2.2 Governing equations and numerical methods 
The multiphase solver interFoam within the CFD software suit OpenFOAM is used to conduct 

unsteady two-phase air-water simulations by solving the Reynolds Averaged Navier Stokes 

(RANS) equations utilising the the k-ε RNG turbulence model. The solver solves for two 

incompressible, isothermal and immiscible fluids (i.e. water and air in this case) using the 

continuity and momentum equation alongise using a transport equation to calculate the water 

volume fraction using a Volume of Fluid (VOF) approach. The MULES interface capturing scheme 

is implemented. Finite volume method is used and the solution is undertaken by PIMPLE 

algorithm which is a combination of PISO and SIMPLE. The details of the equations can be found 

in [18]. 

 

3. Results and discussion  

The streamwise component of the flow reaches a steady state at around 14 seconds after the flow 

is started. Flow measurements were taken at 4 meters downstream of the pipe to ensure a fully 
developed flow. Figure 3 shows different features of the flow for pipe slope = 1 % and mass flow 

rate = 1.8 kg/s. Figure 3a) shows the variation of the free surface position of the flow with time 

represented by fill height ratio (d/D) vs time. It is seen that at around 14 seconds, the free surface 

position stops changing with time and becomes horizontal. This is indicated by a dashed 

horizontal line in Figure 3a) and has a value, d/D = 46.06 %.  Figure 3b) shows the water-free 

surface and fill height on a 2D plane for b1) an initial 0.2 m from the inlet and b2) between 3.5 m 

and 4.1 m of the pipe once the flow has reached a steady state. Fill height reaches a constant value 

along the length of the pipe. Figure 3c) shows the water-free surface as a 3D iso-

surface coloured by the velocity magnitude between 3.5 m and 4.1 m of the pipe. 

3.1 Calculation of fill height and comparison to experiments 

To calculate the fill height ratio (d/D), the position of the water free surface is measured 

perpendicular to the pipe length at 4 m downstream of the pipe inlet which corresponds to a 

water volume fraction value = 0.5. The hydraulic Reynolds number (Reh) associated with a 

partially filled pipe flow is calculated as per [3]. This operation is repeated for each combination 

of mass flow rates, pipe slope and pipe diameter. The Manning equation corresponding to fill 

Figure 2. Mesh, a) hexahedral mesh on a part of the pipe along the length, b) mesh on the inlet 

cross-section of the pipe 

a) b) 
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height ratio (d/D) vs. Reh is obtained by modifying the original Manning equation (1) based on 

[3]. 

         CFD results for d/D vs. Reh are plotted for each slope along with experimental data [3] and 

the modified Manning equation for fill height in Figure 4. Figures 4 a) and b) respectively show 

the graph of fill height (d/D) vs. Reh for pipe diameters, D1 = 0.0763 m, and D2 = 0.1 m. It is seen 

that the CFD data is in good agreement but slightly underpredicts the Manning equation and the 

experimental data. Therefore, it is surmised that the CFD model results predict for a marginally 

smoother pipe than predicted by the Manning equation with a value of n = 0.009. It is also seen 

that for higher slopes the fill height reduces for the same mass flow rate as expected. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a) 

Figure 3. Flow features for a 1% sloped pipe having diameter (D) = 0.0763 m and mass flow rate = 

1.8 kg/s, a) variation of water free surface position with time after flow commences, b) water free 

surface showing the fill height at 15 s on a 2D mid plane along pipe length between b1) 0 – 0.2 m and 

b2) 3.5 m – 4.1 m , c) 3D iso water free surface coloured by velocity magnitude at 15 s between pipe 

length 3.5 m and 4.1 m 

water 

fill height (d) a) 

b) 

Figure 4. Comparison of fill height ratio vs. Reh between CFD, experimental values [3] and the 

Manning equation [3]: a) pipe diameter = 0.0763 m, b) pipe diameter = 0.1 m, solid lines represent 

Manning equation [3], circles represent CFD values at 4 m, triangles represent experimental values 

[3]. (Pipe slope: blue = 1 %, red = 2 %, pink = 3%, black = 5 %, green = 7 %)  

b1) b2) water 

c) 

a) b) 
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3.2 Secondary currents and relation with fill height 

After verifying that the  CFD model was in appropriate agreement with the experimental data and 

the respective Manning equation predictions, the secondary currents are explored, along with the 

effect of the fill height on secondary current strength. As mentioned, secondary currents originate 

due to the presence of  the air-water interface and are very important as they influence the mean 

streamwise velocity in partially filled pipes [1]. For sloped pipes, the cross section is taken 

perpendicular to the pipe length to correctly visualise the secondary currents.  

         The strength of the secondary flow is given by  

                                                                                𝑈𝑠 = √𝑣2 + 𝑤2                                                            (2) 

for a steady flow, where 𝑣 𝑎𝑛𝑑 𝑤 are the y and  z component of the flow on a cross section of the 

pipe. Figure 5 shows the contour plot of secondary current strength for four different fill heights 

(obtained by changing the mass flow rate) for pipe diameter, D1 = 0.0763 m and slope = 1 % 

obtained from CFD simulations at 4 m downstream of the pipe and at 25 s.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

          

a) b) 

a) b) 

c) d) 

Figure 5. Secondary current strength contours at different fill height ratio (d/D): a) d/D = 

27 %, b) d/D = 37.57 %, c) d/D = 50 % and d) d/D = 63.3 %. The secondary vectors are 

superimposed on the contour  
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         The contour plots are superimposed with secondary vectors which show the rotating 

phenomenon. The secondary currents are seen to increase from the bottom of the cross section, 

moving close to the pipe wall towards the free surface with maximum values near the free surface, 

before the flow descends close to the middle.   

         A pair of symmetric vortices are seen for each case which is consistent with [1], [17]. Next, 

the averaged secondary current strength ( Usb ) is calculated for each fill height for the above pipe 

by averaging the cell data on the entire cross section covered by water at pipe downstream 

location of 4 m. It is seen that  Usb  increases with fill height because the secondary flow has more 

space to develop in higher water depth. The percentage increase in  Usb from a fill height of 25 % 

to 50 % is about 50 %. The averaged secondary strength for a quarter filled pipe flow is found to 

be about 1.13 % of the bulk velocity. Flows with other fill heights also show similar ranges. All 

these findings are in close agreement with [1], who reported that the secondary current strength 

for a quarter filled pipe does not exceed 1.5 % of the bulk velocity.  

          A scatter plot showing the cross-sectional averaged secondary flow strength ( Usb ) vs. fill 

height ratio (d/D) (%) in blue circles and ratio of  Usb and bulk velocity (Ub) vs d/D (%) in red 

circles is shown in Figure 6  for pipe diameter = 0.0763 m and slope = 1 % and at 25 s. A dashed 

line is drawn along the CFD values represented by circles for visual aid. It can be seen that  Usb  

increases with fill height as explained before, but the ratio Usb/Ub shows small variation and is 

almost constant. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                                                                                                                                                                                                                                                                                                              

         Thus, the ratio of the averaged secondary current strength to the bulk velocity for the 1 % 

sloped pipe is near the value of 0.012 for different fill heights. This is because with increasing fill 

height (which is obtained by increasing mass flow rate), bulk velocity and secondary flow both 

increases. 

 

 

Figure 6. CFD predictions showing Usb (m/s) vs. d/D (%) (blue circles) and Usb/Ub vs. 

d/D (%) (red circles). Dashed lines are connecting the circles and are shown for visual aid 
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4. Conclusion 

In this study, fill height ratio and secondary currents are explored in a partially filled pipe flow 

through CFD simulations. The effect of pipe inclination on fill height is shown and compared to 

experimental values and the Manning equation. Close agreement is reached between CFD and 

experiments. It is seen that fill height reduces with pipe inclination. 

          Secondary currents are observed on the pipe cross-section and is seen to increase in strength 

with fill height ratio. Contour plots of secondary current strengths are plotted at different water 

depth and are compared to other literature. Good agreement of secondary strength values is 

found between this study and existing literature. It is concluded that secondary current strength 

increases with fill height or water depth and the ratio of averaged secondary current strength to 

bulk velocity is almost constant for the 1 % inclined pipe. All these findings will be helpful in 

analysing our next research question, where solid particle transportation and deposition will be 

studied in a partially filled pipe flow and how the in-plane water motion affects the movement of 

the particles. 
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