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ABSTRACT: Pressure drop in a rectangular and semicircular ribbed-vertical channel was studied for a three-

phase fluid flow, water, gasoil, and air. Flow patterns were observed in a transparent channel using a three-phase 

flow mixture. An experimental rig was constructed. The test channel has designed to get the dimensions of 10 × 

3 × 70 cm in order to enable flow visual observation by video and to control the superficial inlet velocities. The 

superficial velocities were applied within the ranges of 0.16446 - 0.65784 m/s, 0.13154 - 0.65772 m/s, and 1.33675 

- 4.01026 m/s for water, gasoil and air, respectively. The hydraulic diameter was 0.04364 m. The experimental 

pressure drop according to smooth plate were 19% and 33% for channel of semicircular and rectangular ribs, 

respectively. Lower pressure drop was observed in case of the semicircular rip. When water, gasoil and air 

superficial velocity increased, the semicircular rip was the best shape to improve the low-pressure drop according 

to the velocities in the research. 

KEYWORDS: Three-phase flow, semicircular rib, rectangular rib, pressure drop. 

INTRODUCTION 

Wall-attached ribs are used in a diverse portfolio of industrial applications (turbomachinery and electronic 

hardware). The appeal and the simplicity of such passive devices triggered a wide scientific interest and still do 

so. Due to its practical applications, simplified scenarios, such as the inclusion of ribs in zero pressure gradient 

(ZPG)  and turbulent boundary layers (TBLs) developing over a flat plate  and channel flows, have widely been 

explored over the years in order to understand the effects of the geometry of the ribs on the flow-field features 

[1]. The different shape of ribs used to investigate the pressure drop distribution. In 1999, Chen and Liejin 

accomplished an experimental study on the three-phase (water, air, and oil) flow applied in two vertical pipes of 

39 mm internal diameter and 522.5 mm and 265 mm for coil diameters. The main objective of their work was to 

provide a foundation for discovery and growth of a reasonable separation technology for water, oil, and gas 

mixtures through a small oil fraction. The flow patterns of two-phase (water, oil) flow and three-phase (water, oil, 

and air) flow were determined in check sections made of Plexiglas tubes.  

The flows discovered in the tubes were classified into four flow patterns and a few regime maps for flow were 

generated and presented. [2]. Spedding, et al. 2005, reported flow regimes for horizontal three-phase co-current 

flow for two diameters. They studied the two-phase flow (air water), they presented a flow regime map which 

gave flow pattern prediction of the various regimes by using a combination of dimensionless numbers for each 

phase as the mapping parameters [3]. Speeding, et al. 2006, predicted the pressure drop by testing empirical 

correlations in a dependable two-phase flow inside a pipe. Correlations were suggested for the estimation the 

stratified and ringed kinds of flow. These correlations were custom-made to a small section (oil, water, and gas) 

of the pipe flow and they were valid for sporadic slug flows as wel. They concluded that the momentum balance 

models di not overcome the custom-made used for the estimation of the pressure drop of three-phase fluid flow 

inside the pipe [4]. Cazarez, et al. 2010, developed a model for a bubbly flow pattern for a vertical pipe filed with 

oil, water, and gas. The model was prepared to predict the velocity profiles, volumetric fraction, temperature, and 

pressure. The main subject was to state acceptable and predictable relationships between these parameters.  

Mass virtual force and drag force for the oil and gas phases were taken into the consideration. A distinctive 

attention was paid on the oil-gas drag force that enclosed into the model. They concluded that that the drag force 

of gas were bigger than that corresponding of other phases. The drag force of the oil had a magnitude order 

mailto:laithhabeeb1974@gmail.com
mailto:Hasanshker1@gmail.com


Three-Phase Flow over Rectangular and Semicircular Ribbed Vertical Channel 

457 

 

equivalent to the oil-gas drag force. The oil-gas drag force affect the volume fraction and the velocities of oil and 

gas beside the pressure. The drag force of oil-gas exaggerated the numerical stability [5]. Pietrzak and Witczak 

2013, analyzed the hydrokinetics of a two-phase (liquid–gas) and a three phase liquid–liquid–gas flow in U-bends. 

The performed analysis concerned on void fraction determination for the particular phases existed inside the flow 

and the forming flow patterns. They established a method for phases involved hard void fractions and created 

experimental maps for the flow. The testing was performed in 180o pipe bends for inner diameters of 0.03, 0.022, 

and 0.016 m and curvature radii of 0.21, 0.154, 11 m, respectively. The flowing material used were Itherm 12 

machine oils, air, and LAN 15 as water [6]. Al-Hadhrami, et al. 2014, accomplished an experimental investigation 

for flow regimes at diverse flow conditions and pressure gradients for a horizontal pipe filled with three-phase 

flows (water, oil, and air).  

They studied the pressure gradients and the flow patterns and how the velocities of gas and liquid affected it. 

Safrasol D80 low viscosity oil was used for the experiments, which was performed at 20 ∘C, air and tap water are 

the other phases used in the experiments. Superficial oil and water velocities varied from 0.3 m/s to 3 m/s and air 

velocity varied from 0.29 m/s to 52.5 m/s [7]. Abed 2019, presented an experimental work about the pressure drop 

for a three-phase gasoil-water-air flow in a vertical pipe (polymethyl methacrylate pipe of 3.175 cm in diameter 

and a length of 2 m) in the presence of heat. The experimental involved 70 runs of oil flow where the velocities 

varied from 0.042 to 0.316 m/sec, water flow varied from 0.0 to 0.53 m/sec, and air speed varied from 0.1757 to 

0.703 m/sec. The water-phase was heated for four temperatures 25 °C, 30 °C, 35 °C, 40 and 45 °C [8]. Zhang et 

al. (2018), experimentally studied the deterioration characteristics of heat transfer for upward vertically flowing 

water with supercritical pressure inside an internally ribbed tubes. The results showed that the deterioration of 

heat transfer occurred for the large specific heat region for water with increasing the ratio of internal wall heat 

flux to the mass velocity.  

Pressure increasing suppressed the severity of heat transfer deterioration in the internally ribbed tube test. They 

also developed an improved correlation to predict the heat transfer coefficient [9]. Liang et al. (2018), presented 

an experimental and numerical studies for the conjugate heat transfer for two-phase flow (steam-air) in a 

rectangular channel. Two opposite walls of ribs were inserted inside the channel. The results from the numerical 

model and the experiments was compared.  It was indicated that the model of turbulence SST k–ω was the most 

appropriate for the channel conjugate heat transfer [10]. Luan et al. (2019), investigated two-pass tubes by using 

connecting holes among the legs of the tube. Two types of tubes were tested, smooth or with ribs internally. They 

considered different connecting holes positions and configurations for ribs.  

The results illustrated a good performance for holes in the tubes as well as the ribs. The pressure drop in the tubes 

reduced largely from the effect of holes, while the heat transfer was increased significantly. For constant gas and 

liquid flow rate, as the superficial velocity of liquid increases the pressure gradient increases. By water cut 

increasing, the pressure gradient primary increases and then decreases. In general, phase inversion was noticed 

when water cut increasing [11]. In the current research, three-phase flow was studied in vertical channel with ribs. 

The fluids used was water, gasoline, and air. Both experimental and numerical investigation was performed to 

study the pressure and the flow through the channel. 

EXPERIMENTAL SETUP 

The test rig of the present work consists of three systems to feed fluids to test section as shown in Fig. (1). each 

system is containing a tank of gasoil, a tank of water, reservoir of air.  For controlling the fluid flow in the test 

section and to measure the amount of the fluid to be mixed in the test section, pumps, gate valve, check valve, and 

a flow meter are used. Two liquids was used, water that is consider as a continuous phase and gasoil which is 

consider as a dispersed phase. Water is provided from a tank of 0.3 m high while the gasoline provided by a tank 

of 0.1 m. A centrifugal pump is used to drain the two liquids. A cylindrical tank is used to store the water. The 

capacity of the pipe is 750 l with 1.2 m and 0.9 m for height and diameter, respectively. The gasoil tank is a 

cylindrical tank of 530 l capacity  with 1.2 m and 0.75 m in height and diameter, respectively. A centrifugal pump 

is used to pumping water for a maximum discharge of 500 l/min and 2″×2″ size with 5m maximum head. The 

gasoil centrifugal pump is used to pump gasoil to a maximum discharge of 34 l/min and 1″×1″ size with 29 m 

maximum head. The liquids (water, gasoil) flow rate was measured by float type flow meter with range of (0-30) 
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l/min for water flow meter and (0-10) l/min for gasoil before flowing into the three phases mixer. Gate type check 

valve was used to avoid the flow reversing.  

The gas compressed and stored in a reservoir where the atmospheric air is used as the gas phase. The compressor 

consists of a piston driven by a crankshaft to deliver gases at high pressure. It runs until 3 bars. A flowmeter with 

range of 350-3500 l/hour is used to control the gas flow rate and then displayed to the test channel by a hose of 

12.7mm inner diameter, a check valve is used to avoid the inverse flow of the air. The test segment consist of a 

Perspex rectangular cross sectional channel. The thickness of the test channel is 1 cm. The base dimensions of the 

channel is 8 cm × 3 cm, and its length is 70 cm. Two pressure gages at the inlet and out let of the channel are used 

to measure the pressure drop of the three phases flow inside the channel. In addition, a semicircular or a rectangular 

rib is installed on one side of the channel as shown in Fig. (2). The ribs are designed and manufactured from 

aluminum material by a digital milling machine (CNC). The dimensions of ribs were chosen based on the 

dimensions of the channel and hole, which specified for ribs inside channel and based with help of previous 

researches. Ribs are mounted and fixed by a screw on a blind panel on the backside of the rectangular channel. In 

the experimental work, all the tests were carried out by taken different values of volume flow rate, three values of 

water, three values of gasoil, and three values of air. The experimental procedure used for this research was as 

follows: 

1- Turn on the water centrifugal pump at the initial value. 

2- Wait few minutes.  

3- Turn on the gasoil centrifugal pump at the initial value and then turn on air compressor at the initial value. 

4- Recording the pressure by sensors located at inlet and outlet of the duct with recording video to observe the 

flow behavior. 

5- Change the second value of air volume flow rate keeping water and gasoil values as constants. Repeat the 

above steps until finishing all air volume flow rate values. 

6- Change the second value of gasoil volume flow rate keeping water value is constant and repeat the above 

steps until finishing all the gasoil volume flow rate values. 

7- Repeat the above steps with a new water volume flow rate value until finishing the entire water volume 

flow rate. 

 

Figure 1. Diagram of the test rig. 

http://en.wikipedia.org/wiki/Crankshaft
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Semicircular  ribs                                                                 Rectangular ribs 

Figure 2. Photos of the two type of rips. 

Table 1. Dimensions of the two type of rips. 

Ribs Dimensions in (cm) Case No. 
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0.5 
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EXPERIMENTAL CALCULATIONS 

Superficial velocities were calculated for air and water to illustrate it is effect on the pressure drop of the channel. 

The superficial velocity was calculated from the flow rate of the fluid taken directly from the flow meter using 

Eqn.1  Asano et al. 2004; Ansari and Arzandi. 2012.  

=
Q

U
A

                                                                                                                                                              (1) 

Reynolds number can be calculated by  Eqn. (2), 

                                            

                                                                                                                                                                               

(2)

 

NUMERICAL SOLUTION 

Analyses of computational fluid dynamic was used to investigate the problem numerically, this technique solves 

the governing equations by algorithms for individual cells after the physical domain have been subdivided in to 

small cells by a process call mesh, Oleiwi [12]. ANSYS-Fluent 15.0 was used to study the flow characteristics of 

two-phase flow through a smooth and ribbed channel. The effect of superficial velocities of water and air and 

shapes of ribs on the pressure drop for both smooth and ribbed channel are studied. The test segment geometry 

was generated as a 2D geometry for the two phase flow with vertical dimension of 70 cm and horizontal dimension 

of 3 cm. Mesh combined with Ansys Fluent was used to  divided the geometry into  quadrilateral grids. Fig. (3) 

shows the mesh for the channel with two types of ribs as well as for the smooth channel.  
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Figure 3. The Mesh Ribbed and Smooth Channel 

The subsequent assumptions were made to simulate the model of two-dimension, two-phase flow, steady state 

flow, turbulent flow, pressure-based solver, two-dimensional zone, (-9.81 m/s2) gravity, Incompressible flow.  

Conservation equations of momentum and continuity was solved by using the mixture model. The mixture model 

was used where the phases moved at diferent velocities. The phase’s volume fraction was calculated using the 

equation of continuity. The primary and secondary phases volume fractions for a control volume can consequently 

be equivalent to any number among zero and 1(Fluent User’s Guide, 2006; Habeeb and Al-Turaihi, 2013), 

depending on the space employed by primary and secondary phase.  

( ) ( ). 0mmmt
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                                                                                                                             (4) 

The mass-averaged velocity m  is represented as:  
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and m   is the density of mixture :  

   
1

n

m k k
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=

=                                                                                                                                    (6) 

k is the phase k volume fraction.  

Momentum Equation  

The general form of this equation is given by: 
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where 
m

 the mixture viscosity is,  F the body force is, phase number is  n , which is given by: 

1

n

km k
k

 
=

=                                                                                                                                (8) 

where 
,dr k  is the drift velocity for secondary phase k: 

and 

,dr k k m  = −                                                                                                                                    (9) 

Boundary conditions used for this model are (pressure outlet, superficial velocity of Water, superficial velocity of 

Air). 

RESULTS AND DISCUSSION  

The results of the experimental and the numerical works for the three-phase flow in a rectangular channel fitted 

with two shapes of ribs (semicircular and rectangular) are presented.  Comparison among the experimental and 

numerical are accomplished in order to study and investigate effect of the internal ribs in the flow pattern, pressure 

drop and pressure distribution. Superficial velocity  is measured to be 0.11789 m/s  to 0.28294 m/s for water 

velocity, 1.3372 m/s to 4.0115 m/s for air velocity, 0.065784 m/s to 0.19735 m/s) for gasoil velocity. Figs. (4) to 

(9) illustrate the influence of increasing water and gasoil superficial velocity on the pressure drop for both shapes 

of the ribs (semicircular and rectangular) for several values of air superficial velocity. These figures show that the 

pressure drop increases as the flow of air increases at a specific flow of water and gasoil. The semicircular rib is 

the best shape for decreasing the pressure drop. Figs.  (10) and (11) show the effect of water flow rate on the 

pressure drop with variable air flow rate and constant gasoil flow rate for both rib. For gasoil, flow rate of 6 l/min 

in figure (10) it shows that the pressure difference start to increase as the airflow rate increases for the three values 

tested of water flow rate, then the pressure difference decreases as the airflow rate increases.  

For higher values of water flow rate in figure (11) the effect of airflow rate changes, an almost straight line for 

the pressure deference was illustrated. Fig. (12) show the comparison between the ribs. It is noted that the 

semicircular  rib is the best shape for decreasing  pressure drop. One can conclude from above that, increasing the 

superficial velocity of water leads to increasing the pressure gradient for the three-phase flow at the same value 

of flow rate for oil and gas. Also, it increases with increasing oil superficial velocity for fixed water and gas flow 

rates. Thus, the semicircular rib had a lower rate of pressure drop than the rectangular rib. As the superficial 

velocity of water and air increases, the turbulence of flow in the channel increases as shown in figures. Fig. (13) 

shows the flow map for the flow patterns indicated respectably with the flow rate of the working fluids. Each map 

is related to a single water flow rate and for the rectangular rib. It is possible to observe the dependence of the oil–

water flow patterns on the water flow rates  as shown  in Fig. (13). By increasing the water flow rate, the stratified 

pattern (So) changes to either bubbles (Bo) or intermittent (Io).  

Besides, the air phase causes an agitation in the liquid phase, dispersing the oil and changing its individual pattern. 

The air–water flow patterns depend on the total liquid flow rate. By increasing the oil and water flow rate, the 

bubbles pattern (Bg) changes to either stratified (Sg) or intermittent (Ig). The results of Fig. (13) was compared 

with the results of other researchers, Bannwart et al. [13].  A good agreement was found. Fig. (14) shows a map 

for the flow pattern versus the pressure drop across the channel for the channel with the rectangular ribs. The 
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experimental test studied small flow rate gap for all the three phases used, which results in an overlap for the flow 

patterns across the channel. Figures from (15) to (16) shows the volume fraction of water in the channel during 

the test, the numerical images were compared visually with the experimental images of the channel during the 

experimental test. A close similarity for the behavior of flow between the experimental photos and the images of 

water was noticed.  Figs (16) and (19) presented the mean difference of pressure with specific water discharge at 

diverse air discharge values for semicircular and rectangular rips.  

As the velocity of flow in the channel increases, the discharge of flow is therefore increase. The mean difference 

of pressure increases when air or water and gasoil discharge increases. It is predictable that the pressure difference 

affect the flow instability, it is observed that the behavior of two phase flow is significantly affected by the mean 

difference of pressure. Figs. (17) to (20) demonstrate the contours of velocity vector distribution for the semi-

circular and rectangular rips.  Each figure is for a specific value of water and gasoil superficial velocity with a 

different value of air superficial velocity. These figures show that the amplitude appeared at a certain location 

which where the ribs located. Nearly all of the vectors of particle velocity are similar and directed for inlet of the 

passage. Fig. (21) shows the wall fraction coefficient counters for both the channels with the rectangular and 

semicircular ribs. The counters taken at the same flow rates for the three working fluids. Water flow rate was 12 

l/min, gasoil flow rate was 4 l/min, and air flow rate was 500 l/hr.   

CONCLUSIONS  

Vertical ribbed channel was investigated in this paper using two types of ribs and then comparing it with smooth 

channel to study the effect of pressure on ribs. The study has focused on the three phase flow of water, air, and 

gasoil, studying them in a rectangular channel experimentally and numerically. Several observations found which 

were summarized below: 

1- Distinctive characteristics was found for the flow patterns of (water, air, oil) Three-phase flow mixtures. 

2- It was found that the pressure gradient increases by increasing the flow rate of the three phases, together, 

or individually. 

3- It should be noted that the prediction on the bubble size does not correctly describe the size observed in 

experiments. This is due to the difference in the numerical definition of air bubble and visual bubble 

boundary.   

 

Figure 4. Effect of flow rate of gasoil on the pressure drop with variable air flow rate and constant water flow 

rate for Rectangular Rib. 
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Figure 5. Effect of flow rate of gasoil on the pressure drop with variable air flow rate and constant water flow 

rate for Rectangular Rib. 

 

Figure 6. Effect of flow rate of gasoil on the pressure drop with variable air flow rate and constant water flow 

rate for Rectangular Rib. 
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Figure 7. Effect of flow rate of gasoil on the pressure drop with variable air flow rate and constant water flow 

rate for Semicircle Rib. 

 

Figure 8. Effect of flow rate of gasoil on the pressure drop with variable air flow rate and constant water flow 

rate for Semicircle Rib. 

 

Figure 9. Effect of flow rate of gasoil on the pressure drop with variable air flow rate and constant water flow 

rate for Semicircle Rib. 
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Figure 10. Effect of water flow rate on the drop of pressure with variable air flow rate and constant gasoil flow 

rate for Rectangular Rib. 

 

Figure 11. Effect of water flow rate on the drop of pressure with variable air flow rate and constant gasoil flow 

rate for Semicircle Rib. 

 

Figure 12. Effect of Rib Shape on the pressure drop and variable water flow rate and constant gasoil flow rate 

with variable flow rate of air. 
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Figure 13. Flow map of air and gasoil flow rate at 5 l/min water flow rate. 

 

Figure 14. The pressure gradient for the flow patterns. 
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qw=6 (L/min)          circular shape qa=500(L/hr)        qa=1000(L/hr)              qa=1500(L/hr) 

 

Figure 15. Effect of rectangular rib shape on the volume fraction with air flow rate and constant water and 

gasoil flow rate. 
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qw=6 (L/min) circular shape         qa=500(L/hr)                   qa=1000(L/hr)                 qa=1500(L/hr) 

 

Figure 16. Effect of rectangular rib shape on the pressure drop with variable air flow rate and constant water 

and gasoil flow rate. 

                                  

qw=6 (L/min) circular shape     qa=500(L/hr)       qa=1000(L/hr)      qa=1500(L/hr) 

 

Figure 17. Effect of rectangular rib shape on the velocity vector with variable air flow rate and constant water 

and gasoil flow rate. 
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qw=6 (L/min) circular shape          qa=500(L/hr)           qa=1000(L/hr)           qa=1500(L/hr) 

 

Figure 18. Effect of circular rib shape on the volume fraction with air flow rate and constant water and gasoil 

flow rate. 
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qw=6 (L/min) circular shape            qa=500(L/hr)                  qa=1000(L/hr)                          qa=1500(L/hr) 

 

Figure 19. Effect of circular rib shape on the pressure drop with variable air flow rate and constant water and 

gasoil flow rate. 

                                                            

qw=6 (L/min) circular shape                 qa=500(L/hr)                       qa=1000(L/hr)                      qa=1500(L/hr) 

 

Figure 20. Effect of circular Rib Shape on the velocity vector with variable air flow rate and constant water and 

gasoil flow rate. 

 

 

Figure 21. Friction coefficient for the channels with the rectangular and semicircular ribs. 
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LIST OF SYMBOLS 

A Cross-sectional area (m2) Greek Symbols in Inlet  

Dh Channel hydraulic diameter (m) ∆P Pressure drop (Pa) m Mixture 

g Acceleration of gravity (m/s2) µ Dynamic viscosity (kg/m. s) n Number of the Phases 

I Turbulent intensity ɛ 
Turbulent dissipation rate 

(m2/s3) 
r Rib 

m• Mass flow rate (kg/s) α Volume fraction s Surface of Rib 

p Pressure (N/m2) ρ Mass density (kg/m3) t Turbulent 

Q Volume flow rate (m3/s) к 
Turbulent kinetic energy 

(m2/s2) w Water 

Re Reynolds number Subscripts 

t Time (sec) k   Phase Abbreviations 

U Superficial velocity (m/s) a Air Ansys Analysis of System   

ʋ Mass averaged velocity (m/s) dr Drift velocity CAD Computer Aided Design  

w 
The channel Wetted perimeter 

(m) 
f Fluid  CFD 

Computational Fluid 

Dynamics 


