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Abstract 
 
This work aims to present the influence of the (compressibility of the field, 

temperature and contaminant velocity) on the VOF (volume of fluid) and the 

needed transport time of the contaminants that dispersed in horizontal pipes 

using computational fluid dynamic technique (CFD). A physical model with 

several experimental works were made and used to study the transportation 

of two immiscible liquids. A simulation part of CFD simulated model using 

COMSOL 5.4 software was also designed and operated to simulated the 

problem and provides the results. It was shown that the temperature has 

insignificant effect on the results of the VOF and the flow pattern of the 

flow.While, the increasing of the contaminant velocity leads to the irregular 

behavior of the flow pattern. Also, the contaminant velocity has a significant 

effect on the distribution of VOF across the diameter of the pipe. The 

viscosity has a great effect on the velocity distribution of the flow along the  
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pipe. Comparing the results of the CFD simulated model and that of the 

physical model provide a very good verification agreement in most 

cases.Comsol 5.4 multiphysics successes to simulate flow well and the VOF 

in good manner. In case of the simulating of the transport time of the 

contaminant, the simulated CFD model did not give a perfect matching with 

the results of the physical model. 

 

Key words: CFD model, contaminates transport, piping flow, two phase 

flow, Transient Laminar Flow Condition. 

 
1 Introduction 
 

Water distribution networks (WDNs) are life-threatening infrastructures 

that it may be exposed to intentional or unintentional contaminations. In the 

present future water suppliers need to set up water quantity and quality 

sensors in their WDNs, consequently this will supply a continuous and 

enormous amount of data.For this purpose, it essential to improve a system 

that has the ability to observe and protect the water networks in the 

immediate time. Clearly, in the case of toxic contamination distribution, a 

very fast reaction should be taken by the WDN operators protect the humans 

against drinking the contaminated water, [1]. Spills and leaks from industrial 

plants which provide petroleum hydrocarbons such as (diesel, gasoline and 

motor oils) are considered as contamination source. These caused extensive 

subsurface contamination by dispersing a toxic and water-soluble chemical 

compound like (benzene, ethyl benzene, toluene, and p-xylene (BTEX)). 

These contaminants from polluted soil and groundwater may lead to 

permeation through plastic pipes and gaskets. These are used for the 

transportation of drinking water in WDNs, which is major result of 

contamination in drinking waters, [2].  

These can be expressed as, when an oil drop is liberated on the top of 

water surface it will spread and a monolayer will be achieved. This is a result 

of that the liquids are forming an immiscible behavior (two phase flow), [3]. 

Two-Phase flow considered as a significant phenomenon that appear in 

various applications such as petroleum industries, nuclear power generation 

and chemical plants. Still, the complexity of predicting the behavior of this 

phenomenon makes it difficult for understanding. In single phase flow the 

design parameters like (pressure drop, flow regimes, and hold up) in pipes 

make it easy to be modeled. However, in case of liquid-liquid two phase flow 

the presence of liquid such as (water) effects in increasing the complication 

in hydrodynamics and modeling the system will be a challenge. It is 

important to understand the hydrodynamics of the two-phase flow such as 

(liquid-liquid) for the designing process of (mixture-settlers, extractor, 

downstream separators, transportation pipeline, pipeline networks, 

emulsifier, etc.), [4, 5].  
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During the last years, Computational Fluid Dynamics (CFD) becomes an 

important tool system for the simulation of two-phase flow for engineers to 

investigate the fluid flow.Industrial simulation tool system for engineers to 

investigate the field characteristics such as (fluid flow, performance 

determination, design and analysis of flow), [6]. Some researches presented 

CFD simulation apparatus to analyze inline oil/water separation features 

supporting by the down hole conditions. They studied the startling sensitivity 

of the well inclination in the range of (80-100) degrees. Eulerian-Eulerian 

model was chosen to achieve that. In which, it is computationally most 

general, nevertheless it is better fitted for multiphase systems prediction 

within the case of dispersed phase that goes beyond 10% of two volumes. 

The case modeling for the CFD simulation based on horizontal wells. A 3D 

CFD simulation used to express the problem and the standard model of k-ε 

turbulence were used. Their simulation was used to predict an oil using 

viscosity and densities values where the water was flowed in 6.3 (in) well, 

[7]. Another investigation represented a 2D model for completely developed 

stratified flow of turbulent two-phase oil/water. The model is set to predict 

the numerical solution for the basic dominant differential equations by using 

a (finite-volume approach) in a bipolar coordinate condition for the scheme, 

by employing the simple mixing-length model for turbulence. Also, in that 

work a modified turbulent diffusion model was also presented.  

The multi-fluid model was tested and compared with the assimilated 

CFD code of FLUENT, for the oil/water dispersed flow measurements 

chained, [8]. Meanwhile the oil/ water two-phase flow was numerically 

simulated based on the flow inside T-junctions using a 3D two phase model 

with the turbulence model (k- ) for the prediction of turbulent in the mixture. 

A number of experiments were presented in the laboratory for oil/water in 

the case of flowing inside a single T-junction. As a result, indicted that the 

influence of the performance of the T-junction is depends mainly on the flow 

pattern and inlet volumetric fraction. An agreement is achieved between the 

numerical simulation predicted and the experimental work done for both the 

separation efficiency and oil fraction distribution, [9]. Tow phase oil-water in 

different flow patterns was studied in horizontal pipes. CFD ANSYS 

FLUENT and GAMBIT were used for this purpose. The conditions assumed 

(unsteady flow, constant liquid properties, immiscible liquids, co-axial flow, 

and T-junction entry). The VOF (volume of fluid), and surface tension were 

employed to predict the flow pattern. The results were compared with 

experimental work and showed agreement in transition boundary pattern, 

[10].  The interface pattern according to experimental date chained from the 

observations of the interface for the stratified two-phase liquid–liquid flow 

was considered by some researches. The experimental data made for flowing 

through horizontal 14 (mm) in diameter of acrylic pipe.  
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The assessment carried on for oil/water with artificial velocity ranged 

from 0.02 (m/s) to 0.51 (m/s), and from 0.05 (m/s) to 0.62 (m/s). The use 

conductance probes helped to obtain the average interface heights in two 

located places first in the pipe center and the other located close to the pipe 

wall, in which showed a concave shape for the interface for all circumstances 

studied. The correlation developed between the levels was used in the 

prediction for two-phase model. Likewise, from the chaining of time 

sequence of the probe sign located at the pipe midpoint, helped to the 

calculation of median wave amplitude and an equivalent roughness were 

used for the model of interfacial shear stress, [11]. A stratified two-phase oil-

water flow with density ratio 0.9 was modeled by using CFD models where a 

2D simulation of ANSYS FLUENT 14.5 was used for this purpose. The 

influence of (velocity profile, temperature profile for non-isothermal, 

Pressure drop, and interface profile, wall shear stress, mass balance) were 

studied by using this simulation under different (viscosity, density, specific 

heat and thermal conductivity). The result observed that a reduction in 

pressure drop was needed to pump a certain mass flow when comparing the 

result from multi-phase flow with single phase, [12]. 

     The target of this study is to simulate the contaminant transport through 

the pipes using Comsol simulated model to study the phenomena and specify 

the effects of the physical parameters on the behavior of contaminates 

transport of the problem in case of two-phase flow assumption and laminar 

flow condition. 

 

2 Tow Phase Flow Pattern 
 

The two immiscible liquids flow can find usually in the petroleum 

industry, in which crude oil and water extracted from wells, transported by 

using network pipelines, and then separated in process operations in the 

facilities. For that it is important to have complete understanding for the 

behavior of liquid-liquid flow regimes. It is obvious that prediction of the 

flow patterns, transition boundaries of flow patterns, and mainly the flow 

characteristics for instance (phase distribution, pressure gradient and velocity 

distribution) are important for the accurate designing of such systems, [13]. 

The interest for studying various flow patterns of two-phase liquid-liquid 

systems is due the fact that a unique hydrodynamic characteristic of flow is 

obtained in each flow pattern. It is difficult to have certain rule for the flow 

pattern, mixture properties, transition boundaries because of the differences 

obtained in the experimental tests that used the liquid-liquid phase flow, [14]. 

The flow pattern types allocated into four regimes of flow patterns and the 

mainly used classifications are Plug/bubble, Dispersed flow, Stratified flow 

and Annular flow, [15]. 
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3 Setup Components of the Experimental Work 
 

The system designed and arranged at the water treatment laboratory in 

Mustansiryah University, college of Eng., environmental department. The 

horizontal pipes for the system were installed on tables. All pipes length was 

strongly stabilized to prevent vibration and keeping it in horizontal state. The 

experiments carried out under laboratory temperatures ranged from 25 to 35 

C
ᵒ
. The system used to describe the phenomenon of the problem of the 

flowing in a horizontal pipe (for water and contaminant).  Several equipment 

was needed to build the system body and used to estimate the flowrate and to 

test volume of fluid (VOF) for the two-phase flow tests. The major parts of 

the physical model are (water tanks, Glass pipes, High speed camera, Ball 

valves, Rubber pipes, Interface section, thermometer and Flex paper), see 

Figure 1 (a to d). 

 

 
Figure 1: (a) Interface section digram for inlets position and dischrage direction. 

 
Figure 1: (b) Physical model layout. 
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Figure 1: (c) Part of the Physical model for big and small tanks of water and oil 

respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 1:(d) Part of the Physical model for inlet1, inlet2 and the main pipe. 

Figure 1: Schematic diagram for the laboratory experimental work. 

 

3.1 Used Material Experiments  
 

In case of the unsteady two-phase flow diffusion of two immiscible 

liquids, high viscosity oil (SAE 50 motor oil) was used to model the problem. 

The oil characteristics have a density of 856 (kg/m
3
), dynamic viscosity of 

0.0156 (pa. s) and surface tension of 32 (mN/m). The density and viscosity 

were laboratory tested. For measuring the density, the pycnometer method 

was used, while for the dynamic viscosity, a (BROOKFIELD DV-E 

VISCOMETER) was used to contaminant it. The samples were tested at 35 

Celsius for achieving the laboratory temperature. The surface tension was 

measured using (KSV Sigma 703D) system. 
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3.2 Laboratory Experimental Work 
 

In this test an immiscible liquid (SAE 50 engine oil) was chosen to 

achieve a two-phase flow case. For the both contaminant and water flowrate 

the volumetric method were used to estimate the flowrate.  A (16 L) of oil 

was added to the contaminant tank and the thermometer were used to ensure 

the temperature of contaminant recording the temperature after (5-10 

minutes). The environment temperature of laboratory was used for this test. 

The recorded flowrate for both the contaminant and water in the test can be 

noticed in Table 1. High speed camera was used to record the flow. The 

camera located in a distance to be able to capture the whole length of pipe, 

and set it to record videos for the experiment along the all-time. White flex 

papers were applied to get a clear background for the video. For this type of 

test the volume of fluid fraction (VOF) is used to compare the experimental 

results with that of CFD simulated model. 

 
Table 1: Measurement of flowrate using volumetric method of laboratory 

experiment test. 

 

Tests Time in second Volume in liter 

For water 137 2 

138 2 

For contaminant 240 0.5 

241 0.5 

 

3.3 CFD Simulations  
 

Table 2 shows the data entry during the laboratory experiment work that 

converted then to fit the simulation step. This physics depend mainly on the 

(dynamic viscosity, density and the surface tension) for the liquid-liquid 

flow. These variables (including the inlet values) represent the data entry for 

this test. The properties of the liquid should be provided to the simulated 

model according to the real values used in the experimental work as indicted 

in Table 3. The study is time dependent ranges from (0-120) seconds, while 

the required results are the volume of fraction (VOF). The 120 seconds is the 

time consumed for the oil to reach to the end of the pipe and transfer through 

all the  physical  model with a stable of VOF values, (i. e. the time required 

to reach to the case of the steady state condition).  
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Table 2: Data entry to the CDF model from the laboratory experiment test. 

 
 

Table 3: Fluids properties entry to the CFD simulated model measured from the 

laboratory experimental work. 

 
 

In this study, the laminar two-phase flow physics (tpf) is needed to 

provide the results with Comsol 5.4 multiphysics software. 

 

3.3.1 The Laminar Two-Phase Flow Physics 
 

The first physics (tpf) is defining the two-phase flow under laminar 

conditions with moderate Reynolds number.This physic explains the 

conservation of momentum by solving the Navier-Stokes equations and 

explain the conservation of mass by solving the continuity equation for the 

conservation of mass. The interface point is traced by solving the transport 

equation for the case of level-set function. 

When adding the first physics (tpf) model the COMSOL add the needed 

equation for the phenomenon. The equations is time depended of Navier-

Stokes equations and a phase function as listed below, [16,17,18 &19]:  

 

        (1) 

                                                                                                (2) 

                      (3) 

 

In which the dependent variables are: 

u =Filed velocity (m/s) 

p = Pressure (pa) 

 = Level set variable (phils) 

T= Temperature (K) 

t = Time in (sec.) 
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3.3.2 Meshing  
  

Mesh is a term to explain the whole geometry object in small parts of 

operations in sequence to get the results. The mesh should be added to the 

geometry and it can be varied according to the geometry. Many trials may be 

used to choose the suitable mesh size. In this study the mesh sequence type 

were chose to be user controlled mesh and the element size were designed to 

has a Maximum element size of 2 (cm), minimum element size of 0.021 

(cm), maximum element growth rate of 1.3,  curvature factor of 0.8 and 

resolution of narrow region of 1, see Fig. 2. 

 

Figure 2: Mesh element size. 

 

3.3.3 Boundary and Initial Conditions 
 

The boundary and initial conditions were satisfied by the following 

points  

1- Inlet 1 velocity condition with Vo = u1 at inlet1  

2- Inlet 2, velocity condition with Vo = u2                                            

3- at outlet,  ,  pressure, no viscous stress 

4- all wall no slip    

5- Initial value (t =0),u =0   at t = 0  

 

4 Results and Discussions  
 

A comparison between the laboratory experimental works and the CFD 

results were made to validate the ability of using COMOSL 5.4 to simulate 

the problem. The comparisons with the CFD numerical solution were 

verified using the volume of fluid fraction (VOF) parameter for the case of 

two immiscible liquids. After that, the effects of changing of (flow 

compressibility, temperature, kinematic viscosity, water velocity, and 

contaminant velocity) on the problem were studied depending on the CFD 

model only to reduce the costs and efforts. 
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4.1 CFD Validation Test 
 

This test was made for two immiscible liquids of (water and SAE 50 oil). 

The experimental data were listed above in Table 2. The water velocity in the 

test was 0.042 (m/s), while the contaminant velocity was 0.054 (m/s). The 

environment and oil properties were also mentioned above in Table 3. 

Figures. 3 (a) and (b) show the VOF results provided from the physical and 

simulated models respectively.  

 

                                        

. 

Figure 3: (a) VOF results of the simulated model. 

 

 

 

 

 

 

 

Figure 3: (b) VOF results of the physical model 

Figure 3: VOF results of the physical and simulated models. 

 

In order to investigate the confidence of the simulated model to simulate 

the problem, the results were statistically analyzed using some of standard 

error indexes. Table 4 shows the results of VOF of the simulated CFD model 

with corresponding value recorded along some selective points on the pipe of 

the physical model at a time of t = 120 s and a depth of 1.3 cm from the 

bottom of the pipe where the two-phase flow is separated. 
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Table 4: Statistical analysis test for the results of the simulated model at t = 20 s. 

 
Where 

                                                                        (4) 

                                                                                   (5) 

                                                                                   (6) 

                                                                         (7) 

                                                                             (8) 

RMSE is the Root mean squared error. MSE is the Mean squared error. 

MAE is the Mean absolute error. MAPE is the Mean absolute percentage 

error. n is the total observed number.  e is the error   OF   tu   – 

 OFs  u  t      OF  –  OFs     OF         s t             OF   tu   

The results indicated a very good agreement in detecting the flow pattern of 

the two-phase flow. However, for the time of contaminant transport, it was 

noted that the CFD simulated model does not give a perfect matching for the 

time of contaminant transport through the system. The results indicate a lag 

time, where the time of the simulated model that required for the contaminant 

to reach a certain point was less than that noted through the operation of the 

physical model for the same point. 

 

4.2 Influence of Flow Compressibility on the VOF 
 

Two flow conditions were assumed (compressible and incmpressible 

flow) in the simulated model. All the other parameters in the simulated 

model were assumed under the same conditions of water velocity of 0.042 

(m/s), oil velocity of 0.054 (m/s), temperature of 35 C°, and kinematic 

viscosity of 7.4e-4 (m
2
/s). Time period range of (0 - 120 seconds) is assumed 

for this study. Figs. 4 (a) and (b) show the compressibility effect on the 

results of VOF and flow pattern at time of 120 seconds as an example for the 

compressible and incompressible flow.  
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The results indicate that in case of a compressible flow condition, there is 

a little decreasing on the VOF of the contaminant could be noted compared 

with the case of the incompressible flow. Also, with case of compressible 

flow assumption, the contaminant transport has more velocity and needs less 

time to travel and diffuse along the all length of the pipe where the time was 

about 36 seconds while it takes about 40 seconds in case of incompressible 

flow condition as shown in Figs. 5 (a) and (b). This is because in the case of 

compressible flow the VOF will be change and decrease leads to reduce the 

cross-section area of the contaminant flow which consequently leads to 

increase the velocity and decrease the time, and vice versa for the case of the 

incompressible flow. 

 

Figure 4: (a) Compressible flow. 

 

 

 

 

 

 

 

 

Figure 4: (b) Incompressible flow. 

Figure 4: VOF and flow pattern for compressible and incompressible flow, 

respectively 

 

 

 

 

 

 

 

 

Figure 5: (a) Compressible flow. 
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Figure 5:  (b) Incompressible flow. 

Figure 5: Transport time and flow pattern for compressible and incompressible flow. 

 

4.3 Temperature Influence on VOF 
 

For the temperature influence in case of two immiscible liquids (two 

phase flow), several temperature values were considered in the simulated 

model. The range of the temperature assumed to be (5 C°, 20 C°, 35 C° and 

40 C°). The physical parameters values for (water velocity, contaminant 

velocity, kinematic viscosity and compressibility) are assumed to be constant 

during all runs of the simulated model at 0.042 (m/s), 0.054 (m/s) and 7.4e-4 

(m
2
/s) respectively under an incompressible flow assumption. Figs. 6 (a, b, c 

& d) show the results for temperature influence on the VOF and the flow 

pattern at a time of 120 seconds. The results indicate that the temperature has 

insignificant effect on the results of the VOF and the flow pattern of the flow. 

This is because in this case the major factor effect on the value of the VOF is 

the thermal conductivity coefficient (  ) that depends mainly on the 

kinematic viscosity ( ) as indicate in the Eq.9 below. Where, the temperature 

has a little effect on the thermal conductivity coefficient's value. However, 

this will be noted clearly when the effect of the kinematic viscosity will be 

considered in the next subsection. 

                                                                          (9)                                  
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Figure 6: Temperature influence on VOF and flow pattern. 
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4.4 Kinematic Viscosity Influence 
 

In this study, three values of the kinematic viscosity were considered as 

entry data in the simulated model. the kinematic viscosity considered in the 

simulated model by defining the (dynamic viscosity and density). The 

kinematic viscosity was ranged at (1.82e-5, 4.6e-4, and 7.4e-4 m
2
/s). All the 

other physical parameters in the simulated model were fixed to be constant at 

(water velocity = 0.042 m/s, contaminant velocity = 0.054 m/s and 

environment temperature = 20 C°) and under incompressible flow 

assumption. However, Figs. 7 (a, b & c) show the kinematic viscosity results 

on VOF and the flow pattern. The results indicated an observed difference in 

the behavior of the flow pattern and the VOF percentage with the changing 

of the kinematic viscosity values. This influence is related to the thermal 

conductivity variation value (k) that mainly depends on the value of the 

dynamic viscosity as discussed above in Eq.4. Also, the viscosity has a great 

effect on the velocity distribution of the flow. Whereas the viscosity 

increases the velocity will consequently decrease. Therefore, Fig. 8 (a, b & c) 

show the effect of the increasing of the viscosity on the decreasing of the 

surface plot of the velocity magnitude along the pipe length. 
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(a)  =1.82e-5 (m
2
/s). 

 

 

(b)   = 4.6e-4 (m
2
/s) 

   υ    7.4 -4 (m2/s). 

 
Figure 7: Kinematic viscosity influence on the VOF and flow pattern. 

 

 



                                                                                                                  
 

 

 

 

 

 
Simulation of Two-Phase Flow Contaminates Transport in Pipe Flow under 

Transient Laminar Flow Condition 3877 

 

 

(a)  =1.82e-5 (m
2
/s) 

 
(b) υ   4.6 -4 (m2/s). 

 
    υ    7.4 -4 (m2/s). 

 

Figure 8: Velocity magnitude distribution for various Kinematic viscosity. 
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4.5 Contaminant Velocity Influence 
 

In this case, the value of the contaminant velocity was considered to be 

varied for a range of 0.042, 0.054, 0.065 and 0.075 (m/s). While, all the other 

physical parameters values for (water velocity, environment temperature, 

kinematic viscosity and fluid compressibility) in the simulated model are 

assumed to be constant at (0.42 m/s, 20 C°, 1.82e-5 m
2
/s and incompressible 

flow condition) respectively. Figs. 9 (a, b, c & d) show the effect of the 

contaminant velocity variation on the VOF percentage and the flow patterns 

after 120 seconds. The results indicate that the increasing in the contaminant 

velocity leads to the irregular behavior of the flow pattern. As a result, the 

flow pattern of the two-phase flow changes from a stratified to a stratified-

wavy flow with the increasing of the contaminant velocity. Figs. 10 (a) and 

(b) show VOF curve at section along the pipe's diameter (line cut) assumed at 

a distance of 142.5 (cm) from the beginning pipe for the contaminant 

velocities of 0.042 and 0.075 (m/s) and after 120 seconds. The figures 

indicate an increase in the VOF of contaminant as the velocity of the 

contaminants increases due to the increasing of the flowrate of the 

contaminants disposal which consequently make to occupy more space of the 

pipe compared to the water space indicating the effect of the contaminant 

velocity on the distribution of VOF across the diameter of the pipe. 
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(a) u2 = 0.042 (m/s) 

 

(b) u2 = 0.054 (m/s). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                   (c) u2 = 0.065 (m/s). 
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              Figure 9: Contaminant velocity influence on the VOF and flow pattern. 

 
Figure 10: VOF graph for contaminant and water along pipe diameter at x= 147.5 

cm and t=120 sec with various contaminant velocities. 
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5 Conclusions  
 

In this investigated research, the CFD simulation using COMSOL 5.4 

package was considered to simulte the unsteady state diffusion of 

contaminant transport in the pipe flow with an experimentally verified using 

a physical model. The conclusions from this study show that the Comsol 5.4 

multiphasic successes to simulate the problem of the two-phase flow of 

contaminants transport in the pipe flow by a very good way. The temperature 

has insignificant effect on the results of the VOF and the flow pattern of the 

flow. The increasing in the contaminant velocity leads to the irregular 

behavior of the flow pattern. As a result, the flow pattern of the two-phase 

flow changes from a stratified to a stratified-wavy flow with the increasing of 

the contaminant velocity. The contaminant velocity has a significant effect 

on the distribution of VOF across the diameter of the pipe. The viscosity has 

a great effect on the velocity distribution of the flow where a high viscosity 

causes a great reduction in the velocity distribution.For the case of two 

immiscible liquids (two phase flow), the Comsol 5.4 multiphysics successes 

to simulate flow better and the volume of fluid fraction VOF. But in the case 

of the simulating the transport time of the contaminant, it did not give perfect 

matching with the results of the physical model. 
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