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Abstract
The study presented three-dimensional (3D) analysis of water’s upward flowing through the vertical pipe under turbulent charac-

teristic considerations. Both numerical constructed and improved the model of 3D for cylindrical coordinates of governing equations for 
incompressible turbulent flow with the Reynolds Average Navier-Stokes (RANS) model using the improved constants of the (k–ε) type. 
The present model is then compared with a previous study to give the feasibility of the present single-phase turbulent flow parameters. 
The pipe length is tested to measure how much it affected the turbulent parameters though one of the expected factors is the turbulent 
time scale. On the other hand, the model is numerically examined to determine the velocity profile, shear rate, and surface deformation 
of the water domain. While the pressure distribution, turbulent kinetic energy, and turbulent dissipation rate, these parameters are classi-
fied as the mechanic’s system factors. The simulation is done with wide software used to simulate industrial is COMSOL 5.4 Multiphy
sics software. The results obtained increased the velocity of three inlet water velocities used ranging from (0.087, 0.105, and 0.123 m/sec)  
of upward flow. High fluctuation in the water flow moves along the entire pipe length and it can notice the sensitivity to any change 
in water properties or mechanical properties. The liquid upward flow in turbulent conditions is suffered from many characteristics 
such them related to liquid properties and others related to the mechanics of the application through the systems. The interaction 
between the fluid film (fluid boarded the pipe inner diameter) has been observed by the shear rate and liquid surface deformation.
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1. Introduction
The topic of simulation is widely used for both foci and deeply shows the precise change 

in the system. Cartesian, cylindrical, and spherical coordinates are considered in many types of 
research for approaching the experimental with numerical models. The three-dimensional analysis 
of compressible and incompressible fluid flowing into any mechanical engineering implementa-
tion is concerning most topics undertaken by limited researchers. There are many applications of 
the incompressible upward flow through the vertical pipes such as water flowing in the riser and 
down-comer in the steam generators of the power plant, air-conditioning, and ventilation systems 
when using cold water coils, fluids pumped in the wells, etc. Therefore, the present work is the 
development of the mathematical model for single-phase turbulent upward flow.

The paper [1] focused to study the 2D counter analysis of a single turbulent flow. They in-
tended to present the interaction fluid structure near the inside pipe diameter. While the paper [2] is 
presented the 3D analysis of the pressure drop of fluid flow through fittings. The behavior of fluid 
motion inside the vertical drilling pipe is presented in [3]. The study [4] is focused on analyzing 
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the fluid flow inside the pipe with 2D and 3D models in many applications such as pipe networks, 
Tee-junction, elbow, bending straight pipes at different positions, drilling pipes, etc. These studies 
used 2D and 3D analysis with helping to solve the model of laminar and turbulent at a single flow. 
The fluid layer studied by [5] using the turbulent flow conditions in closed conduct is limited by 
the (k–ε) type which depended on the many parameters related to constant and other hands related 
to model characteristic properties. Many published papers related to developing turbulent flow 
models through these constants and parameters. Last early twenty years and more effective arti-
cles to modify different models like [6]. They remark in conclusion that when using the modified 
model, it did not need a complex governing equation. The paper [7] is dedicated to the 3D turbulent 
models consisting of wall functions with CFD-solved by the Reynolds-Averaged Navier-Stokes 
equations (RANS) method. The study presented the experimental and numerical by [8], they in-
tended to investigate the turbulent flow behavior of (k–ε). The model suggested solving the turbu-
lent wall function with numerical analysis for the flat plate boundary layer. The eddy viscosity for 
the nonlinear Reynolds stress model is numerically studied by [9]. The turbulent flow simulation 
in cylindrical is considered by [10] a stagnating challenge in the industry, of costs and the tool used 
to do the simulation. This challenge becomes huge in calculation with the unsteady turbulent flow. 
They obtained a good agreement on the velocity profile of the steady-state wall shear stress. 

The pressure gradient of single-phase turbulent flow described that the laminar flow of the 
pressure drop is less when the flow is turbulent. The experimental measure was studied by [11, 12] 
in these studied the turbulent flow for both single and two-phase flow with different tube geometry.  
There are studies for an inner pipe diameter of (0.026 m) with an airflow rate of (0.02 m3/s). The 
Reynolds-Averaged Navier-Stokes equations (RANS) model with (k–ε) type with large eddy 
simulation to numerically with solving the models with large eddy simulation which found the 
high-pressure oscillation n two-phase flow than in single-phase flow greater by 100 times for the 
RANS model. The Partially Averaged Navier-Stokes (PANS) for the near-wall turbulent associa
ted with Low Reynolds Number (LRN) at fluid flow is displayed by [13]. Two Reynolds numbers 
were used ranging from (10600 and 37000) for closed channel flow. The effects expression that the 
PANS model diverged from the RANS model for a channel turbulent flow. Recently, they [14, 15] 
presented the numerical simulation of fluid flows through the elbow and Tee-junction at turbulent 
flow depending on the Reynolds number. They approached the simulation model with experimen-
tal data to obtain the visualization of the fluid flow through the fittings.

In our study, most of the affected parameters were studied to show the 3D behavior of the 
water upward at turbulent flow through a vertical pipe. From the above pieces of literature, it con-
cluded to use the RANS model with the (k–ε) type. This study is extended to the previous study 
with a comparison to improve the 3D model. It can notice that the liquid upward flow in turbulent 
conditions is suffered from many characteristics such them related to liquid properties and others 
related to the mechanics of the application through the systems. The interaction of liquid motion 
inside the vertical pipe has many factors raised and different when the 2D and a 3D analysis.

The study aims to present a 3D model of the upward single-phase turbulent flow of incom-
pressible fluid. To achieve this aim, the following objectives are accomplished:

− to describe the numerical model and the validity of the model with previous work with the 
help of COMSOL 5.4 Multiphysics software; 

− to examine the pipe length at different water velocities to observe the effective pipe geometry; 
− to study the behavior of the flow parameters at different inlet water velocities; 
− to observe turbulent time scale and study the effectiveness of pipe length. Shear rate and 

surface deformation of the water element are present due to the 2D contours; 
− to plot for both turbulent kinetic energy and turbulent dissipated rate.

2. Materials and methods 
2. 1. System of the Navier-Stokes equations
The describing incompressible liquid flow is the system of the Navier-Stokes equations and 

the continuity equation with three velocities’ components in cylindrical coordinates (θ, r, z) with 
velocity components of (u, v, and w) [16]:
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Equation of continuity:
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quantity of movement-tangential or circumferential direction (θ):
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quantity of movement z-axial direction:
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where ρ and µ are fluid density and fluid dynamic viscosity, respectively.
The turbulent flow modeling equations of tensors have been explained in great detail by [17]:
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Here, the eddy viscosity term (µt) is modeled using the Bossiness approximation (6) as done 
in the case of the (k–ε) equation:

	 µ ρ
εµt C

k
=

2

.	 (7)

In (6) are set values that are, sk = 0.82, se = 1.0, Cm = 0.09, Ce1 = 1.44, and Ce2 = 1.92.

2. 2. Physical model
In this paper, the simulation of 3D upward water flows through the vertical pipe at turbu-

lence flow is presented. COMSOL Multiphysics 5.4 was used to generate the domain to show the 
inlet, outlet, and water boundaries at flow as shown in Fig. 1. The pipe domain was created using  
a (50.8 mm) diameter and a pipe length of (1000 mm). Three inlet water velocities were used rang-
ing from (0.087, 0.105, and 0.123 m/sec).

The verification of pipe length effects was achieved by three length ranges (1000, 1200,  
and 1400 mm). Moreover, the operation parameters were reported in the provirus study [1].
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Fig. 1. Water domain geometry

2. 3. Turbulent flow model (k–ε)
There are two kinds of turbulent models in COMSOL Multiphysics software 5.4 (k–ε) for 

3D modeling, they can summarize as Reynolds Average Navier-Stokes (RANS) and Large Eddy 
Simulation (LES). The LES is implied with any change in the stream flow, while the RANS is more 
realized for straight flow. Below is the model of the pipe geometry of the water boundaries domain:
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The terms sk, se, Cm, Ce1, and Ce2 in the above equation are set to their modified values that 
are, sk = 1, se = 1.3, Cm = 0.09, Ce1 = 1.44, and Ce2 = 1.92.

The autocorrection of the turbulence time scale modeled by [18–20] is as follows Turbulence 
time scale:

	 TL L= ( )∞
∫0

ρ τ τ.d 	 (12)

2. 4. Model approaches
To demonstrate the behavior of 3D upward water flows at turbulence in a vertical pipe with 

cylindrical coordinates, COMSOL 5.4 Multiphysics software was used to show the behavior when 
the water warded flows in a vertical pipe. Fig. 2 shows the part mesh generated which runs the 
model with optimum convergence of the test. In Table 1, the statistical parameters of the meshing 
accounted for the water domain system. The turbulent flow of the (k–ε) model used for testing re­
solutions was three deferential water velocities used in the previous study [1].

The 3D analysis of upward water flow in a vertical pipe used the CFD technique for several 
turbulent Re numbers of (4419, 5339, and 6248).
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Fig. 2. 3D cylindrical generated mesh

Table 1
A mesh statistical of water domain geometry

Description Value
Minimum element quality 0.2139
Average element quality 0.6842

Tetrahedron 286027
Triangle 16916

Edge element 884
Vertex element 8

Maximum element size 4.88
Minimum element size 1.46

Curvature factor 0.6
Resolution of narrow regions 0.7

3. Results of numerical model and simulation 
3. 1. The comparison between the results for modifying the constants of the turbulent 

flow (k–ε) model
Fig. 3 shows the comparison between the results for modifying the constants of the tur-

bulent flow (k–ε) model of the present work with previous work as shown in the values of the 
constants in Table 2. The best observation values into the velocity profile along the pipe diameter. 
The percentage deviation found at the inlet of the pipe which is also used by [2, 5] at the inlet water 
velocity is (0.087 m/sec). The minimum to maximum deviation percentage is range from (0.0067 % 
to 0.0081 %). It can notice from Fig. 3 that the divergence between the present work results and 
with previous work is obtained at maximum values of the fluid velocities.

Table 2
Comparing the preset work with previous work on the constants of the turbulent flow (k–ε) model

Constants Present workна Provirus work [2, 5]

Ce1 1.44 1.45

Ce2 1.92 1.9

Cm 0.99 0.99

sk 1.3 0.82

se 1 1.3
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Fig. 3. The comparison between the present works with previous works

Fig. 3 shows an approximate starting velocity deviation before the center of pipe diameter 
by (17 mm) and by symmetrically after the center of diameter at the distance of (34 mm). It can conclude 
that the present model is worthily used for the 3D water at turbulent flow upward in a vertical pipe.

The following results show the variation of water upward turbulent flow in a vertical pipe at 
different pipe lengths (L = 1, 1.2, and 1.4 m) for a pipe diameter of (50.8 mm) and the absolute inlet 
velocity is (0.0087 m/sec). Fig. 4 shows the insignificant effect of the pipe length on the turbulent time 
scale of water flowing through the pipe. It can depend on the pipe length (1 m) for the 3D analysis.

In Fig. 5, the turbulent time scale is shown at three different absolute water velocities. The 
turbulent time scale is represented as the scalar of turbulent flow along the pipe length, and the 
actions of molecules of fluid (especially the liquids) directly affect and diffuse due to the more 
shearing force with a solid wall. From Fig. 4, it is possible to justify the effects of the difference in 
pipe lengths. Here, Fig. 5 shows the variation of the water velocities on the turbulent time scale at 
the center line along the pipe length.

Fig. 4. Turbulent time scale with three different pipe lengths

Fig. 5. Turbulent time scale at three different water velocities
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Here, Fig. 5 shows the variation of the water velocities on the turbulent time scale at the 
center line along the pipe length. While Fig. 6 shows the turbulent time scale contour at (x, z-plane) 
perpendicular to the (y-plane). Three absolute water velocities were plotted to give the variation of 
the turbulent time scale when the upward flowing in a vertical pipe.

Fig. 6. Contour of turbulent time scale at three different water velocities

3. 2. Velocity magnitude along the pipe length
To demonstrate the magnitude velocities of the water flow inside the centerline along the 

length of the pipe. In Fig. 7 many lines were plotted to show the result with multi-zones along the 
pipe length. The centerline, (0.4 mm) near the pipe wall, and (2 mm near the pipe wall) were shown 
in the red lines. Fig. 8 shows the three velocities at the centerline of the color lines (Blue = 0.087, 
Green = 0.105, and Red = 0.123 m/sec). At the inlet, the velocity increased slightly, and then the lines 
are slightly decreased until reach the outlet the velocities become increase in the core of the pipe.

Fig. 7. Multi-region line distribution inside along the pipe length

Fig. 8. Velocity profile inside along pipe length with three water velocities
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The line is far from the inside pipe wall by (0.4 mm), the velocity magnitude being less in 
value than at the line far (2 mm) from the inner pipe wall. Due to the decrease in the shearing force 
and the static pressure become less toward the centerline of the inner pipe. 

3. 3. Shear rate profile and surface deformation of the water element 
Fig. 9 explains the shear rate near the inner pipe wall at the radius of the inlet and the outlet 

from the pipe. Fig. 8 shows at any increase in the velocity of water the shear rate increase too at 
the inner pipe wall, while it decreases at the center of the pipe, that because of the decreases in 
static pressure. It can be noted from Fig. 9 that the shear rate at the outlet is greater in value than at 
the inlet, that because of more accumulative deformation in the fluid layer (water) which is gained 
when the higher friction of water flows along the pipe. Fig. 10, 11 show the group contour of the 
shear rate at the inlet and outlet diameter of the inner pipe respectively.

Fig. 9. Shear rate vs pipe radius at the inlet and the outlet radius of the pipe

Fig. 10. The shear rate at the inlet of three water velocities (v1, v2, and v3)
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Fig. 11. The shear rate at the outlet of three water velocities (v1, v2, and v3)

Fig. 12 explains the shear rate generated inside along the pipe length. The fluctuation with 
the variations of the shear rate eddies through the water flowing at three test velocities. The shear 
rate increases at the inlet of the pipe at a short distance and then decrease until slightly fluctuated 
along the pipe length in the centerline. At the outlet of the pipe, the shear rate increased due to the 
directly proportional shear rate with velocities. 

Fig. 12. The shear rate along the pipe length of three water velocities (v1, v2, and v3)

Fig. 13 illustrated the total deformation of the water element flowing inside the pipe. Under 
a 3D simulation when water is pumped upward in a vertical pipe, this acts as a forced draught sys-
tem on the water element and led the clutch to deform the water element in an inlet and outlet due 
to the change in the exerted pressure on it [3]. 

In Fig. 12 the borders of three velocities vary to show the water element surface is de-
formed. At any increase in the water velocity, the surface deformation rate will be increased, that 
because more pumping pressure with gravity action will occur on the water element.
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Fig. 13. Surface deformation along pipe length of three water  
velocities (v1, v2, and v3)

3. 4. Pressure distribution through the vertical pipe
Fig. 14 explained the behavior of the pressure distribution of water elements inside the ver

tical pipe. Due to the water upward flowing inner vertical pipe, many factors affect the flow stream, 
such as pressure, shear rate, deformation, and the velocity gradient as well as the characteristics 
factor of turbulent flow, which will explain in the next session. Know Fig. 14 boarded variations of 
the water velocities on the pressure profile inside the pipe.

Fig. 14. Pressure distribution along pipe length of three water  
velocities (v1, v2, and v3)

From Fig. 14 can be obtained that at any increase in the water velocity at the inlet of the 
vertical pipe, the pressure gradient increases, and then the pressure will decrease until reaches  
the atmospheric pressure at the outlet of the pipe.

3. 5. Turbulent kinetic energy and turbulent dissipation rate
The turbulent kinetic energy of the fluid flowing upwards can be represented with the  

Isosurface in 3D simulation. Fig. 15 shows the results of three velocities of the water flowing  
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upward inside the vertical pipe. These results clearly show the fluctuation motion which is con
verted by the mean motion velocity. 

The Isosurface plotted in Fig. 15 can also show the thin layer of the boundary and how it 
deformed due to the flow forcing that pushed the water upwards. A high water velocity leads to 
giving a high turbulent kinetic energy realized because of the most fluid motion. In the same trend, 
Fig. 16 shows the turbulent dissipation rate of water flowing upward in three vertical pipes at three 
different velocities. 

For Fig. 15, 16 the 3D plotted at the total number of the levels is (14), to show the number 
of deviations between the turbulent kinetic energy and the dissipation rate of the water element 
flowing inside the vertical pipe.

Fig. 15. Turbulent kinetic energy along pipe length of three water  
velocities (v1, v2, and v3)

Fig. 16. Turbulent dissipation rate along pipe length of three water  
velocities (v1, v2, and v3)

The dissipation rate changed gradually and dissipated in the direction of flow, that because 
the momentum despaired from the water boundary layer near the inner pipe wall.
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Fig. 17 summarized both changes in the turbulent kinetic energy and turbulent dissipation 
rate of the water element. Most of these changes it is difficult to represent especially in 3D analysis, 
these days, helpful tools are used to observe these changes.

Fig. 17. Summarized the changes of the turbulent kinetic energy  
and turbulent dissipation rate

4. Discussion of the numerical model
From the results of Fig. 4, 5, it is possible to see the explanation of the insignificant effect 

of pipe length of more than (1 m) for 3D contour analysis for single-phase turbulent upward flow.
The numerical simulation is solved with the assistance of the COMSOL Multiphysics 5.4 

software, which carried out the most effective factors of water flowing upwards inside along the 
vertical pipe.

The model is developed for a single-phase turbulent upward flow of incompressible fluids.
For the horizontal and inclined pipe, multi-phase flow the model’s parameters needed to 

verify with experimental work.
The numerical analysis is focused on the following behavior such as (variations in water  

velocities, pressure distribution, shear rate with surface deformation, kinetic energy, and dissi
pation rate at turbulent flow.

5. Conclusions
There is an insignificant pipe-length effect on the behavior of 3D analysis of the turbulent 

time scale up to (1.1 m).
Three different water-flowing velocities were examined in the turbulent model modified to 

the (k–ε) type and then verified the modified model was with previous work. The pipe was divided 
into three parts to show the influences of changes in water velocities.

One of the important parameters considered to motivate the action of the fluid motion of the 
amount of the wall shear rate of the boundary layer near the pipe wall. It is how much the layer of 
water element surface will be deformed at any change in water velocity with primarily the change 
of pressure distribution along the pipe length. 

The effect of increasing the water flowing over upward velocity in the amount of the turbu-
lent kinetic energy and turbulent dissipation rate has been shown and examined perfectly through 
the 3D simulation. 

Both instantaneously increase the turbulent kinetic energy at any increase in the water ve-
locity and turbulent dissipation rate were designated. Finally, from the comparison with previous 
work, the modification model of turbulent flow is verified to use with proof of the reliability model.
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