
Original Research Article:
full paper

(2020), «EUREKA: Physics and Engineering»
Number 6

108

Chemical Engineering

STUDY OF THE BEHAVIOURS OF SINGLE-PHASE 
TURBULENT FLOW AT LOW TO MODERATE REYNOLDS 

NUMBERS THROUGH A VERTICAL PIPE.  
PART I: 2D COUNTERS ANALYSIS

Akeel M. Ali Morad
Department of Fuel and Energy1

akeel@stu.edu.iq

Rafi M. Qasim
Department of Fuel and Energy1

rafi.mohammed@stu.edu.iq

Amjed Ahmed Ali
Department of Fuel and Energy1

amjedoet@stu.edu.iq

Engineering Technical College
Southern Technical University

Alzubair Highway Str. – In front of Basra Sport City, Basra-Iraq, 61001

Abstract
This study presents a model to investigate the behavior of the single-phase turbulent flow at low to moderate Reynolds 

number of water through the vertical pipe through (2D) contour analysis. The model constructed based on governing equations of an 
incompressible Reynolds Average Navier-Stokes (RANS) model with (k–ε) method to observe the parametric determinations such 
as velocity profile, static pressure profile, turbulent kinetic energy consumption, and turbulence shear wall flows. The water is used 
with three velocities values obtained of (0.087, 0.105, and 0.123 m/s) to represent turbulent flow under low to moderate Reynolds 
number of the pipe geometry of (1 m) length with a (50.8 mm) inner diameter. The water motion behavior inside the pipe shows by 
using [COMSOL Multiphysics 5.4 and FLUENT 16.1] Software. It is concluded that the single-phase laminar flow of a low velocity, 
but obtained a higher shearing force; while the turbulent flow of higher fluid velocity but obtained the rate of dissipation of shearing 
force is lower than that for laminar flow. The entrance mixing length is affected directly with pattern of fluid flow. At any increasing 
in fluid velocity, the entrance mixing length is increase too, due to of fluid kinetic viscosity changes. The results presented the trends 
of parametric determinations variation through the (2D) counters analysis of the numerical model. When fluid velocity increased, the 
shearing force affected directly on the layer near-wall pipe. This leads to static pressure decreases with an increase in fluid velocities. 
While the momentum changed could be played interaction rules between the fluid layers near the wall pipe with inner pipe wall. 
Finally, the agreement between present results with the previous study of [1] is satisfied with the trend.
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1. Introduction
Many industrial applications involve axis-symmetric geometries (i. e. pipes, diffusers, cyc

lones, etc.) and complex two-dimensional flows with unsteady flow phenomena. The turbulence 
models often fail to accurately simulate the turbulent motion and heat exchange in these kinds of 
applications, because of the insensitivity of Reynolds-Averaged Navier-Stokes equations (RANS) to 
unsteady flow features. Modeling of higher correlations of the shear-rate and vortices tensor can ac-
count for additional physical effects, such as streamline curvature, however, it cannot able to alleviate  
general problems involved with this numerical method. If the fluid has significant yield stress or the 
effective viscosity is high, industrially relevant flow rates may occur in the laminar flow regime. 

However, in some cases, the flow can be turbulent so, thus there are advantages in operating 
pipe flow in a transitional flow regime. This can lead to the lowest specific energy consumption. 
The majority of pipe single turbulent flow numerical simulations to date have studied stability. 
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Relatively few direct numerical simulations have been few performed of turbulent flows at high 
Reynolds number. A technique used to achieve a higher resolution to measure the turbulent flow of 
water through the pipe is presented by [1]. They used the Reynolds number range 5,000 to 25,000 
to determine the mean velocity profile, turbulence intensity scales, and shear stress near the wall 
of the pipe. In their results, they found that the inner layer near the pipe wall, which is the flow 
geometry, is not important inflows of low Reynolds numbers. They proposed a future investigation 
of the variables of turbulent flow from low to moderate Reynolds numbers.

The extreme Reynolds number of turbulent flow inside the pipe was experimentally pre-
sented by [2]. The archived their work by using a new technique (scale thermal anemometry probe) 
to determine the pressure and velocity profile of airflow inside the super-pipe. A three-dimensional 
direct numerical simulation method used for turbulent mean flow with Reynolds number range from 
2,250 to 5,900 is presented by [3]. The fully developed turbulent pipe flow which used a second- 
order-accurate finite difference method for Reynolds number up to 6,950 was presented by [4].

The Reynolds number of upstream based on velocity friction velocity was obtained through 
the universal logarithmic law of the wall studied by [5]. These studies were all based on the study 
of [6], which presents finite-amplitude axis-symmetric disturbances, however, their results remain 
controversial. Also, they investigated the non-linear stability of pipe flow guided by their theory 
of secondary instability. They found that all axis-symmetric finite-amplitude disturbances decay 
but non-axis-symmetric disturbances can be strongly unstable. The two-dimensional incompres
sible low to moderate Reynolds number used a Navier-Stokes equation for the velocity gradient for 
boundary element functions. For Reynolds numbers above 1,000, the resolved formulation con-
verges and becomes stable [7]. The fluid flow behavior may show within the pressure drop profile 
to single-phase flow for the laminar and turbulent flow [8, 9]. They measured pressure drop expe
rimentally for the inner pipe diameter of (0.026 m) with an airflow rate of (0.02 m3/s). The results 
showed that the pressure drop for laminar flow is less than that of the turbulent flow for the same 
pipe geometry. They used the RANS model with (k–ε) model and large eddy simulation to nume
rically solve the models. They obtained that the time solved in large eddy simulation is greater by 
100 times for the RANS model.

Eventually, [10, 11] proved that the high-pressure oscillation n two-phase flow than in  
single-phase flow. They demonstrated the experiment rig to test the section of the tube of (250 mm 
length and 1.5 mm inner diameter). In contrast, [12] presented the eddy-viscosity model with three 
additional transport equations. Their model was implemented with the computational fluid dy-
namic (CFD) for the pressure gradient over a flat plate. They demonstrated the model for turbulent 
flow to resolve by average Reynolds number. The obtained results showed that the model can be 
used for practical tools for engineers. The flow of fluid at Low Reynolds Number (LRN) based 
on Partially Averaged Navier-Stokes (PANS) for the near-wall turbulent modeling was presented 
by [13]. Their study of two Reynolds numbers used (10600 and 37000) for channel flow. The results 
show that the PANS model diverged from the RANS model for a channel turbulent flow. Recently, 
the numerical simulation of fluid flows by using a turbulent flow through the elbow depending on 
Reynolds number was presented by [14]. Their study showed that the turbulent flow is solved by 
standard (k–ε) method with the RNG model, and standard wall function for a vertical pipe of length 
3.35 m with 90 elbows. Their obtained turbulent model gives a good behavior for stream velocity 
profile[15] presented a numerical investigation of non-Newtonian fluid flowing through a circular 
pipe. Their study employed laminar, steady incompressible flow, and the results show that the en-
trance length for laminar flow is directly affected by increases in Reynolds number.

This study introduces the mechanical behavior of transition flow through a pipe of non-norma
lity of the liberalized Navier-Stokes equations in cylindrical 2D coordinates that are expected to pre
dicate the Reynolds number effects for turbulent pipe flow. From the opened literature, a single-phase 
turbulent flow of the RANS model with (k–ε) method is not wild generalized for fluid flow through 
vertical pipe (single) phase, especially through the counters’ analysis. The CFD techniques were used 
to numerically model the state of single-phase turbulent flow through a vertical pipe. The upward flow 
of liquids in vertical pipes suffers from many flow parameters which then affect the quality of the 
flow and, on the other hand, directly affect the pumping motor, causing more power to be consumed.
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2. Governing Equations
The governing equations are the incompressible Navier-Stokes equations, which in the ro-

tational form are [15]:

	
∂
∂

+ × = −Ñ + Ñ
v

t
w v p v v2 , 	 (1)

	 Ñ.v = 0 in W,	 (2)

where v = (u, v) is the velocity field u, v refer to streamwise, radial and azimuthal velocity compo-
nents, respectively P = p+1/2v. v is the total pressure, ω = Ñ×v is the vorticity, and ʋ is the kinema
tic  viscosity.

The discrimination of the equations is performed using spectral methods. Since the objec-
tive is the investigation of infinite pipe flow, Fourier expansions are introduced in the streamwise 
and azimuthal directions for all flow variables.
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where m represents azimuthal Fourier modes, k streamwise modes, and α π= ( )LZ 2  the stream-
wise wave number. Substituting expansion equation (3) in the governing equations, and applying 
the following change of variables to obtain on [16]:
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where ℑmk  refers to a Fourier transform in both φ and z. The coordinate singularity at r = 0 is 
removable since it can be shown that the behavior of the Fourier coefficients of the velocity com-
ponents close to the axis is:

	 u v w r r i rm m m
m m m, , , , ,( ) ∝ ( )− −b g g1 1 	 (5)

v iw rmk mk
m+ ∝ +1,

where b and g are constants.
It can be verified υ υmk mk mkiw= −  that is zero at r = 0 for all m and it scales like the latter 

is equivalent to the fact that the vortices are also regular at r = 0. On the other hand, the variable 
w iwmk mk mk= −υ  has a non-zero value at r = 0 for ms = 1; however, the coefficient of wmk  for m = 1 
is zero and so the singularity in (4c) is removed.

The set of polynomials employed close to the axis corresponds to the Jacobi polynomials P, 
with associated weights which are zero at r = 0.
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3. Modeling formulation
3. 1. Turbulent Flow of Reynolds Averaged Navier-Stokes Model
From a structure point of view, RANS speaks to a sensible trade-off between precision and 

rate, and various specialists have created expectation techniques for limit layer change. The least dif-
ficult RANS-based methodology is the non-modeled LRN whirlpool thickness choppiness models, 
which have been utilized for an expectation of transitional streams with some level of achievement.

3. 2. Turbulent Flow k–ε
The model considered turbulent flow for LRN of a fluid of incompressible flow in a vertical 

pipe of length (L) and radius (r). The fluid flowed upward under the influence of the kinetic and dis-
sipation rate of turbulent kinetic energies supplied from the bottom of the pipe. The 2D cylindrical 
system coordinate is shown in Fig. 1.

Fig. 1. 2D cylindrical system coordinates

The pipe geometry specified that the pipe length is very large concerning the pipe radius.
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The above relations discussed the Turbulent Kinetic Energy (K) with momentum viscosity 
fluid changes of the field flow.

4. Computational Domain Test
The above model was tested for water with a solid cylinder domain of (r, L, and Z) coordinates, 

and then this model implemented ding a commercial CFD module of COMSOL Multiphysics 5.4  
software (Build: 295) with ANSYS FLUENT 16.1 software was used to solve this case with a 2D 
drawing of the pipe geometry. The pipe geometry was 1 m length with a 50.8 mm inner diameter. 
The streamflow assumed turbulent flow of three inlets’ Reynolds numbers were used to test the 
model of (4945, 5969, and 6992). The geometry was analyzed for 2D-axis-symmetric mashing  
with (21014 nodes and 18997 elements) as shown in Fig. 2.

Fig. 2. 2D axis-symmetric mesh

The geometry drawing with bottom inlet water upward through a vertical pipe. The infla-
tion is five layers with (k–ε) method of (RANS) model. The value distance of the first layer from 
the inner pipe wall is 0.001 m.

5. Results and Discussions
The profile of velocity and pressure distributions in turbulent upward water flow was ob-

tained using a RANS model at various Reynolds numbers.

5. 1. Comparison between Laminar and Turbulent Single Flow with RANS Model
The main difference between the laminar and turbulent single flow at fully developed status 

was observed with the quantities of the viscous effect and thick layer of fluid near the pipe wall. 
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The inside pipe wall worked as damping for the energy balance of fluid flowing through it. The ve-
locity of the fluid directly affects the wall shear stress, which forms due to the viscous force. Fig. 3 
shows the cross-section shear stress rate for laminar and turbulent single flow in the pipe, which is 
programmed by ANSYS FLUENT software, a – for laminar flow and b – for turbulent flow, both 
for water with the same properties. While Fig. 3 clearly shows the impact of the layer thickness near 
the pipe wall on the prediction of the changing flow behavior. Thus, one can conclude that the rate 
of deformation of the fluid layer increases for laminar flow and decreases in turbulent flow [19].

Fig. 3. Wall shear stress of the layer near the pipe wall: a – laminar flow, b – turbulent flow

Fig. 4 shows the wall shear stress at turbulent flow. The obtained data of the present work 
was compared with the previous work of [1]. The effect of the viscous force of the liquid layer near 
the pipe wall is increased due to (r/d) approaching the value of 1 (i. e. the radius (r) becomes closer 
to the inner tube diameter (d) of the pipe).

b

a
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Fig. 4. Near wall shear stress of turbulent flow of water compared with provirus work

Now, the present work is given a good agreement when the shear stress remains slightly 
constant at the pipe wall layer.

5. 1. 1. Velocity Profile
Fig. 5 shows the changes in the velocity profile of the single-phase turbulent flow of liquid (wa-

ter) along a vertical pipe modeled by COMSOL Multiphysics 5.4. From this Fig. 5, it is clear that the 
fluid properties may vary normally to the flow due to the local values of viscosity and density. Again 
in this Fig. 5, the velocity value is (0.087 m/s), and the entrance turbulent region is not for fully deve
loped flow until the fluid has traveled from the entrance until the length of pipe which start-up to form 
the wall boundary layer, which is called entrance mixing length (lE), and can be expressed as by [13]:

lE =
τ

ρν2 ,

where

ν2
2

2=
d v

dy
.

Increasing the velocity of the fluid to (0.105 m/s) can lead to integrate the velocity profile at 
lower entrance mixing length and as shown in Fig. 5. The velocity distribution of fluid is directly af-
fected by pipe walls, which lead to deformation at less time after the entrance to the pipe. When fluid 
velocity is increased to (0.123 m/s), the entrance mixing length formed quickly as shown in Fig. 6.  
One can conclude that the increasing velocity of the fluid at the entrance leads to entrance mixing 
length forming after less time of the fluid traveling. At the water velocity of (0.087 m/s), the fully 
developed region starts to form at a mixing length of approximately (0.20 m); for the velocity of 
(0.105 m/s), the mixing length started to form at entrance length of approximately (0.15 m); and for 
a velocity of (0.123 m/s), the mixing length became approximately (0.10 m).

Fig. 6, a–c show the (2D) cross-section velocity profile plane at a fully developed region of 
velocities of (0.087, 0.105, and 0.123 m/s respectively). As these show, at any increase in velocity, 
the boundary layer thickness becomes thinner, because the shear and friction forces decrease due 
to increasing fluid velocity. Moreover, at continuous flow velocity at the center of the pipe, the 
shearing forces become less and lead to a higher velocity.
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Fig. 5. Single-phase turbulent upward flow in vertical pipe at:  
a – v = 0.087 m/s; b – v = 0.105 m/s; c – v = 0.123 m/s

Fig. 6. 2D velocity profile plane: a – 0.087 m/s; b – 0.105 m/s; c – 0.123 m/s

a

b 

c 

a b

c
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Fig. 7, a–c show the (2D) velocity profile at the fully developed region of cross-section ver-
tical pipe at three fluid velocities of (0.087, 0.105, and 0.123 m/s, respectively).

Fig. 7. Velocity profile at fully developed region for vertical pipe at:  
a – 0.087 m/s; b – 0.105 m/s; c – 0.123 m/s

From these above Fig. 7, it can seem that when the fully developed velocity profile 
forms at a higher value of fluid flow velocity, the pressure distribution will deform the velo- 
city  profile.

5. 1. 2. Mean Velocity Profile
The normalized mean fluid velocity flowing upward in the vertical pipe may suffer the 

problem of the near-wall fluid layer.
This layer appears to be irrespective of the Reynolds number for a single flow. The center-

line fluid velocity turbulent flow is varied with the direct influence of the Reynolds number. The 
normalized near-wall fluid layer thickness (Y +) of the turbulent flow ranging from 50 to 800 is 

a b

c
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as cited in [1, 2, 4]. The constructed correlation equation to predicate the wall layer velocity (U +)  
is as follows:

U + = 2.5 LN(Y+)+5.5 [1],

U + = 4.837+1.078 LN (Re) [2].

Fig. 8 shows the comparison of the obtained data with previous work by using the above 
correlations. At increases in the dimensionless wall layer (Y +) the mean velocity is increased too, 
corresponding with [1]; whereas increases in the Reynolds number lead to increases in the mean 
velocity too, due to the upward flow of fluid moving.

Fig. 8. Mean velocity profile of the fluid layer

Again, Fig. 8 shows the distribution of the mean velocity of inside vertical pipe when 
compared with previous works. The present work curve trend showed mean velocity distribution 
various directly with Re number, due to the shearing force formation inside pipe. While, the 
boundary layer thickness verity trend less, thus because of the stability of low and moderate 
turbulent flow.

5. 2. Pressure Profile
To predict the behavior of a single turbulent flow through vertical pipes of the pipe wall, the 

prior studies showed that the sensitive parameter of the most direct influence on the flow model is 
the pressure gradient. This pressure is affected by factors such as inner wall surface type, Reynolds 
number, gravity force, friction factor, and the shear stress deformed due to fluid contact with pipe 
wall roughness.

Fig. 9–14 explains the static and dynamic pressure profiles through the vertical pipe for 
turbulent single-phase flow of liquid at different inlet velocities of (0.087, 0.105, and 0.123 m/s, 
respectively). These Fig. 9–14 clearly show that the higher value of pressure rises at the bot-
tom and the pressure values become lower at the top of the pipe, due to the velocities changing  
along the pipe.
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Fig. 9. Static pressure profile (Pascal) along vertical pipe at v = 0.087 m/s

Fig. 10. Dynamic pressure profile (Pascal) along vertical pipe at v = 0.087 m/s

Fig. 11. Static pressure profile (Pascal) along vertical pipe at v = 0.105 m/s
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Fig. 12. Dynamic pressure profile (Pascal) along vertical pipe at v = 0.105 m/s

Fig. 13. Static pressure profile (Pascal) along vertical pipe at v = 0.123 m/s

Fig. 15 explains the static pressure variation with pipe length to the inner pipe diameter (l/d) 
ratio at a given water flow velocity through the vertical pipe.

The maximum value of the static pressure was obtained at the entrance velocity of the 
fluid at (l/d = 20) due to the minor friction region, while the static pressure decreases at a given  
fluid velocity. When the fluid velocity increases the static pressure decreases due to the lower value 
of the friction region.

The obtained data of this study were compared with the previous work of [2]. The present 
work shows the dynamic behavior of static pressure inside the pipe.
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Fig. 14. Dynamic pressure profile (Pascal) along vertical pipe at v = 0.123 m/s

Fig. 15. Static pressure variation with (l/d) ratio at three fluid velocities

5. 3. Turbulent Kinetic Energy
Due to the high-velocity spectra of the fluid flow inside the conducted pipe, the turbulent 

kinetic energy (K) occurred through the fluid single flow together with a relatively thin layer near-
wall of the pipe at a constant temperature. Fig. 16, a–c clearly show that at any increase in the fluid 
velocity the (K) was increased. Thus, it seems like the momentum changed near the pipe wall and 
gradually dissipated in the direction of the flow core. In Fig. 16, a, at a velocity of (0.087 m/s), the 
core flow region inside the pipe is relatively narrow, while the core flow region becomes wider with 
the increase in flow velocity, as illustrated in Fig. 16, b, c.

5. 4. Turbulent Wall Shear Flows
The spectrum of turbulent energy of the flow is directly affected by the viscous drag of the 

fluid layer near the pipe wall. The turbulent viscosity of fluid property, especially of liquids, works 
as the deflector to the velocity profile. Fig. 17, a–c show the change of the turbulent viscosity 
along with the upward flow of water through the vertical pipe. At low velocity, the turbulent visco
sity showed a regular velocity profile as shown in Fig. 17, a, at the velocity of 0.087 m/s, and the 
length of the straight viscosity streamline is relatively shorter than with the increase in the velocity,  
as shown in Fig. 17, b at the velocity of 0.105 m/s and Fig. 17, c at the velocity of 0.123 m/s.

The above Figures clearly show the deflection of the streamline to the fluid flow is fluctuated at 
the entrance region (the bottom of the pipe), due to the viscous drag force and the fluid pressure impacts.
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Fig. 16. Turbulent Kinetic Energy through pipe at: a – 0.087 m/s; b – 0.105 m/s; c – 0.123 m/s

Fig. 17. Turbulent viscosity through pipe at: a – 0.087 m/s; b – 0.105 m/s; c – 0.123 m/s

The study used the water as a fluid flowing in a vertical pipe. The flow is single-phase turbu-
lent with two limitations of Reynolds Number (as mentioned in abstract). Used the model constructed 
of an incompressible Reynolds Average Navier-Stokes (RANS) model with (k–ε) method. 2D simu
lation of water domain to study the behavior of water flowing inside the pipe shows by [COMSOL  
Multiphysics 5.4 and FLUENT 16.1]. Many parameters were focused to determine the flow behavior 
of fluid flowing such as (fluid velocity, pressure, shear stress, kinetic energy, etc). 

6. Conclusion
1. The velocity profile is directly affected by the shearing force of the liquid layer near the 

pipe wall, and gradient velocity value at balance is the fully developed region. The distance from 
the fluid entry is determined by entrance mixing length for three fluid velocities, obtained with  
a pipe of 1 m length and 50.8 mm inner diameter. 

a b c

a b c
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2. The static pressure drop indicates the amount of fluid acting as a body force inside the pipe 
combined with shearing forces acting on the liquid layer near the pipe wall, while dynamic pressure 
drop represents the velocity of the fluid to overcome the gravitational force-resisting upward flow.

3. The momentum change of the fluid is shown by the turbulent kinetic energy, which indi-
cates the forces of the single-phase flow of liquid layer near the pipe wall.

4. One of the important parameters is the shearing force, which becomes more complex with 
turbulent flow. The interaction between the liquid flow and the pipe wall obstructs streamflow.

5. The laminar single-phase flow is a low velocity, but it can obtain a higher shearing force; 
while turbulent flow is obtained at a higher fluid velocity but the rate of dissipation of shearing 
force is lower than that for laminar flow.
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