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Abstract
Numerical simulations were performed to study the influences of pipe roughness and smoothness. 3D
modeling was solved via ANSYS-Fluent v2021R1 under the condition of fully-developed turbulent flow in
the range of 5,000 ≤ Re ≤ 15,000. The working fluid was distilled water, and thermal-physical properties
were at 300K. The model (k – ϵ) was applied in the current study to solve the roughness problem with
standard wall functions as the near-wall treatment. In the rough and smooth pipes, the pressure dropped
by increasing the Reynolds number (Re). Meanwhile, the rough pipe showed higher pressure loss than a
smooth pipe with an average of 40.34%. Moreover, the velocity contours were presented for both cases to
discuss the effect of the rough wall on the velocity profiles.
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Nomenclatures

µ Viscosity, Pa×s µ Viscosity, Pa×s
CFD Computational Fluid Dynamics Dh Hydraulic Diameter, m
DW Distilled Water FVM Finite Volume Method
k Turbulence kinetic energy,m2 × s k Thermal conductivity,W/m – K
NIST National Institute of Standards and Technology Pin Inlet pressure, Pa
Pout Outlet temperature, Pa Re Reynolds number,

(
R = ρVinDh

µ

)
Tin Inlet temperature; K Vin velocity, m/s
∆P Pressure drop, Pa ϵ Turbulent dissipation rate,m2/s2

ρ Density, kg/m3
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1. Introduction
1.1 Research Background and Motivation
Turbulent flow over rough surfaces has become a hot topic in fluid dynamics and heat transfer [10].
This type of flow can be seen in heat exchangers, nuclear reactors, turbine blades, wind tunnels, fluid
catalytic cracking, and airfoil, among other engineering applications [6], [16]. The effects of relative
roughness and Reynolds number on velocity distribution and friction factor were investigated in pipe
flow [7]. According to the findings, the relationship between velocity distribution and resistance
formula could be extended from smooth pipes to rough pipes [19], [17]. Many experiments have been
carried out to learn more about velocity distribution, pressure drop, and turbulent flow behaviour
near rough walls [22, 13, 5, 14]] The heat transport as a function of roughness height to hydraulic
diameter, spacing between Reynolds numbers, and roughness elements has been investigated in
several research [21, 20, 4, 11].

1.2 Adopted Literature Review on the Roughness of Pipe in Turbulent Flow
The turbulence profile in all coordinate directions is determined by inspecting fluctuating velocity
spectra in rough pipes. According to this research, the nature of the solid barrier has a negligible effect
on the flow in the centre part of the pipe. The flow along the wall, on the other hand, is determined
by the nature of the solid boundary. Several academics have offered alternative techniques to studying
the link between turbulent flow and rough surfaces in the literature. The behavior of turbulent
flow in ducts is investigated by using a roughness element drag coefficient [11]. Recently, a formula
for calculating mean velocity over the inner layer of a turbulent boundary has been proposed. The
friction factor correlation for the fully developed turbulent pipe flow is formulated using the velocity
profile obtained by busing this formula [15]. Other significant works involving the application of the
(k – ϵ) turbulence model were investigated [8]. The modified mixed length model provided a new
technique for studying the rough wall’s influence [23]. They also proposed a solution for pipe flow
fields, both external and internal. When compared to other ways, this strategy has the advantage of
being less expensive to compute. With moderate roughness and an acceptable degree of accuracy,
the (k – ϵ) model can be utilized. The researchers concluded that the (k – ϵ) model with enhanced
wall treatment among different turbulence models gives the most suitable prediction [3, 9].

1.3 Research Objectives
The present study deals with the CFD analysis of fully developed turbulent flow in a 3D pipe using
(k – ϵ) turbulence model with enhanced wall treatment. Moreover, the turbulent flow in the range
of 5,000 ≤ Re ≤ 15,000 and the thermal-physical properties were under 300K as inlet temperature.
Two pipes were tested such as rough and smooth, to discuss the effect of roughness on the value
of pressure drop and the model. The contours of wall function are also shown to see the effect of
enhanced wall treatment.

2. Numerical Parameters and Procedures
2.1 Physical Model and Assumptions
Increasing the pressure drop of the working fluid along a circular rough and smooth pipe was
numerically solved using CFD under fully-developed turbulent flows. The pipe cross-section of the
horizontal circular pipe was presented in Figure 1. The total pipe length is 500 mm, the diameter is
20 mm. A grid was created using the meshing module of ANSYS-Fluent v2021R1. The physical
domain modeled the fluid control volume and did not account for the tube wall thickness. Figure 1
presents the computational domain. Its 15 inflation layers were used to mesh the region adjacent to
the walls, which were used to mesh the region adjacent to the walls due to significant velocity and
temperature gradients.
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Figure 1: (left) Cross-section of the pipe flow, and (right) grid of the computational domain.

2.2 Governing Equations
The conservation of mass, momentum for the efficient model are as follows [18, 2]

▽ρV̄ = 0, (1)

▽ρV̄V̄ = – ▽ P̄ + µ▽2 V̄ – ρ▽ v̄v̄, (2)

where V̄ and P̄ are the time-averaged flow variables, while v̄ is the velocity fluctuation(s). The
momentum equation ρ▽ v̄v̄ represents the turbulent shear stress.

The two equations model is the most famous and straightforward turbulence model. In this
model the length scales and turbulent velocity are calculated independently by using the solution of
different transport equations. The standard (k – ϵ) model has become the widely used turbulence
model for the solution of practical engineering flow problems by Launder and Spalding [12]. Such
a semi-empirical model is built on transport equations for the turbulence kinetic energy (k) and
its dissipation rate (ϵ). The model transport equation for (k) is derived from the exact equation,
while the model transport equation for (ϵ) was obtained using physical reasoning and bears little
resemblance to its mathematically precise counterpart.

▽(ρkV) = ▽
[(

µt
σk

)
▽ k

]
+ Gk – ρϵ (3)

▽(ρϵV) = ▽
[(

µt
σk

)
▽ k

]
ϵ

k
(C1ϵGk – C2ϵρϵ) (4)

Gk = µt(▽V + (▽V)⊤), µt = ρCu
k2

ϵ
(5)

Cu = 0.09, σk = 1, σϵ = 1.3, C1ϵ = 1.44, C2ϵ = 1.92 (6)

In this regard, µ is the effective viscosity of working fluid, while µt is the viscosity coefficient in a
turbulent regime.

The boundary conditions (BCs) are outlined in this section for solving the CFD model’s governing
equations. The pipes’ walls were smooth and rough, and its external surface was insulated. The
working fluids enter the pipe at a constant inlet temperature (Tin = 300K), with a uniform axial
velocity (Vin). The finite volume method (FVM) was used to discretize partial differential equations
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(Governing equations) into linear algebraic equations, making them numerically solvable. The
second-order upwind scheme was used to discretize the convection and diffusion terms, and other
appropriate variables appear in the governing equations. The velocity components are evaluated
at the center of the control volume interfaces in staggered grid designs. All scalar quantities are
estimated at the control volume’s center. The Semi Implicit Method for Pressure Linked Equations
[SIMPLE] was used to link pressure and velocity. ANSYS CFD uses a point implicit (Least Squares
Cell Based) linear equation solver and an algebraic multigrid approach to solve the linear systems
produced from the discretization schemes. The residuals monitors were convergence with an absolute
criterion of < 10–6.

2.3 Validation and Verification of Simulations
Four different computational domains are tested for grid independence test, such as 90,277, 109,863,
161,850, and 222,222 elements, See Table 1. The second grid (109,863 elements) is adopted in the
next simulations due to it’s very less error with the previous grid with 0.59%. Meanwhile, the third
and fourth grids show an error of 5.22% and 9.96%, respectively. The current model was validated
with the data of A.H. Abdelrazek et al. [1]. The pressure drop values show a good agreement with
an average error of 8.5%, as shown in Fig 2.

Table 1: Grid independence test at Re = 5,000.

Mesh Elements Pin Pout ▽P Error

1 90,277 31.69884 4.902894 26.79594 -
2 109,863 31.71926 4.762929 26.95633 0.59%
3 161,850 31.75175 3.31054 28.44121 5.22%
4 222,222 31.80573 0.219329 31.5864 9.96%

Figure 2: Comparison between the current model and A.H. Abdelrazek et al. [1].
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3. Results and Discussion
Evaluation of pressure drop, and flow features should be deeply considered side by side with the heat
transfer measurements for different working fluids as long as they are used for practical purposes.
Fig. 3 shows the pressure loss of rough and smooth pipes versus the Reynolds number of the circular
modelling. As can be seen, the pressure loss increases with the increase of Reynolds number for both
cases due to the increment in the fluid velocity along the pipe. As expected, the pressure dropped
higher in the rough pipe more than the smooth pipe, with an average increment of 40.43%. The
rough and smooth pipe show almost the same values of inlet pressure; meanwhile the values of outlet
pressure of rough pipe are lower than the smooth pipe. The current results show s clear evidence that
the smooth pipe is preferable in thermal and engineering applications because it’s moderate pressure
loss. As we know, the higher-pressure loss will consume more pumping power, which is considered
uneconomic.

Figure 3: Pressure drop data of rough and smooth pipes versus Reynolds number.

The contours of velocity profiles are presented in Fig. 4 and Fig. 5 for the rough and smooth
pipes versus the Reynolds number. It can be seen from Fig. 4 and Fig. 5 that, the outlet velocity of
the smooth pipe shows higher values than the rough pipe. The outlet pressure of smooth pipe is
always higher than the outlet pressure of rough pipe due to the value of outlet velocity. In contrast,
the parameter (pin-Pout) of rough pipe is higher and influenced by higher pumping power.

4. Conclusions
The influences of pipe roughness and smoothness were discussed numerically. The working fluid
was distilled water, and thermal-physical properties were at 300K. The model (k – ϵ) was applied in
the current study in the range of 5,000 ≤ Re ≤ 15,000. The followings conclusions could be drawn:

1- The thermal-physical properties of distilled water at 300K were collected from the National
Institute of Standards and Technology (NIST) database.

2- The pressure dropped with the Reynolds number (inlet velocity) increase for both cases (rough
and smooth).

3- The roughness of pipe showed a significant impact on the values of pressure drop more than
smooth pipe.

4- Velocity profiles (contours) illustrated the boundary layers of both pipes and explained the real
reason for higher-pressure loss in rough pipes.
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Figure 4: Contours of velocity profiles at the outlet of rough and smooth pipes versus Reynolds number.
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Figure 5: Contours of velocity profiles at the outlet of rough and smooth pipes versus Reynolds number.
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