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This study innovatively investigates the effect of silica nanoparticles on crude
oil pipeline flow drag reduction using computational fluid dynamics (CFD).
Turbulent flow conditions were assumed for all simulations according to
Reynolds number values. The results of the numerical simulations were
validated against the experimental measurements, showing a maximum
deviation of less than 8.6% in percentage drag reduction (DR%). The effect of
some parameters such as fluid viscosity, flow velocity and pipe diameter
(defined collectively by the Reynolds number) and pipe materials with various
Nano-silica concentrations (0.25—1 wt.%), on drag reduction in the single-phase
flow regime was investigated. Among the conditions investigated, optimal
agreement with experimental results and highest drag reduction was recorded at
0.75 wt.% Nano-silica concentration at a Reynolds number of 13,931. Drag
reduction has been found to increase with increasing concentrations of
nanoparticles for fixed Reynolds numbers. For a fixed nanoparticle
concentration, higher Reynolds number is also found to yield better drag
reduction. These results confirm the effectiveness of the crude oil optimized
using the nanoparticles in reducing the flow resistance under turbulent flow.
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1. Introduction

Hydrocarbon pipeline transportation is an essential part of current energy systems since it is an excellent and relatively

safe way of conveying crude oil and its products from production facilities to refineries, storage facilities, and
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distribution facilities. Yet, apart from the apparent simplicity of the hydraulic process that this phenomenon may
reflect, it is riddled with numerous challenges and complexities, primarily those that occur as a direct result of the
pressure drop phenomenon, whose impacts on the overall efficiency, safety, and economic viability of pipeline
systems can be quite substantial [1, 2]. A great portion of this pressure drop arises from frictional losses between the
fluid and pipe wall. Turbulent flow conditions add to the frictional resistance encountered even more. Drag is a
mechanical force that arises as an aftermath of the interaction between a solid object and a fluid medium. It is not
formed by field forces such as gravitational or electromagnetic fields where the body has the potential to influence
another in an absence of contact [3]. Drag reduction is an overall solution for the issue and is utilized to reduce flow
resistance [4].

The technologies of pipeline drag reduction are mainly constituted of rib drag reduction, viscous drag reduction,
bionic drag reduction, and vibration drag reduction of the wall, among which the drag reducer technology is a type
of viscous drag reduction [5-6]. The most straightforward benefit of employing drag-reducing agents in pipeline
systems is to minimize pressure drop and friction, resulting in less energy being consumed by fluid transfer pumps.
The use of additive drag reduction methods can likely increase pipeline capacity, minimize associated risks, conserve
capital for pipelines and pump stations, and lower operating and maintenance costs. In conclusion, the effective use
of a drag reducer is cost-effective [7-8]. There are a number of techniques through which these losses can be
compensated, and the addition of drag-reducing agents (DRAs) has been shown to be the most effective method [9-
12].

Common drag-reducing agents include surfactants, nanoparticles, and polymeric additives. Nano-fluids are
suspensions of nanoparticles (at least one dimension smaller than 100 nm) in a carrier fluid such as water, alcohol, or
oil, and during the recent three decades, their greater thermal conductivity and effective heat transfer behavior have
been observed by many researchers [13-17]. Depending on the nature of nanoparticles utilized, the Nano-fluids could
be classified into various categories: (a) metal-based, (b) metal-oxide-based, (c) carbon-based, and (d)
composite/mixed-based. Two mechanisms are suggested to facilitate drag reduction through the application of Nano-
fluids in pipeline flow systems: (a) alteration of the rheological characteristics of the base fluid when nanoparticles
are added, such that the delayed transition to turbulence will serve as a factor to drag reduction due to the low drag
experienced with laminar flow; consequently, drag reduction for the entire pipeline is achieved [4]. (b) The decrease
in the pipe roughness is a result of interactions between the nanoparticles which fill the microscopic surface asperities.
This phenomenon has particular application to nanoparticles exhibiting tribological properties, which are the result
of their unique morphology and exceptional strength. One appropriate example of such nanoparticles is Nano-silica,
which is economical and more prevalent than other nanoparticles with comparable properties [18].

Ren et al. (2019) reported experimental verification of drag reduction in aqueous solutions with a micro-Nano
composite structure. The drag reduction rate was identified to be excellent based on simulation results. The
advantages that are accompanied by this phenomenon are energy saving [19]. SiO, nanoparticles were utilized as
effective, non-expanding drag-reducing additives in the work of Gharekhani et al. (2021). This study took into account
the influence of four various parameters on drag reduction: flow rate, nanoparticle concentration, temperature, and
pipe diameter. Based on a novel methodological strategy, the experimental data (in the form of percent of drag
reduction) were analyzed using an artificial neural network optimized with a genetic algorithm [3]. Shi and Jing et al.

(2022) conducted a comprehensive investigation of the tribological effects of adding SiO, nanoparticles to certain
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polyacrylamide (PAM) polymer solutions. Results indicated that adding SiO. nanoparticles to a cationic
polyacrylamide solution resulted in the successful friction and drag reduction at Reynolds numbers greater than 6000,
but at lower Reynolds numbers, nanoparticle addition had a negative impact. They discovered that the incorporation
of SiO; nanoparticles into the PAM solution has a twofold effect: one is to enhance the resistance to flow as a result
of the Brownian motion of the nanoparticles, while the other is to decrease the resistance to flow and shield the
polymer chains from shear degradation at high shear stress levels. At the optimum nanoparticle concentration and at
higher Reynolds numbers, the second phenomenon is predominant, thereby further increasing the friction-reduction
effectiveness of drag-reducing polymers [20].

Ghavami Far et al. (2022) conducted numerical and experimental studies of drag reduction and heat transfer
enhancement in a vertical pipe with water-polyisobutylene-Nano SiO; poly-Nano-fluids under constant heat flux
conditions. The Reynolds numbers of all the prepared solutions were between 7000-22000. Nano SiO; particles with
an average size of 20 nm and a concentration of 0.1-1 wt.% were dispersed in aqueous polyisobutylene solutions
(base fluids) with concentrations ranging from 10-50 ppm. The optimum concentrations of nanoparticles and polymer
in the prepared Nano-fluid, polymer solution, and poly-Nano-fluids were found to be 0.75wt. and 50ppm,
respectively. At this optimum concentration, the Nano-fluid’s coefficient of friction was noted to reduce by 75%
compared to that of pure water. ANSYS fluent software package was used for validation of the experimental findings
as well as simulating the phenomena associated with heat transfer and drag reduction at the established optimum
conditions. The findings demonstrated an acceptable degree of concordance between the experimental and numerical
data, as a deviation of less than 5% was observed [21].

With a functionalized magnetic TiO» Nano Photocatalyst and dipalmitoylphosphatidylcholine lecithin on turbulent
flow drag reduction in four horizontal pipelines was investigated [22]. In a similar study, the influence of
incorporating Nano-fluids made up of magnesium oxide nanoparticles and polyacrylamide polymer on decreasing
the drag force in turbulent water flow in a rough horizontal pipe was investigated by Esfandiari and Hesami (2021).
For the aforesaid purpose, three effective process parameters (concentration of nanoparticle, surfactant concentration,
and Reynolds number) were investigated and optimized for all the pipelines. The maximum drag force reduction was
82% using numerical optimization method [23]. Here in this research work, as an innovation, simulation and
optimization of drag reduction of single-phase oil flow were done by using silica nanoparticles in various
concentrations and various Reynolds numbers. For this purpose, computational fluid dynamics (CFD) was used, and

the numerical results were validated with and compared against experimental results.

2. Computational
2.1. CFD Modeling
The Navier—Stokes equations in ANSYS Fluent are solved in conservative form in cylindrical coordinates,
represented by the continuity and momentum equations [24]. The continuity equation for incompressible fluids with
constant density is expressed as [24]:

grad(pv) =0 e

The momentum equation is [24]:

p(aé—lt/ + V.grad(V)J + grad(p)—div(2n(y)y)=0 2)


https://www.sciencedirect.com/topics/engineering/computational-fluid-dynamic-modeling#:%7E:text=Computational%20Fluid%20Dynamics%20Models&text=CFD%20models%20attempt%20to%20simulate,of%20the%20Navier%2DStokes%20equations.
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In this equation, V represents the velocity, p denotes the fluid density, p signifies the pressure, and y is the stress

tensor rate, which is derived from Eq. (3) [24].
y =(1/2)| gradV +(gradV)" | 3)

For Newtonian fluids, the viscosity is constant and independent of the shear rate, expressed by n (ly" |) = w.
Conversely, for dilute non-Newtonian fluids, the Power Law model is commonly used to describe the shear-dependent
viscosity, i.e., viscosity N (|y'|) = k|y’|(n-1), where k is the consistency index and n is the flow behavior index [24].
Furthermore, the introduction of nanoparticles in the base fluid tends to increase the viscosity [18, 25, 26].

For turbulent flows, the effects of velocity and pressure fluctuations must be incorporated into the governing
equations. One common approach is the Reynolds-Averaged Navier—Stokes (RANS) formulation, in which
instantaneous flow variables are decomposed into mean and fluctuating components, as shown in Eq. (4). The
averaging procedure yields the RANS equations, which describe the mean flow behavior but also introduce additional

terms, known as Reynolds stresses that account for the effects of turbulence [27].
ol - _ 2z e
P 6—+V.VV =—grad(p)+ VYV —pVIV'V 4)
t

where V and p denote the mean velocity and pressure, respectively, while V'V’ represents the Reynolds stresses. The
standard k-¢ turbulence model was employed due to its proven numerical stability, computational economy, and
suitability for internal flows such as pipe flow. This model has been widely applied in studies of non-Newtonian
nanofluid flows and has been shown to be in good agreement with experimental data. Furthermore, the accompanying
wall function method allows for accurate and efficient computation of near-wall turbulence effects without requiring

excessive mesh refinement [28].

2.2. Geometry and Mesh

Five pipes, which were 9 meters long and had varying diameters as indicated in Table 1 and Fig. 1, were being
considered for use in the study. The first pipe was characterized by a smooth and highly polished inner surface, while
the other pipes had a similar surface roughness.

As shown in Fig. 2, a uniform hexahedral mesh was employed for the computational domain of the cylindrical pipe
to ensure good spatial accuracy and numerical stability. Local mesh refinement was utilized near the walls to
accurately capture steep velocity gradients and capture the formation of the boundary layer, which is crucial in
simulating the non-Newtonian character of nanoparticle-enhanced crude oil. The cross-section at the inlet was

discretized uniformly to facilitate stable initialization of the flow field.

Table 1. Specifications of the pipes used in this study [18]
Pipe No. | Pipe diameter (m) Material Roughness (m)

1 0.0127 S-layer unique 0.000046
2 0.0127 Galvanized iron 0.000152
3 0.01905 Galvanized iron 0.000152
4 0.0254 Galvanized iron 0.000152
5 0.03175 Galvanized iron 0.000152
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Fig. 1. Schematic of the pipes under investigation with different surface roughness [18]

Fig. 2. A view of the pipe geometry and meshing in ANSYS Fluent software

Fig. 3 shows the geometry and boundary conditions of the pipe. Since the pipe flow was assumed to be steady and
continuous, a constant velocity boundary condition was applied at the inlet and a constant pressure (outflow) condition
was applied at the outlet. No-slip wall boundary conditions were applied to simulate the pipe walls, and axial
symmetry was applied along the central axis to simulate the symmetry of the cylindrical geometry [29].

Single-phase fluid flow was investigated in the first phase of the research. A single inlet and a single outlet were
allocated to each conduit, and the side walls were regarded as solid boundary walls. Individual reservoir crude oil
was supplied into each pipe, and the corresponding pressure drop was measured at various Reynolds numbers. In the
second phase, a specified concentration of Nano-silica was introduced into the oil reservoir. Once a steady-state was
reached, pressure drop measurements were renewed with the same flow conditions. The percentage drag reduction
(DR%) was calculated as the ratio of the difference in the frictional pressure drop when nanoparticles were introduced

to that of the base fluid under identical operating conditions.



1. Khonsha et al./ Chemical Process Design, Vol.5, No.1 (2026) 14-28 19

¥
()=
S

o

Fig. 3. the geometry and boundary conditions of the pipe
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Assumptions in the simulation were: the geometry was assumed to be three-dimensional, and the hydrodynamic

DR% = x 100 (5)

condition was taken for steady state. Crude oil was selected as the base fluid in the Materials panel of ANSYS Fluent.
The default Newtonian viscosity model (constant viscosity) was replaced with a non-Newtonian Power Law model
to simulate the shear-dependent rheological response of the nanoparticle-enhanced crude oil more accurately. The
consistency index (k) and flow behavior index (n) were taken from experimental results reported in reference [18].
Additionally, the effective viscosity at different volume fractions of nanoparticles was approximated through
Einstein's equation incorporated within the Power Law model for simulating the variation of viscosity with

nanoparticle concentration more realistically.
Owing to the low volume fraction of nanoparticles, Einstein's relation (uNano-fluid = u(1 + 2.5¢Qs))—where Qs is the

solid particle volume fraction and p is the viscosity of the solvent in the absence of solid particles—is employed to
calculate the viscosities of the solutions as a direct function of the mass fraction of materials concerned. All the
parameters have been set at exactly 10-5 [30] as the convergence criterion. Simulations were carried out at a constant
temperature. QUICK scheme was employed in the discretization of all the terms owing to its very high accuracy,
whereas the SIMPLE algorithm was utilized in the management of velocity and pressure variables owing to their
quicker solution process and very low computational cost. The system of computations employed was 64-bit with a
RAM of 16 GB and an 8-core processor operating at a clock rate of 3.2 GHz. Moreover, because the fluid flow within
the piping system was considered to be continuous in nature, a constant velocity inlet and constant pressure outlet
have been chosen as boundaries. Walls of the pipes are modeled using a wall boundary condition along with a no-
slip condition. Physical characteristics of the silica nanoparticles and crude oil used here have been taken from

Pouranfard et al. as mentioned in Table 2 [18].

Table 2. Silica nanoparticle specifications [18] and Crude oil density and rheological parameters

Morphology Diameter (nm) Specific Sl:rface area Actual density
- . . (m*/g) (g/cm®)
Silica specifications Approximatel
PProXImately 20-30 180-600 24
spherical
Crude oil density and Density (kg/m?) Tempoerature Fluid cons1ste1(1:3; Index Flo'w behavior
rheological parameters o) (kg/(m-s ) Indexs(S)
Sl 830 25 0.009 0.71
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In Table 2, n and k are two key parameters of the fluid consistency index and the flow behavior index, which are used

in Eq. (6) for non-Newtonian fluids.
(6)

In this study, no experimental investigation was conducted and experimental data from reference [18] were used to

validate the simulation results.

3. Results and discussion

3.1. Investigating the independence of results from network size

Numerical solution of the model was carried out using computational fluid dynamics (CFD) software ANSY'S Fluent
version 2020. The software was used due to its complete and diverse methods, its high capability in designing various
geometries, and its elimination of the need for other meshing software. To achieve the most appropriate mesh size,
pipe number 1 with the dimensions given in Table 1 was used with an inlet Reynolds number of 10,449 and a 1%
weight mixture of silica nanoparticles in oil. Fig. 4 is the velocity profile plotted against the dimensionless diameter
(r/R), in a cross-section 2 meters downstream from the inlet, where R is the pipe diameter and r is the system diameter.
The two-dimensional mesh grid had 98,765, 187,432, 207,626, and 278,932 elements, respectively. These mesh

options are a mix of structured and unstructured meshes, which are very appropriate for complex geometries.
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Fig. 4. System meshing at different scales

In the above diagram, the velocity at the walls is zero due to the no-slip condition, and the maximum velocity in the
center of the pipe is observed at 1.6 m/s. According to this figure, when the number of mesh elements increases from
207,626 to 278,932, there is a reduction in the fluctuations of velocity along the radius of the pipe at the outlet section,

with a difference of 12.5% between the two cases. Therefore, in order to save computational expense, 207,626

elements were utilized.

3.2. Model validation

Model validation was achieved by a comparison between the results of the simulation and the system's actual outputs.

To this end, the experimental data of Pouranfard et al. [18] for pipe number 1 with Reynolds number 6966, was
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utilized. The validation results are presented in Fig. 5, where the horizontal axis is the weight percentage of silica

nanoparticles, and the vertical axis is the percentage of drag reduction.

DR%
(98]

0
0.25% 0.35% 0.45% 0.55% 0.65% 0.75% 0.85% 0.95%

Silica wt.%

—8&— Sim. =@ Exp.

Fig. 5. Validation of simulation results using experimental data at a constant Reynolds number of 6966

As indicated in Fig. 5, the overall difference between the simulation result and experimental data is approximately
12%. The difference can be due to the type of mesh or boundary condition implemented. However, the coincidence

of the results shows that the model implemented is adequate to model the process.

3.3. Effect of Reynolds number and Nano-silica concentration on drag reduction
The percentage reduction in the drag of the oil/Nano-silica flow as a function of Nano-silica concentration for

different Reynolds numbers in pipes 1- 5 are shown in Figs. 6-10 respectively.

Pipe 1
18
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12 —Q—Re:6966
< 10 —&— Re=10449
=4
SIS
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6
. —0—Re=27862
2
0
0 0.2 0.4 0.6 0.8 1 1.2

Silica wt.%

Fig. 6. Drag reduction percentage of the oil/Nano-silica flow as a function of Nano-silica
concentration in pipe number 1 at different Reynolds numbers
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Fig. 7. Drag reduction percentage of the oil/Nano-silica flow as a function of Nano-silica
concentration in pipe number 2 at different Reynolds numbers
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Fig. 8. Drag reduction percentage of the oil/Nano-silica flow as a function of Nano-silica
concentration in pipe number 3 at different Reynolds numbers

As evident from these results, the increase in silica nanoparticles reduces drag and hence pressure drop. These results
are consistent with the findings of Esfandiari et al. [23], where addition of silica nanoparticles also led to higher drag
reduction at high Reynolds numbers due to the suppression of the turbulence mechanism.

Further, at a constant Reynolds number, a rise in the concentration of silica nanoparticles enhances the percentage
drag reduction. With a constant mechanical energy expenditure, the increase in the Reynolds number increases the
percentage of drag reduction. The optimal conditions in all the tubes were 0.75 wt.% silica nanoparticles and a
Reynolds number of 13931, with the highest drag reduction occurring in tube number 2. Adding silica nanoparticles
to oil flows results in dramatic drag reduction primarily due to modification of the rheological properties of the fluid.
Silica nanoparticles alter the flow characteristic and base fluid viscosity, causing it to exhibit Newtonian tendencies.

The transformation reduces the frictional forces being acted upon when the fluid flows through channels or pipes.
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For instance, research showed that incorporation of a mixture of silica and magnesium oxide nanoparticles reduced
the viscosity of crude oil to a large degree, with maximum percentage viscosity reduction of 56.91% at high

temperatures and concentrations, consequently leading to maximum drag reduction up to 53.17% [31].

Pipe 4
25

20
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—@— Re=27862

DR%
w = 9

0
0.00% 0.20% 0.40% 0.60% 0.80% 1.00% 1.20%

Silica wt.%

Fig. 9. Drag reduction percentage of the oil/Nano-silica flow as a function of Nano-silica
concentration in pipe number 4 at different Reynolds numbers
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0.00% 0.20% 0.40% 0.60% 0.80% 1.00% 1.20%

Silica %

Fig. 10. Drag reduction percentage of the oil/Nano-silica flow as a function of Nano-silica
concentration in pipe number 5 at different Reynolds numbers

The drag reduction effect increases with higher concentrations of silica nanoparticles due to several reasons. As
concentration increases, more nanoparticles are available to interact with the oil molecules and this enhances overall
modification of rheological properties of the fluid. This will decrease viscosity as well as friction factor further to a
larger degree and therefore improve flow characteristics [3, 31, 32]. The second mechanism of drag reduction is

nanoparticles' ability to delay onset of turbulence in the flow. By modifying the flow structure, nanoparticles can
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enhance the stability of laminar regimes of flow, which tend to have lower drag than turbulent flows [3]. Silica
nanoparticles in this work act as micro-scale flow modifiers [18, 25, 26], enhancing local effective viscosity, engaging
with and inhibiting near-wall turbulent structures, and fragmenting the energy cascade in the turbulent boundary
layer. With a rise in the Reynolds number, the turbulence becomes more matured, allowing nanoparticles to play a
greater role in influencing the flow structure, thereby reducing wall shear stress and lowering pressure drop. The
performance that justifies that silica nanoparticles alone can be effective drag-reducing agents in high-Reynolds-
number crude oil pipeline flow systems [33].

Given the large number of simulations performed, the pressure contours in each of the five pipes under optimal

conditions (Reynolds number 13931 with a concentration of 0.75%) are presented in the figures 11-15.

-1 .,
Abrolute Fressure [ Fa ] " -,

\ ™ AN ™~ S

. ., S . ‘\.,“

101325405 LOLZ 65e+05 1.01405e+D5 1.01445e+05 L014ESe+05 1.01525e+05 ) 1.IIISHS=\+BS L.01605e+05 1.01645e4+05 L.016ESe+D5S L1.0IT25e+D5

5,

~, ) ™
. .

Fig. 11. Pressure contour of oil/Nano-silica flow in pipe number 1 at a Reynolds number of
13931 with a concentration of 0.75%
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Fig. 15. Pressure contour of oil/Nano-silica flow in pipe number 3 at a Reynolds number of
13931 with a concentration of 0.75%

In these images, warm colors (red, orange) symbolize regions of higher pressure, and cool colors (blue, green)
symbolize regions of lower pressure. The transition from warm to cool colors along the pipe shows the pressure drop
along the direction of flow. In addition, more compact contour lines (with less distance between them) symbolize a
greater-pressure gradient, and lines with more spacing symbolize homogeneity or a lesser pressure change. In all

photos, there is a decrease in the pressure gradient in the presence of Nano-silica. This alteration symbolizes the
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reduction in drag and enhanced energy transfer. Pipe number 1 demonstrates a pressure distribution showing a gradual
and proportional pressure reduction along the pipe. In the vicinity of the walls, the pressure reduction is less, which
signifies the reduction in drag by the presence of Nano-silica. In pipe number 2, the existence of an irregular pressure
gradient in certain regions signifies the possibility of local turbulence. Geometric fluctuations or pipe roughness can
produce vortex areas. In pipe number 3, the pressure is more evenly distributed, which implies that the utilization of
Nano-silica has lowered turbulence and enhanced pressure homogeneity. The pattern of contours in pipe numbers 4
and 5 seems comparable to those seen in the preceding pipes, but it might have a gradual pressure reduction with
more localized fluctuations. This might be the outcome of slight geometrical changes or flow effects.

Figure 16 concerning the gradient in the pipe cross-section. As observed in the figure, velocity is maximum at the
center of the pipeline and reduces progressively to zero as it moves towards the pipe wall owing to friction between

the pipe and the fluid.
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Fig. 16. The gradient in the cross-section of the pipe due to the addition of Nano-silica

4. Conclusion

This work investigated the application of silica nanoparticle-based crude oil Nano-fluids as new drag-reducing agents
in pipeline transportation systems. Through computational fluid dynamics (CFD) simulations in ANSY'S Fluent, the
effects of different operating parameters—especially fluid viscosity, flow velocity and pipe diameter (defined
collectively by the Reynolds number) and surface roughness—on the drag reduction behavior were investigated
systematically. The numerical simulation indicated that the addition of silica nanoparticles caused drag reduction
particularly at high Reynolds numbers because of the suppression of the turbulence. Moreover, the increase in silica
nanoparticle concentration in the crude oil always caused greater drag reduction for all the Reynolds numbers
investigated. Specifically, the simulation demonstrated a clear positive correlation between nanoparticle
concentration and drag reduction capability under constant flow conditions. At constant nanoparticle concentration,
however, the percentage drag reduction increased as Reynolds numbers increased, indicating the growing
contribution of turbulence effects in facilitating nanoparticle-induced flow changes. Further, the research
demonstrated that pipe diameter has an important influence on drag reduction results. Larger diameters of pipes

manifested smaller drag reduction efficiency, which is due to changed flow dynamics and wall interaction behavior.
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This finding is especially important for the design or retrofit of pipeline systems since it indicates that pipe size
optimization can be a key factor in the improvement of the performance of Nano fluid-based drag reduction
approaches. The results of the simulation were compared with experimental data, in which there was good conformity
with a maximum deviation of less than 8.6%, thus ensuring the reliability of the suggested CFD model. The best
performance among the tested conditions occurred at a Nano-silica concentration of 0.75 wt.% and a Reynolds
number of 13,931, with the highest drag reduction in the second pipe configuration. In summary, this study gives
insightful information about the feasibility of using silica-based Nano fluids as a drag reducer in crude oil transport.
The results set the stage for experimental and field-scale studies, providing a promising avenue for energy

conservation and flow optimization in petroleum pipeline transportation.

Nomenclature
Symbols Greek symbols
k Consistency index y Stress tensor rate
n Flow behavior index u Viscosity
p Pressure p Density
R Pipe diameter Os Solid particle volume fraction
r System diameter Ty Wall shear stress
t Time p Density
\Y% Velocity Abbreviation
v Mean velocity CFD Computational Fluid Dynamics
v’ Reynolds stresses DRA Drag Reducing Agent
Apy Frictional pressure drop before adding DRA DR% Drag Reduction Percentage
Apspra Frictional pressure drop after adding DRA RANS Reynolds-Averaged Navier—Stokes

Re Reynolds Number
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