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SIMULATION OF ENERGY LOSSES DURING THE TRANSPORTATION
OF LIQUIDS THROUGH A PIPELINE

MO/JIEJTIOBAHHS BTPAT EHEPI'Ii TP TPAHCIIOPTYBAHHI PIJIAMH
YEPE3 TPYBOIIPOBI/

Pipelines serve as indispensable elements in the transportation of fluids across a wide range
of industries. Their operational effectiveness is contingent upon energy losses arising from friction
and other contributing factors. This study presents a comparative analysis of analytical methods for
quantifying energy losses, with a particular focus on the Darcy-Weisbach equation, and numerical
simulations conducted using ANSYS CFX software. The investigation delves into the influence of flow
velocity, pipe roughness, and flow regime on energy losses. The results obtained from both analytical
and numerical modeling exhibit a high degree of agreement, thereby substantiating the efficacy of
numerical methods in optimizing the design of intricate pipeline systems. To illustrate this, a numeri-
cal calculation example within a complex pipeline system utilizing ANSYS CFX software is provided.

Keywords: energy losses, Darcy-Weisbach equation, roughness coefficient, Reynolds number,
finite element method.

Tpybonpoeodu € Hegid'eMHOI0 YACUHOW 0aA2ambox NPOMUCIOBUX NPOYecis, 3abe3neuyoyu
MpAHCNOpmMy6anHs pioun i easie. Egexmugnicmov ix pobomu 06e3nocepedubo GNAUBAE HA E€KOHO-
Miunicmb ma 6esnexy supobruymea. OOHUM 3 KIIOYOBUX ACNEKMIE aHANizy mpyOonpoeoodie ¢ oyinKka
empam enepeil, AKi GUHUKAIOMb GHACTIOOK mepmsi PiOuHYu 00 CMIHKU mpyou, 3MIHU HANPSIMK)Y NOMOKY,
Micyesux onopie ma inwux gaxkmopie. Tpaouyitino 0 oyinku empam eHepeii ¢ mpybonposooax u-
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KOPUCMOBYIOMbCS AHATTMUYHT MEMOOU, 3ACHOBAHI HA PYHOAMEHMATbHUX 3aKoHax 2iopasniku. OOHuM
3 Haunowupeniwux € gopmyra Mapci-Beiicbaxa, sika 0036014€ po3paxysamu 6mpamu MUCKy Ha
OinAHYl mpyou 3 ypaxysanHam ii 008dxcuHU, dlamempd, WOPCMKOCMI ma weuoKocmi nomoky. 3 pos-
BUMKOM 0OYUCTIOBATLHOI MEXHIKU 6ce DLIbU020 NOWUPEHHS HA0Y8AIOMb YUCETbHT MEmoOu MOOemo-
6aHHS, AKI 00380JAIOMb 3 GUCOKOK) MOYHICMIO 00CHIONCY8AMU CKIAOHI 2iI0OPOOUHAMIYHI Npoyecu 6
mpybonposodax. [Ipocpamne 3abeznevennss ANSYS CFX € oonum 3 nidepis y yiil eanysi, Haoaouu
WUPOKULL CNeKmp IHCMPYMEHMi8 0Jisl MOOeN08AHH MYPOYIEHMHUX NOMOKI8, MeNn00OMiHYy ma iHUWUX
a6uw. Y cmammi nOpieHAHO pe3yabmamu aHaIimudHux po3paxynxie 3a gopmynoro apci-Beiicbaxa 3
pe3yibmamamu yucenvHozo mooenroganus 8 ANSYS CFX. Byno ecmanoeieHo 8UcoKy y32004CeHiCmb
MIdC Yyumu 080MaA Memooamu, wo niomeepoHcye O0OCHOGIPHICMb YUCETbHO20 MOOemo8anHs. Jlo-
CIOJICEHHs. NOKA3AN0, WO HA empamu eHepeii 8 mpyoonpoeodax naueanms maxi akmopu: ueuo-
Kicmb NOMOKY — 3i 30IIbUEHHAM WBUOKOCII 8mpamu eHepaii 3p0Cmarms, WopCmKicms mpyoonpo-
600y — WOPCMKI CIMIHKU MPYOU CMEOPIoIms OLIbWUL ONip NOMOKY, WO NPU3800UmMsb 00 30L1bUIEHHS
empam, pesicum meuii — mypOyIeHmMHULl pedcum meuii Xapaxkmepusyemuvcs OibuMy 6mpamamu
eHepeii, nidic raminapuull. Pesynomamu 0ocnioocents niomeepoicyions MONCIUGICIb UKOPUCTIAHHSL
YUCETbHUX MemOo0ig 01 ONMUMI3ayii KOHCMPYKYIU CKIaOHux mpybonpogionux cucmem. Lle 0ozsonse
SMeHWUmy empamu eHepeii, niosuwumu egexmusHicmos pobomu mpyoonposodie ma 3HUUMU
eKcnIyamayitiii sumpamu.

Knrouoegi cnosa:. empamu eunepeii, hopmyna /lapci-Beticbaxa, koegiyienm wiopcmxocmi, Yucio
Petinonvoca, memoo cKiHueHHUX eneMeHmis.

Problem’s Formulation

When transporting liquids or gases through pipelines, energy losses are inevitable. These loss-
es are particularly significant when transporting liquids, as they are associated with overcoming the
resistance of viscous fluid flow, which is caused by friction against the pipe walls, local resistances
(elbows, valves, expansions, etc.), and changes in the kinetic energy of the flow. Accurate calculation
of energy losses during liquid transportation is a crucial task for ensuring efficient pipeline operation.

Determining energy losses during transportation through pipelines of various shapes and ge-
ometries poses the challenge of selecting the most effective methods for modeling and calculation.
The choice of calculation method depends on the specific conditions of the problem and the required
accuracy of the results.

Investigating the flow of liquids through a horizontal pipeline is one of the simplest modeling
tasks, yet it allows selecting the most accurate parameters for performing more complex calculations.
This increases the accuracy and efficiency of constructing a branched pipeline system and allows cal-
culating the necessary pipeline parameters and selecting equipment for pumping the liquid.

Analysis of recent research and publications

Numerous studies have been dedicated to investigating fluid flow through pipes of various
profiles [1, 2, 3]. Recent research and publications demonstrate significant progress in the application
of the Darcy-Weisbach equation for analytical calculations [1, 2] and the use of ANSYS Fluent for
numerical modeling [5, 6]. The Darcy-Weisbach equation remains the primary tool for determining
pressure losses in fluid transportation systems due to its versatility and reliability [3]. Its application is
particularly widespread in cases of steady flow in pipes, channels, and porous media [4].

On the other hand, ANSY'S Fluent has become an indispensable tool for numerical modeling,
allowing researchers to model complex fluid flow scenarios that are difficult or impossible to solve
analytically [5—7]. Its application spans a wide range of fields, including fluid dynamics.

The synergy between analytical and numerical approaches is a constant theme in contempo-
rary research. For instance, the Darcy-Weisbach equation is often used for preliminary assessments
and validation of results, while ANSYS Fluent provides deeper insights through comprehensive nu-
merical modeling. Such an approach ensures accuracy and efficiency in the analysis and design of
fluid transportation systems.

In conclusion, the combination of traditional analytical methods, such as the Darcy-Weisbach
equation, and modern computational tools, such as ANSY'S Fluent, reflects the dynamic development
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of research in the field of fluid mechanics. This enables accurate modeling and optimization of fluid
transportation systems, contributing to innovations in engineering and applied sciences
Formulation of the study purpose

The objective of this study is to compare the results of analytical, numerical calculations, and
computer simulations obtained for a horizontal pipeline in order to determine the optimal parameters
that allow for the most accurate modeling of fluid flow through pipelines.

Presenting main material

As previously determined, pipelines are an integral part of fluid transportation systems in indus-
try, agriculture, and utilities. The efficiency of these systems largely depends on the level of energy loss-
es that occur during fluid flow. One of the key aspects of pipeline system design is the analysis and mod-
eling of these energy losses. They arise due to a whole range of factors related to the geometry of the
pipeline, its length, the viscosity and density of the fluid, the speed of laminar or turbulent flow, depend-
ing on the operating mode, the roughness of the inner surface of the pipes, and other parameters.

To ensure optimal and efficient operation of pipeline systems, it is necessary to carefully ana-
lyze and understand the influence of each of these processes on the state of energy losses.

Conducting such research involves the use of graphical, analytical, and numerical methods, as
well as empirical formulas and correlations.

Analytical methods are based on equations that describe the relationship between flow velocity,
head loss or energy loss, and pipeline parameters. The most universal method for calculating frictional
head loss in straight sections of a pipeline is the Darcy-Weisbach equation. It is considered one of the
key equations that allows for the estimation of energy losses due to friction. The Darcy-Weisbach equa-
tion is one of the main tools of a hydraulic engineer. It takes into account such pipeline parameters as
the length of the pipeline section, pipe diameter, flow velocity, and hydraulic friction coefficient, which
depends on the flow regime and pipe roughness and is determined by the Reynolds number.

Such an analytical method is convenient for analyzing simple systems, but it is quite limited
by assumptions that do not take into account all aspects of real conditions.

The main problems of applying the analytical method based on the Darcy-Weisbach equation
are, first of all, the idealization of conditions. Most analytical models assume smooth pipe walls,
which significantly differs from reality. The roughness of the pipeline surface significantly affects the
value of the hydraulic friction coefficient, which itself is quite difficult to find by solving the transcen-
dental Colebrook-White equation and requires numerical iterative procedures.

In addition, most models assume fluid properties with constant density and viscosity. This
makes them unsuitable for calculating the flow of fluids with variable properties. As a rule, the models
assume steady-state flow regimes. Although in most real pipeline systems, sharp changes and pulsa-
tions of pressure and fluid velocity are often observed.

There are also problems with the geometry of pipelines. The equation works well for circular
straight sections, but becomes significantly more complicated when the pipeline uses pipes with non-
circular cross-sections, and there is the presence of branches, bends, and valves, which is typical for
real pipeline systems.

The application of numerical methods allows overcoming these difficulties and taking into ac-
count both the complex geometry of pipelines and non-stationary processes. It is possible to numeri-
cally investigate the nonlinear relationship between various parameters that affect energy losses and
resistance.

One of the effective modern numerical methods is the finite element method (FEM). It allows
for the investigation of complex geometries and various flow conditions. This approach divides the
pipeline into a finite number of elements for which the equations of fluid motion are solved. Numeri-
cal models are a powerful tool for optimizing designs and predicting the behavior of systems under
real-world conditions.

The results of modeling energy losses are used for pipeline design, the development of stand-
ards, and the improvement of the overall energy efficiency of the system. The selection of the optimal
diameter, material, and flow parameters helps to reduce operating costs and increase system reliability.

To determine the validity of using the numerical method (FEM) for this class of problems, a
comparison was made between the analytical calculation for the classical problem of energy losses in
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a horizontal pipeline and its solution using the numerical method based on computer modeling in one
of the most common programs based on the finite element method, namely AnsysCFX.

In this study, the problem of determining energy losses in a horizontal pipeline 500 meters
long and 0.2 meters in diameter was solved. The flow velocity is within the range of 1—10 m/s. The
roughness coefficient is within the range of 0.02—0.06.

Based on theory [2], for a steady flow of an ideal incompressible fluid in a horizontal pipeline,
Bernoulli's equation takes the following form:

Pi Vi _ Pz Yy
pg 29 pg 29 T
where z—; and g—;— are the specific pressures at the beginning and end of the pipeline, respectively,

2 2
Z—;and%are the specific kinetic energies at the beginning and end of the pipeline, respectively, and

h¢ — represents the head loss due to friction.

Head losses due to friction will be calculated using the Darcy-Weisbach equation. The Darcy-
Weisbach equation is used to calculate head losses in pipelines caused by friction between the fluid flow
and the pipe walls. It is a fundamental tool in the analysis of hydraulic systems and is expressed as follows:

A-L-V?
f = -g-D ’
where: hy — head loss due to friction, m; 4 — Darcy friction factor; L — length of the pipeline, m;
VV — average flow velocity, m/s; g — acceleration due to gravity, m/s?; D — pipe diameter, m.

The friction factor depends on the flow regime (laminar or turbulent) and the characteristics of

the pipe surface. The flow regime is determined using the Reynolds number, Re.
Re = g

The calculation of the Reynolds number for our calculation conditions showed (Tabl. 1) that
the fluids have a turbulent flow. For an accurate determination of the friction factor, the Colebrook-
White equation is used:

Table 1. Comparison of energy losses (analytical and numerical calculations) for different
roughness coefficients

Velo- |Re, E, 10%J/kg Rela- E, 10%J/kg Rela- E, 10%J/kg Relative
city |10* at £=0,02 tive at £=0,04 tive at £=0,06 error
V m/s error error %

- - 0 - - 0, - N
analytical |numerical % analytical |numerical % analytical |numerical

-
N

0,1271 10,1273 |0,157 |0,19462 |0,19461 |0,005 |0,2625 |0,262, 0,008

(6]

100 |3,177 3,174 0,094 14,865 4,862 0,062 16,565 6,563 0,030

10 200 |12,71 12,709 10,008 19,46 19,458 10,010 |26,25 26,248 10,008

1 21 ( £ 4 2,51 )
V2 837D " Revi/
where ¢ is the absolute roughness of the pipe wall, m.

Since the head loss due to friction is expressed in units of head h¢, we can obtain the equiva-
lent energy loss per 1 kg of fluid.

Head losses (hf) in a pipeline depend on the length (L), diameter (D), flow velocity (v), and
friction factor (1). Regression analysis shows that as the flow velocity increases, head losses increase
proportionally to the square of the velocity (Fig. 1). This is due to the fact that in the Darcy-Weisbach
equation, the term v?2 is dominant.

Calculations show that the flow regime is turbulent (Re > 2300), which is typical for high ve-
locities and small pipe diameters. In turbulent flow, head losses and energy losses are significantly
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higher than in laminar flow, as friction in the flow increases due to the formation of eddies. Changing
the roughness coefficient of the pipe wall significantly affects energy losses, so increasing the rough-
ness coefficient from 0.02 to 0.06 doubles the energy losses.

Fig. 1. Dependence of energy losses on flow velocity at different values of pipe roughness co-
efficient

As mentioned above, the Colebrook-White equation for calculating the friction factor is tran-
scendental and requires iterative methods to solve.

The analytical solution is quite complex. To automate the calculation process, Python was
used in this work. It is a powerful tool for modeling hydraulic problems, including determining energy
losses in pipelines.

In this example, we will calculate the energy losses in a horizontal pipeline using the Darcy-
Weisbach equation.

The calculation code is presented below:
importmath
# Constants
rho = 1000 # density of water, kg/m?
mu = 0.001 # dynamic viscosity of water, Pa‘s
g = 9.81 # acceleration due to gravity, m/s?

# Pipeline parameters

length = 500 # length of the pipeline, m

diameter = 0.2 # diameter of the pipeline, m

roughness_range = [0.02, 0.06] # range of roughness coefficients, m
velocity_range = range(1, 11) # range of flow velocities, m/s

# Function to calculate Reynolds number

defreynolds_number(velocity, diameter, rho, mu):

return (rho*velocity*diameter)/mu

# Function to determine the friction factor using the Colebrook-White equation
deffriction_factor(Re, roughness, diameter):

if Re < 2000: # laminar flow

return 64 / Re

else: # turbulent flow

f=0.02 # initial approximation for friction factor

for _in range(20): # iterations for convergence

f = 1/(—2.0 * math.log10(roughness/(3.7*diameter) + 2.51/(Re*math.sqrt(f))))**2
return f

# Main calculation

loop print("Velocity (m/s) | Roughness (m) | Energy loss (J/kg)™)

print("—" * 50)
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for velocity in velocity_range: Re = reynolds_number(velocity, diameter, rho, mu) for roughness in
[roughness_range[0], (roughness_range[0] + roughness_range[1])/ 2, roughness_range[1]]:

f = friction_factor(Re, roughness, diameter)

# Darcy-Weisbach formula

head_loss = f*(length / diameter)*(velocity**2)/(2*g) # head loss, m

energy_loss_per_kg = head_loss*g # energy loss, J/kg

print(f*{velocity:10.2f} | {roughness:14.4f} | {energy_loss_per_kg:20.2f}")

The results obtained using this program are in complete agreement with the results of the ana-
lytical calculation.

Fig. 2. Example of a computational mesh

Numerical analysis was conducted using ANSYS

e CFX, a software based on the finite element method.
ANSYS CFX is employed for modeling laminar and

1.094e+01 ; . X
1.036e+01 turbulent flow of Newtonian and non-Newtonian fluids,
9.784e+00 s ; - : .
9:209¢+00 both single-phase and multiphase, in subsonic and super-
;:2332188 sonic regimes. The numerical analysis methodology in-
69075400 volv_ed firg.t creating a geometry model of the required
S configuration, followed by the assignment of boundary
e conditions such as “inlet", "outlet", and "wall". Subse-
A b quently, a computational mesh (Fig. 2) was generated for
S numerical calculations using the finite element method.
1.727e+00 The mesh was refined near the pipe walls to ensure more
1:1516+00 .
sr800-01 accurate calculations at the boundary between the two

[m s-1] boundary conditions. Calculation parameters included:

pipe length — 500 meters, diameter — 0.2 meters, flow

. e velocity within the range of 1—10 m/s, roughness coeffi-

. Fig. 3. Velocity distribution at the cient within the range of 0.02—0.06, and wall thickness

pipe outlet — 4.9 mm, Elementsize — 0,2 m, nodes — 12892770,
elements— 11618680, Numberofiteration — 100.

One of the key stages of simulation modeling is the interpretation of the obtained calculation re-
sults. The processing of simulation results in ANSYS CFX is carried out in a separate Results module.

Numerical analysis using ANSYS CFX allows not only to calculate the final values of various
parameters but also to obtain values at any point in the pipeline (Fig. 3).

The following program calculates the energy loss in the ResultsExpressions module:
E=(massFlowAve(Pressure)@inlet/massFlowAve(Density) @inlet-massFlowAve(Pressure) @outlet
/massFlowAve(Density) @outlet)+(0.5*massFlowAve(Velocity) @inlet*massFlowAve(Velocity)
@inlet—0.5*massFlowAve(Velocity) @outlet *massFlowAve(Velocity)@outlet )

Increasing the complexity of the pipeline geometry leads to a more complex calculation program,
but does not affect the key output parameters such as inlet and outlet velocities, pressure, and density.

Comparison of the results obtained by analytical methods and FEMdemonstrates good agree-
ment. Thus, the proposed numerical modeling methodology can be applied to more complex and
branched pipeline systems.
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Conclusions

The conducted analysis has shown that energy losses in pipelines are significantly influenced
by flow parameters such as velocity, pipe diameter, and wall roughness. Analytical methods, particu-
larly the use of the Darcy-Weisbach equation, provide accurate results for simple systems. However,
numerical modeling performed in ANSYS CFX has demonstrated high accuracy even for complex
conditions and allows for calculations considering real physical processes.

The obtained results confirm the effectiveness of using numerical methods for analyzing and
optimizing complex branched pipeline systems. This opens up possibilities for designing branched
networks considering various operating scenarios, which contributes to reducing energy consumption
and increasing the reliability of transportation systems.
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