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Rezumat

Teza de doctorat intitulata ,Cercetdri privind comportarea la eroziune a curbelor si
coturilor folosite la realizarea conductelor tehnologice si de transport produse petroliere
lichide,, si-a propus sa elucideze modul de degradare prin eroziune coroziva a coturilor si

curbelor din cadrul conductelor ce transporta lichide petroliere.

Lucrarea de fata are un pronuntat caracter de originalitate si aplicabilitate in
practica, obiectivul principal fiind reprezentat de cercetarea comportarii la eroziune
coroziva a tipurilor uzuale de coturi curbate la 30°, 45°, 60° si 90°, confectionate din oteluri
de tip P275NL1, obiectiv ce a fost atins prin analizele si modelele numerice de eroziune
originale realizate in Cap. 4, validate prin determinari experimentale prezentate in Cap.

5.

Ca obiective secundare, putem enumera:

v

v

Determinarea influentei diversilor factori asupra fenomenelor de eroziune,
obiectiv atins prin analizele critice prezentate in Cap. 2 si Cap. 3;

Evaluarea capacitatii portante a coturilor si curbelor afectate de defecte de tip
“lipsd de material”, atins prin cele prezentate in Cap. 3, unde s-a efectuat o
analiza critica aplicata a standardelor API 579-1/ASME FFS-1 Fitness-For-
Service si BS 7910 - Engineering Critical Assessment;

Determinarea influentei unghiului curbelor si coturilor asupra comportarii la
eroziune a acestora, obiectiv atins prin modelele numerice originale realizate
in Cap. 4 incercarile experimentale din Cap. 5.

Caracterul de noutate al tezei reiese din o serie de contributii personale originale,

din care amintim:

v

O analiza a ecuatiilor reprezentative de evaluare a eroziunii, acestea fiind
grupate in trei categorii, modele generale (matematice), modele empirice si
modele numerice; utilizand programul PowerBI, folosit pentru realizarea de
vizualizari interactive, au fost construite diverse grafice ce ofera o vedere
unitara asupra modelelor de eroziune si asupra factorilor utilizati in calcule;
Printr-o abordare originala, si pastrand similitudinea cu tabelul periodic al
elementelor, s-a realizat ,Tabelul periodic al modelelor de eroziune”, in
programul Microsoft Visio, pentru reprezentarea sistematica a modelelor
generale, empirice si numerice;
O sinteza a prescriptiilor din API 579/ASME FFS-1 - Fitness-For-Service si BS
7910 - Guide to methods for assessing the acceptability of flaws in metallic
structures, In care se prezintd pas cu pas, etapele ce trebuie parcurse pentru
evaluarea defectelor sau imperfectiunilor;
o Pe baza acestor prescriptii, a fost realizat un produs informatic pentru
evaluarea imperfectiunilor de tip ,lipsa de material” pe curbe si coturi ” cu
ajutorul programului Mathcad;
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v Analiza CFD a 9 configuratii de coturi/curbe cu diametre, si raze de curbura
diferite in ANSYS Fluent;

o Analiza a determinat influenta a 6 factori asupra vitezei de eroziune
(curburd, diametru, debit fluid, concentratie abraziv, dimensiune si factor
de forma abraziv);

v' Modelarea statistici a celor 6 factori, cu cite 3 nivele, ce actioneaza
concomitent si determina eroziunea.

o Simuldrile au fost realizate in programul ANSYS, structura modelarii fiind
stabilita cu ajutorul programului de calcul statistic Minitab, utilizand o
abordare de tip ,,Design Experimental”;

o Astfel, au fost determinati principalii factori ce influenteaza aceste
fenomene, concentratia nisipului si tipul curbei;

o De asemenea, a fost obtinuta ecuatia de regresie ce explica legatura
matematica intre factorii implicati in proces si aparitia si marimea
fenomenelor de eroziune;

v Proiectarea si realizarea unui stand experimental ce vehiculeazd apd de
zacamant, impreuna cu diferite concentratii de abraziv, intr-un sistem de tevi
si curbe/coturi la unghiuri diferite;

o Prin realizarea curbei uzurii erozive obtinute In urma determinarilor
experimentale, s-au obtinut 2 ecuatii pentru determinarea uzurii erozive in
cazul elementelor de tip teava si a celor de tip cot;

v Analiza CFD a traseului de conducte din cadrul incercarilor experimentale;

o In urma compardrii rezultatelor obtinute prin simularea CFD cu cele
obtinute experimental, s-a confirmat valabilitatea modelului numeric
propus;

Teza de doctorat se extinde pe 7 capitole, avand 169 de figuri si 44 de tabele ce
transpun informatiile relevante pentru directia generala de cercetare a tezei si pentru
obiectivele individuale tratate in fiecare capitol.

in Capitolul 1, intitulat ,Sisteme de conducte tehnologice si de transport”, a fost
realizata o sinteza a tipurilor de materiale utilizate la constructia tevilor, coturilor si
curbelor din cadrul conductelor de transport produse petroliere, precum si a factorilor ce
conduc la degradari ale conductelor. De asemenea, au fost prezentate si analizate
rapoartele oferite de diverse organisme ce strang date referitoare la incidente ce apar pe
conductele de transport. Astfel, s-a evidentiat ca eroziunea coroziva reprezinta
aproximativ 25% din totalul defectarilor, defectele sau imperfectiunile cauzate de aceste
procese fiind Incadrate ca si defecte de tip ,lipsa de material”.

Capitolul 2, ,Analiza criticd a proceselor de eroziune”, cuprinde o analiza a 48 de
ecuatii reprezentative de evaluare a eroziunii, grupate ca si modele generale
(matematice), modele empirice si modele numerice. Factorii utilizati in cadrul acestor
ecuatii sunt reprezentativi pentru 3 mari categorii: materialul supus eroziunii,
proprietatile particulelor erodente si conditiile de lucru. Referitor la materialul supus
eroziunii, 22 de modele generale utilizeaza in calcule densitatea materialului, iar 17 din
ele duritatea, 7 din ele rezistenta la rupere si 5 din ele rezistenta la curgere si modulul de

elasticitate. Pentru a simula comportarea particulei erodente, 37 din modelele generale
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au utilizat in calcule viteza particulei, 20 din ele marimea, 14 din ele densitatea, 6
circularitatea si 3 momentul de inertie. Pentru a lua in calcul conditiile de lucru, 28 din
modelele generale au utilizat o constanta de calcul, 23 din ele unghiul de impact al
particulelor, 3 unghiul maxim de impact si 2 temperatura. Printr-o abordare originala, si
pastrand similitudinea cu tabelul periodic al elementelor, s-a realizat “Tabelul periodic
al modelelor de eroziune” din pentru reprezentarea sistematica a modelelor generale,
empirice si numerice. Aceasta analiza si clasificare a fost diseminata in cadrul unui articol
de cercetare - ,Erosion modelling: a systematic review of available models and equations” -
prin prezentarea la conferinta ,The 14th International Conference on Tribology (ROTRIB
19)” si publicat in revista ,IOP Conference Series-Materials Science and Engineering”.

In Capitolul 3, intitulat ,Evaluarea capacitdtii portante a coturilor si curbelor cu
defecte de tip lipsd de material” a fost realizata o sinteza, a prescriptiilor din API 579 /ASME
FFS-1 - Fitness-For-Service si BS 7910 - Guide to methods for assessing the acceptability of
flaws in metallic structures. Au fost prezentate, etapele ce trebuie parcurse pentru
evaluarea defectelor sau imperfectiunilor. Pentru orice evaluare a unei imperfectiuni de
tip ,lipsa de material” este nevoie de luarea in considerare a unui factor de siguranta
pentru asigurarea existentei unei marje de siguranta intre Incarcarile rezultate din
operarea curenta a echipamentului si Incarcdrile ce pot produce cedarea In zona
imperfectiunii. Pentru a usura specialistilor din domeniu evaluarea imperfectiunilor pe
curbe si coturi, a fost realizat un produs informatic ,Aplicatie informaticad de evaluare a
imperfectiunilor de tip lipsd de material pe curbe si coturi” cu ajutorul programului
Mathcad.

Capitolul 4, ,Modelarea fenomenelor de eroziune in tevi si coturi”, cuprinde analiza
CFD a 9 configuratii de coturi/curbe cu diametre si raze de curbura diferite. Pe baza
rezultatelor obtinute, s-a concluzionat ca vitezele maxime de eroziune au fost obtinute in
cadrul coturilor la 90°, cu mentiunea ca viteza de eroziune scade pe masura ce diametrul
creste. De asemenea, din punctul de vedere al razei de curbare s-a observat ca viteza de
eroziune creste pe masura ce raza de curbura creste. Pentru o mai buna intelegere a
fenomenelor de eroziune in cazul curbelor/coturilor a fost realizata o modelare statistica
ce a cuprins 6 factori cu cate 3 nivele (curburd, diametru, debit fluid, concentratie abraziv,
dimensiune si factor de forma abraziv), ce actioneaza concomitent si determina eroziunea.
Structura modelarii a fost stabilita cu ajutorul programului de calcul statistic Minitab,
utilizdnd o abordare de tip ,Design Experimental” - DOE (Design of Experiments),
simularile fiind realizate in programul ANSYS, in modulul Fluid Flow (Fluent). Astfel, s-a
observat ca din punct de vedere statistic, mare parte a efectelor asupra rezultatelor sunt
generate de 2 factori din totalul de 6: concentratia nisipului si tipul curbei. A fost obtinuta
ecuatia de regresie ce explica legatura matematica intre factorii implicati In proces si
aparitia si marimea fenomenelor de eroziune. Rezultatele obtinute au fost diseminate in
cadrul unui articol de cercetare - ,,CFD evaluation of sand erosion wear rate in pipe bends
used in technological installations”, prin prezentarea la conferinta ,International
Conference of Product Design, Robotics, Advanced Mechanical & Mechatronic Systems and
Innovation Conference (PRASIC 18)” si publicat in revista ,IOP Conference Series-Materials
Science and Engineering”. Articolul in cauza a beneficiat de 6 citari pana in luna Noiembrie
2021 conform informatiilor din bazele de date Scopus si Google Academic.
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in Capitolul 5, intitulat Jncercdri experimentale destinate stabilirii comportdrii la
eroziune a curbelor si coturilor utilizate la conductele tehnologice si de transport”, a fost
prezentat un stand experimental ce vehiculeaza apa de zacamant, impreuna cu diferite
concentratii de abraziv, intr-un sistem de tevi si curbe/coturi la unghiuri diferite (traseu
activ de tevi, curbe si coturi din otel P275NL1 cu diametrul exterior De = 88.9mm si
grosime de perete s = 6.3mm - un cot la 90°, doua coturi la 45°, doua coturi la 30°, un cot
la 60°). A fost realizata caracterizarea abrazivului din instalatie, s-a determinat prin
analiza spectrala compozitia chimica a particulelor si granulometria nisipului, stabilindu-
se dimensiunea medie M50 cu valoarea de 0.077, curba Rosin-Rammler a distributiei
dimensiunilor si factorul de formi a particulelor de nisip cu valoarea 0.603. In urma
incercadrilor experimentale de eroziune s-a concluzionat ca cele mai mari reduceri ale
grosimii de perete au fost pentru coturile la 90°, pozitiile de masurare ora 6 si ora 9, cu
pierderi de 10-12% din grosimea initiald de perete. Au fost efectuate analize statistice
ANOVA asupra rezultatelor, si s-a observat ca in functie de pierderea de grosime zilnica,
cele mai mari valori au fost obtinute in intervalul 1-7 zile (0.08mm/zi), urmat de 7-30 zile
(0.02mm/zi), dupa care s-a constatat ca pierderea grosimii de perete incepe sa se
stabilizeze (se ajunge in perioada de variatie liniara a uzurii erozive), cu o valoare maxima
de 0.007mm/zi. Prin realizarea curbei uzurii erozive obtinute In urma determinarilor
experimentale, s-au obtinut 2 ecuatii pentru determinarea uzurii erozive in cazul
elementelor de tip teava si a celor de tip cot. Aceasta analiza experimentala a fost
diseminata in cadrul unui articol de cercetare - ,,Numerical and experimental evaluations
of the elbows corrosion used for the interconnection of pipes” - prin prezentarea la
conferinta ,10t" International Conference on Tribology - BALKANTRIB ‘20" si publicat in
revista ,,IOP Conference Series-Materials Science and Engineering”.

Capitolul 6, ,Analiza CFD in vederea stabilirii comportdrii la eroziune pe standul
experimental”, cuprinde analiza CFD a zonei active a standului experimental, analiza ce
utilizeaza informatiile disponibile din Cap. 5, referitor la granulometria particulelor de
nisip (distributie Rosin-Rammler), viteza fluidului, concentratia particulelor de nisip etc.
In urma calculelor a fost observati o distributie a vitezei fluidului de lucru cu valori mari
pe intradosul curbelor si de doua ori mai mici pe extrados. Datorita acceleratiei imprimate
de fluid si datorita curgerii turbulente, se obtin viteze marite ale particulelor de nisip,
acest fapt fiind premergator aparitiei fenomenelor de eroziune. Analiza CFD confirma
rezultatele experimentale, elementele cel mai afectate de eroziune fiind primul cot C1- 90°
si tronsonul de teavi aflat in continuarea acestuia, T2. In urma comparirii rezultatelor
obtinute prin simularea CFD cu cele obtinute experimental, s-a confirmat valabilitatea
modelului numeric propus.

In Capitolul 7, intitulat ,Concluzii generale, contributii personale si directii viitoare
de cercetare”, se regasesc principalele concluzii ce reies din desfasurarea cercetarilor
doctorale, precum si contributiile originale subiectul studiat, ale autorului, impreuna cu
doua posibile directii viitoare de cercetare, una referitoare la cresterea duratei de viata a
coturilor/curbelor prin schimbarea unghiului de impact a particulelor din fluidul de lucru,
si alta referitoare la optimizarea geometriei curbelor si coturilor in vederea cresterii
duratei de viata in exploatare.
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Abstract

The PhD Thesis ,Research on erosion behavior of pipe elbows used for liquid
petroleum fluids in technological and main pipelines, aims to elucidate the erosion /
corrosion degradation mechanism for elbows and curved pipes from pipelines carrying
oil liquids.

This paper has a strong originality and applicability in practice, the main objective
being the investigation of the corrosive erosion behavior of the usual types of 30 °, 45 °,
60 ° and 90 ° elbows, made of P275NL1 steels, objective that was achieved through the
analyzes and original numerical models of erosion made in Chap. 4, validated by
experimental determinations presented in Chap. 5.

As secondary objectives, we can list:

v Determining the influence of various factors on erosion phenomena, an
objective achieved through the critical analyzes presented in Chap. 2 and Chap.
3;

v’ Evaluation of the load-bearing capacity of the elbows and curves affected by
“Local Thin Area” type defects, achieved through those presented in Chap. 3,
where an applied critical analysis of the API 579-1 / ASME FFS-1 Fitness-For-
Service and BS 7910 - Engineering Critical Assessment standards was
performed;

v Determining the influence of the elbow angles of curvature on their erosion
behavior, an objective achieved through the original numerical models from
Chap. 4 the experimental tests in Chap. 5.

The novelty of the thesis stems from a series of original personal contributions, of
which we can mention:

v An analysis of the representative equations for erosion assessment, grouped in
three categories, general (mathematical) models, empirical models and
numerical models; various graphs were built, offering a unitary view on the
erosion patterns and on the factors used in the calculations, using PowerB], (a
software used to create interactive visualizations);

v" Through an original approach, and keeping the similarity with the periodic
table of elements, the "Periodic Table of Erosion Models" was created using
Microsoft Visio, to have a systematic representation of general, empirical and
numerical models;

v' A summary of the requirements of API 579 / ASME FFS-1 - Fitness-For-Service
and BS 7910 - Guide to methods for assessing the acceptability of flaws in
metallic structures, which presents step by step, the steps to be taken to assess
defects or imperfections;

o Based on these prescriptions, a computer product was developed to
evaluate “Local Thin Area” imperfections on elbows, using Mathcad;
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v" CFD analysis of 9 configurations of elbows / bends with different diameters,
and radii of curvature in ANSYS Fluent;

o The analysis determined the influence of 6 factors on the erosion rate
(elbow curvature angle, diameter, fluid flow rate, sand particle
concentration, sand particle size and shape factor);

v’ Statistical modeling of the 6 factors, with 3 levels each, which act
simultaneously and determine erosion.

o The simulations were performed in ANSYS, the modeling structure being
established with the help of Minitab statistical calculation program, using a
"Design of Experiments" approach;

o Thus, the main factors influencing the erosion phenomena were
determined: the sand particle concentration and the elbow curvature angle;

o Also, a regression equation was obtained, to explain the mathematical
connection between the factors involved in the process and the occurrence
and magnitude of the erosion phenomena;

v' Design and construction of an experimental stand conveying field water,
together with different concentrations of abrasive, in a system of pipes and
bends / elbows at different curvature angles;

o By determining the erosive wear curve from the experimental data, I
derived 2 equations that can be used to calculate the erosive wear for pipes
and for elbows / bends;

v CFD analysis of the pipeline used in the experimental tests;

o Following the comparison of the results obtained by CFD simulation with
those obtained experimentally, I confirmed the validity of the proposed
numerical model;

The PhD thesis extends on 7 chapters, with 169 figures and 44 tables that
transpose the relevant information for the general direction of the thesis research and for
the individual objectives covered in each chapter.

Chapter 1, titled "Technological and transport pipeline systems", provides a
summary of the material types used for the pipes, bends and elbows from oil
transportation pipelines, as well as factors leading to pipeline degradation. Various
reports provided by bodies that collect data on incidents on transport pipelines were
presented and analyzed. Thus, it was highlighted that corrosive erosion represents
approximately 25% of the total number of defects, defects or imperfections caused by
these processes being classified as "Local Thin Area" type defects.

Chapter 2, “Critical Analysis of Erosion Processes,” contains an analysis of 48
representative erosion assessment equations, grouped as general (mathematical) models,
empirical models, and numerical models. Factors used in these equations are
representative of 3 major categories: eroded material, eroding particle properties, and
working conditions. Regarding the material subjected to erosion, 22 general models use
in the calculations the density of the material, and 17 of them the hardness, 7 of them the
breaking strength and 5 of them the yield strength and the modulus of elasticity. To
simulate the behavior of the eroding particle, 37 of the general models used in the

calculations the particle speed, 20 of them the particle size, 14 of them the density, 6 the
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circularity and 3 the moment of inertia. To take into account the working conditions, 28
of the general models used a calculation constant, 23 of them the particle impact angle, 3
the maximum impact angle and 2 the temperature. Through an original approach, and
keeping the similarity with the periodic table of the elements, I built the “Periodic Table
of Erosion Models” for the systematic representation of general, empirical and numerical
models. This analysis and classification was disseminated in a research article - "Erosion
modeling: a systematic review of available models and equations" - that was presented at
"The 14th International Conference on Tribology (ROTRIB 19)" and published in the "IOP
Conference Series-Materials Science and Engineering” journal.

In Chapter 3, titled "Assessment of the load-bearing capacity of elbows and bends
with Local Thin Area type defects" I've made a summary of the API 579 / ASME FFS-1 -
Fitness-For-Service and BS 7910 - Guide to methods for assessing the acceptability of
flaws in metallic structures requirements. [ presented the steps that can be taken to assess
defects or imperfections. For any assessment of a "Local Thin Area" imperfection, a safety
factor must be taken into account to ensure a safety margin between loads resulting from
the day-to-day operation of the equipment and loads which may result in failure in the
area of the imperfection. In order to make it easier for specialists in the field to evaluate
imperfections on elbows and bends, I developed a software using Mathcad: "Computer
application for the assessment of "Local Thin Area" imperfections on elbows and bends".

Chapter 4, “Modeling of erosion phenomena in pipes and bends”, includes the CFD
analysis of 9 configurations of bends / elbows with different diameters and radii of
curvature. Based on the obtained results, I concluded that the maximum erosion rates
were obtained for 90° elbows, with the observation that the erosion rates decrease as the
diameter increases. From the point of view of the radius of curvature, it was observed that
the erosion rates increase as the radius of curvature increases. For a better understanding
of erosion phenomena on elbows / bends, I've built a statistical model that includes 6
factors, each one with 3 levels (elbow curvature, elbow diameter, fluid flow rate, sand
particle concentration, sand particle size and shape factor), acting together and
generating erosion phenomena. The model was established with the help of Minitab
statistical calculation software, using a "Design of Experiments" approach, while the
simulations were being performed in ANSYS, in the Fluid Flow module. Thus, it was
observed that from a statistical point of view, that most of the effects are generated by 2
factors out of a total of 6: the sand particle concentration and the elbow curvature angle.
The regression equation was obtained to explain the mathematical connection between
the factors involved in the process and the occurrence and magnitude of the erosion
phenomena. The results were disseminated in a research article - "CFD evaluation of sand
erosion wear rate in pipe bends used in technological installations”, that was presented
at the International Conference of Product Design, Robotics, Advanced Mechanical &
Mechatronic Systems and Innovation Conference (PRASIC 18)” and published in the IOP
Conference Series-Materials Science and Engineering. The article received 6 citations until
November 2021 according to information from the Scopus and Google Scholar databases.

Chapter 5, titled "Experimental tests to determine the erosion behavior of elbows
and bends used in technological and transport pipelines”, presented an experimental
stand conveying field water with different concentrations of sand particles through a
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system of pipes and elbows / bends with different curvature angles (P275NL1 steel pipes,
and bends with outer diameter De = 88.9mm and wall thickness s = 6.3mm - one 90° elbow,
two 45° elbows, two 30° elbows, and a 60° one). I performed the sand particles’
characterization and determined the chemical composition and the granulometry using
spectral analysis, establishing that the average size M50 has the value 0.077. Also, I
determined the Rosin-Rammler distribution curve for the sand particle sizes, plus the
shape factor with a value of 0.603. The experimental erosion tests showcased that that the
largest in wall thickness reductions were for 90 ° elbows, at 6 o'clock and 9 o'clock
measuring positions, with losses of 10-12% of the initial wall thickness. I performed
ANOVA statistical analyzes on the results, and it was shown that the daily thickness loss
had the greatest values for the 1-7 days’ interval (0.08mm / day), followed by the 7-30
days’ interval (0.02mm / day), afterwards the wall thickness loss begins to stabilize
(reaches a period of linear variation of the erosive wear), with a maximum value of
0.007mm / day. By determining the erosive wear curve from the experimental data, I
derived 2 equations that can be used to calculate the erosive wear for pipes and for elbows
/ bends. This experimental analysis was disseminated in a research article - "Numerical
and experimental evaluations of the elbows corrosion used for the interconnection of
pipes" - that was presented at the 10t International Conference on Tribology -
BALKANTRIB '20" and published in the" IOP Conference Series-Materials Science and
Engineering” journal.

Chapter 6, “CFD analysis of the erosion behavior on the experimental stand”,
includes the CFD analysis of the active area of the experimental stand, analysis that is
using the available information from Chap. 5, regarding the sand particle sizes (Rosin-
Rammler distribution), fluid velocity, sand particle concentration, etc. Looking on the
results, I observed, a distribution of the fluid velocity with high values on the intrados of
the curves and twice as low on the extrados. Due to the acceleration imprinted by the fluid
and due to the turbulent flow, high velocities of sand particles are obtained, this fact being
a precursor to the occurrence of the erosion phenomena. The CFD analysis confirms the
experimental results, the elements most affected by erosion being the first bend C1 - 90°
and the pipe section following it, T2. Comparing the results obtained by CFD simulation
with those obtained experimentally, I confirmed the validity of the proposed numerical
model.

Chapter 7, titled “General conclusions, personal contributions and future research
directions”, contains the main conclusions arising from the conduct of this doctoral
research, as well as the original contributions to the subject being studied, together with
two possible future research directions, one to increase the life of the bends / elbows by
changing the angle of impact of the particles in the working fluid, and another related to
optimizing the geometry of the elbows and bends in order to increase the service life.
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