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RESUMO

OLIVEIRA, Gabriel Merhy. Modelagem Matematica de Fendmenos Transitorios em
Fluidos Ndo Newtonianos. 2018. 94 f. Tese (Doutorado) - Universidade Tecnoldgica Federal
do Parand. Programa de Pds-graduacdo em Engenharia Mecéanica e de Materiais, Curitiba,
2018.

No presente trabalho é apresentado um modelo matemaético desenvolvido com o objetivo de
prever a propagacdo de pressdo em problemas transitorios compressiveis de fluidos nédo
newtonianos. Os problemas fisicos explorados sdo: i) fechamento abrupto de véalvulas; ii)
transmissdo de pressdo em fluidos de perfuracdo de pogos de petroleo e; iii) reinicio de
escoamento de petroleo gelificado em tubulacGes. O escoamento do fluido é considerado
unidimensional, fracamente compressivel e isotérmico. O modelo baseia-se nas equacdes de
balanco da massa e de quantidade de movimento que séo resolvidas iterativamente atraves do
método das caracteristicas. A compressibilidade do fluido é considerada através da utilizacéo
de uma equacéo de estado que relaciona a massa especifica com a pressao. Para representar o
comportamento do fluido sdo utilizados dois modelos constitutivos: viscoplastico e
tixotropico. A distribuicdo de tensdo de cisalhamento é considerada linear na diregdo radial,
sendo que para o fluido viscoplastico utiliza-se o fator de atrito para escoamento plenamente
desenvolvido enquanto que para o fluido tixotrdpico integra-se o perfil de velocidades radial.
Estes modelos foram apresentados em trés publicacdes: “Mathematical model for viscoplastic
fluid hammer”; “Modeling and validation of pressure propagation in drilling fluids pumped
into a closed well” e; “The effect of compressibility on flow start-up of waxy crude oils”. As
principais conclusdes dos trabalhos séo: i) a pressdo ndo se transmite completamente em
fluidos viscoplasticos, o que contrasta com fluidos newtonianos; ii) a propagacdo de pressdo
depende da condicdo de contorno; da dissipacgao viscosa e da tensdo limite de escoamento em
casos de fluidos viscoplasticos; iii) a quebra da estrutura gelificada de fluidos tixotrépicos
depende da relagdo entre os tempos de propagacao de pressdo e do caracteristico de quebra do

gel.

Palavras-chave: Escoamento Fracamente Compressivel e Transitorio. Propagacdo de
Pressdo. Modelo Matematico. Método das Caracteristicas. Fluido Tixotropico



ABSTRACT

OLIVEIRA, Gabriel Merhy. Mathematical Modeling of Transient Phenomena in Non
Newtonian Fluids. 2018. 94 f. Thesis - Federal University of Technology — Parana.
Postgraduate Program in Mechanical and Materials Engineering, Curitiba, 2018.

In the current work a mathematical model is presented in order to predict pressure
propagation in transient compressible non-Newtonian flow problems. The physical problems
dealt are: i) fluid hammer problem; ii) pressure transmission in well drilling fluids and; iii)
flow start-up of waxy crude oils in pipelines. The flow is considered one-dimensional, weakly
compressible and isothermal. The model is based on the mass balance and momentum balance
equations that are solved iteratively by the method of characteristics. The fluid
compressibility is considered by employing a equation of state that correlates fluid density
and pressure. Two constitutive models were used to represent the fluid behavior: viscoplastic
and thixotropic. The shear stress distribution across the pipeline section is considered linear in
the radial direction so that the friction factor approach is used for the viscoplastic fluid and the
velocity profile is integrated across the pipeline section for the thixotropic fluid. These models
were presented into three publications: “Mathematical model for viscoplastic fluid hammer”;
“Modeling and validation of pressure propagation in drilling fluids pumped into a closed
well” and; “The effect of compressibility on flow start-up of waxy crude oils”. The main
conclusions are: i) pressure is not fully transmitted in viscoplastic fluids; ii) pressure
propagation depends on pipeline boundary condition and; gel breaking of thixotropic fluids
depends on the ratio of the pressure wave propagation time and the breaking characteristic
time.

Keywords: Weakly Compressible Unsteady Flow. Pressure Propagation. Numerical Model.
Method of Characteristics. Thixotropic Fluid.
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Capitulo 1 - Introdugéo

1 INTRODUCAO

Operar instalacbes hidraulicas sempre em condi¢cGes de regime permanente é
impossivel. Exemplos de situacdes transitorias sdo: atuagdes de valvulas, pressurizacdo de
tubulacBes e paradas e reinicio de escoamento de fluidos. Compreender como ocorrem estes
fendmenos e saber estimar previamente as pressdes geradas e o intervalo de tempo necessario
até a estabilizacdo é fundamental para todos que trabalham com sistemas hidraulicos.

Muitos estudos, tanto numéricos quanto experimentais, tém sido realizados com o
objetivo de conhecer melhor o comportamento dos sistemas submetidos as mais adversas
condigdes transientes.

Neste cenario, apesar da grande quantidade de estudos ja realizados com fluidos
newtonianos, muito pouco se conhece sobre o comportamento de fluidos ndo newtonianos
(mesmo os com comportamento reoldgico simples) e muito menos ainda € estudado sobre
fluidos tixotropicos em escoamentos transitorios.

Visando explorar parte desta lacuna, a presente tese de doutorado traz trés artigos
publicados em periddicos qualificados explorando as seguintes situacdes transitorias em
tubulacBes: i) fechamento abrupto de valvulas; ii) transmissdo de pressdo em fluidos de
perfuracdo de pocos de petrdleo e; iii) reinicio de escoamento de petréleo gelificado. Além
dos artigos, também se discorre brevemente sobre outras atividades realizadas na area de
fendmenos transitorios que revelam ainda mais as contribuic6es e o ineditismo do estudo na

area de fluidos ndo newtonianos.

1.1 Objetivo Geral

Define-se como objetivo geral da tese a modelagem matematica e numérica da

propagacao de pressdo em fluidos ndo newtonianos durante eventos transitorios.

1.2 Objetivos Especificos

Com o objetivo principal deste trabalho tragcado e diante das lacunas observadas na
literatura, utiliza-se o modelo matemético desenvolvido para explorar trés situagdes
transitdrias tipicas em operacfes hidraulicas. Neste cenario, apontam-se como objetivos

especificos da presente tese:
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i. Awvaliar o efeito da viscoplasticidade durante o subito fechamento de valvulas;
ii. Verificar a transmissdo de pressdao em operacdes realizadas em pocos de petroleo;
iii. Analisar o efeito da compressibilidade no reinicio da circulacdo de fluidos gelificados

em tubulagdes.

1.3 Estrutura do Trabalho

Para cumprir com os objetivos estabelecidos utiliza-se da forma de coletanea de
artigos para a apresentacdo da tese. Assim, divide-se esta tese em seis capitulos. No primeiro
capitulo introdutério faz-se a abordagem do tema, apresenta-se e contextualiza-se o problema
e 0s objetivos sdo tracados. No Capitulo 2 apresenta-se a metodologia geral empregada no
modelo matematico desenvolvido para avaliar a propagagdo da pressdo durante escoamentos
transientes e sintetizam-se os diferenciais explorados em cada artigo apresentado na
coletanea. Os capitulos 3, 4 e 5 reproduzem os trés artigos publicados na versdo enviada para
0s periodicos especializados. O sexto capitulo traz as conclusbes gerais sobre o tema
explorado e temas para trabalhos futuros.

No Apéndice A discute-se brevemente sobre o programa computacional gerado
como parte das atividades realizadas durante o doutorado. No Apéndice B comenta-se sobre o
Prémio ANP de Inovacdo Tecnoldgica 2016 no qual parte do trabalho desenvolvido nos
ultimos anos em conjunto com outras universidades e empresas consagrou-se vencedor.
Outros trabalhos publicados na area de estudos de fendmenos transitorios realizados durante o

doutorado sdo listados no Apéndice C.
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2 SINTESE DA COLETANEA DE ARTIGOS CIENTIFICOS

A coleténea de artigos que € apresentada na sequéncia desta tese contem trés artigos
publicados em periodicos qualificados ao longo dos Gltimos anos: Oliveira et al. (2013),
Oliveira et al. (2015) e Oliveira e Negrdo (2015). A apresentacdo destes artigos nao esta em
ordem cronoldgica de publicacéo, pois se optou por priorizar uma sequéncia mais logica de
organizacdo, aumentando a complexidade de estudo com o avancgo dos capitulos. No capitulo
3 € estudado o fendmeno transiente causado pelo subito fechamento de uma valvula. No
Capitulo 4 analisa-se a transmissdo de pressdo ao longo da geometria tipica de um pogo de
petroleo. No ultimo artigo desta coletdnea, apresentado no Capitulo 5, avalia-se o efeito da
compressibilidade do fluido no processo de quebra da estrutura gelificada durante o reinicio
do escoamento de um petrdleo parafinico que estava em repouso em uma tubulagéo.

Os presentes artigos estdo relacionados pois abordam fendmenos transitérios em
fluidos ndo newtonianos e a metodologia de solucéo das equagdes governantes empregadas na
modelagem matematica deles € praticamente a mesma, as diferencas basicas entre os artigos
estdo principalmente nas condi¢Bes de contorno empregadas, na geometria do problema e nas
equacdes constitutivas para representar o comportamento reoldgico do fluido.

O escoamento do fluido é considerado unidimensional, fracamente compressivel e
isotérmico ao longo de toda a geometria. A compressibilidade do fluido é considerada atraves
da utilizacdo de equacdo de estado que relaciona a massa especifica com a pressdo. Admite-se
que o escoamento é fracamente compressivel e a tubulacdo é perfeitamente rigida. Desta
forma, correlaciona-se a velocidade maxima de propagacdo da onda de pressdo com a
compressibilidade do fluido.

O modelo geral para resolver o problema transitorio baseia-se nas equagfes de
balango da massa e da quantidade de movimento, que formam o sistema de equagdes
diferenciais parciais hiperbdlicas, tendo como incdgnitas a pressdo, a vazdo e a tensdo de
cisalhamento na parede e como variaveis independentes, a posi¢do e o tempo. Para resolver 0
problema, estas equagOes parciais sdo convertidas em equacdes diferenciais totais através do
método das caracteristicas (Wylie et al., 1993). As equacdes diferenciais ordinarias resultantes
séo entdo integradas pelo método das diferencas finitas a partir de uma condicéo inicial.

Para expressar os efeitos viscosos proporcionados pelo fluido ndo newtoniano
escoando na tubulagdo, emprega-se 0 conceito de tensdo de cisalhamento média na parede da

tubulacdo. A forma como se considera este termo em cada um dos artigos merece destaque e
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sera tratada na sequéncia com a apresentacao dos diferenciais observados em cada artigo da

coletanea.

2.1 Mathematical Model for Viscoplastic Fluid Hammer (2015)

Publicado em 2015 no Journal of Fluids Engineering, o artigo pode ser considerado
como o0 mais simples da presente coletdnea, trata do fenémeno transitério tipicamente
conhecido como golpe de ariete (Streeter e Wylie, 1974; Ghidaoui et al., 2005; Bergant et al.,
2006), aplicado para o caso do escoamento de fluido nd&o newtoniano de Bingham. O
problema contempla a avaliagdo da variacdo da pressao ao longo da tubulacdo ap6s o subito
fechamento de vélvula localizada na saida da tubulacdo que esta conectada ao reservatorio. A
condicdo inicial do problema consiste do escoamento em regime permanente do fluido pela
tubulacéo.

O efeito do comportamento reolégico do fluido de Bingham é considerado através da
avaliacdo da tensdo de cisalhamento na parede com base na correlacdo para fator de atrito
proposta por Swamee e Aggarwal (2011).

O maior diferencial do trabalho esta na abordagem do fluido como viscoplastico,
consideracdo que acaba levando a resultados inovadores, uma vez que pode ser observado em
alguns casos, ap6s a parada por completo do escoamento, distribuicdo ndo uniforme da
pressdo ao longo da tubulacdo. Estudos de casos mostraram gradiente de pressdo nao
uniforme ao longo da tubulacdo que é dependente da tensdo limite de escoamento do fluido,
da inércia do escoamento, de pardmetros geométricos da tubulacdo e também da

compressibilidade do fluido.

2.2 Modeling and Validation of Pressure Propagation in Drilling Fluids
Pumped into a Closed Well (2013)

O segundo artigo, publicado em 2013 no Journal of Petroleum Science and
Engineering, explora a propagacdo da pressdo ao longo da geometria tipica de um poco de
petroleo a fim de avaliar o quanto da presséo é transmitida ao longo do poco. Neste trabalho,
os fluidos de perfuragéo sdo tratados como ndo newtoniano de Bingham e os efeitos viscosos
sdo computados através do conceito de fator de atrito. Os resultados do modelo s&o

comparados com alguns valores experimentais para o escoamento de um fluido newtoniano
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(&gua) e dois fluidos de perfuracdo. Ndo s6 a magnitudemas também as frequéncias de
oscilacdo dos valores medidos e calculados concordam muito bem. Ao contrario do que
ocorre para o fluido newtoniano, tanto os valores medidos quanto os calculados de pressédo
para fluido de Bingham ndo estabilizam uniformemente ao longo do poco apds a
pressurizacdo. Nestes casos a pressao prevista e a medida ndo sdo completamente transmitidas
nos testes.

A principal contribuicdo do trabalho, além da validagdo via comparagdo com
resultados experimentais obtidos em poco real de petroleo instrumentado, consiste na
identificacdo de parametros operacionais que permitem estabelecer metodologias de
pressurizacdo que favorecem a transmisséo de pressdo em tubulagéo fechada.

Além disso, em comparacdo com os trabalhos existentes na literatura, 0 modelo
desenvolvido diferencia-se principalmente por: i) considerar o escoamento através do interior
da coluna de perfuracdo e através do espaco anular formado entre a coluna de perfuracéo e a
parede do poco; ii) empregar o método das caracteristicas para converter as equagdes

diferenciais parciais em totais com fluidos ndo newtonianos.

2.3 The Effect of Compressibility on Flow Start-up of Waxy Crude Oils
(2015)

No terceiro artigo é apresentado o estudo sobre o reinicio do escoamento de fluido
tixotrépico com caracteristicas elésticas e viscoplasticas (modelo de Souza Mendes e
Thompson (2013)). O artigo foi publicado em 2015 no Journal of Non-Newtonian Fluid
Mechanics, periddico de maior difusdo na area de fluidos ndo newtonianos.

Assim como o0s outros dois artigos apresentados, o modelo é formado pelas equacfes
de conservacdo da massa e do balan¢co da quantidade de movimento. O escoamento é
considerado isotérmico, laminar e fracamente compressivel. A solucéo das equacdes € obtida
através do método das caracteristicas. A principal diferenca em relagdo aos modelos
apresentados nos artigos anteriores € a consideracdo da tixotropia do material através de
equacdo constitutiva de natureza elastoviscoplastica. Para resolver a equagdo admite-se que a
tenséo de cisalhamento varia de forma linear ao longo do raio da tubulag&o.

Em relacdo aos trabalhos similares encontrados na literatura, o presente artigo
destaca-se principalmente por abordar de forma diferente a modelagem do escoamento em

oleodutos uma vez que considera que o tempo para o reinicio do escoamento e a magnitude
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das pressdes durante a quebra da estrutura gelificada dependem tanto do tempo de resposta do
material como da sua compressibilidade.

No artigo sdo explorados os efeitos de dois tipos de condigdes de contorno para
avaliar o reinicio, sendo: i) de pressdo prescrita e, ii) de vazdo volumétrica prescrita na
entrada da tubulacdo. A primeira condicdo tem por objetivo estimar o tempo necessério
enquanto a segunda, a maxima pressdo durante o reinicio do escoamento. Considerando o

material como elastoviscoplastico o efeito da elasticidade do material também € investigado.
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3 MATHEMATICAL MODEL FOR VISCOPLASTIC FLUID
HAMMER

Gabriel M. Oliveira, Admilson T. Franco, Cezar O. R. Negréo
Journal of Fluids Engineering, 2015; 138(1):011301-011301

The current work presents a mathematical model to simulate “viscoplastic fluid hammer” —
overpressure caused by sudden viscoplastic fluid deceleration in pipelines. The flow is
considered one-dimensional, isothermal, laminar and weakly compressible and the fluid is
assumed to behave as a Bingham plastic. The model is based on the mass and momentum
balance equations and solved by the method of characteristics. The results show that the
overpressures taking place in viscoplastic fluids are smaller than those occurring in
Newtonian fluids and also that two pressure gradients — one negative and one positive — are
possibly noted after pressure stabilization. The pressure stabilizes non-uniformly on the
pipeline because viscoplastic fluids present yield stresses. Overpressure magnitudes depend
not only on the ratio of pressure wave inertia to viscous effect but also on the Bingham
number. The pipeline designer should take into account the viscoplastic fluid behavior

reported in this paper when engineering a new pipeline system.

Keywords: Viscoplastic Fluid Transients. Yield Stress, Pressure Wave, Mathematical Model

3.1 Introduction

Sudden valve closures in hydraulic systems can produce overpressure and shock
waves, usually called water hammer (Streeter and Wylie, 1974), which may damage the
overall system. The pressure peaks caused by valve closure should be predicted during
pipeline design in order to provide reliability and safety to the system. However, not only
water is transported in pipeline system but also several other non-Newtonian fluids, such as
slurries, sewage, pastes and suspensions (Mitsoulis, 2007). Many of these fluids, called
viscoplastic, flow only if the applied shear exceeds the fluid yield stress and their flow must
also be appropriately controlled to prevent damage caused by sudden valve closure. The
pressure surge caused by step changes of flows of such fluids is herein named “viscoplastic

fluid hammer”. Despite nowadays valve operations being designed to actuate slowly enough
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to avoid high overpressures, viscoplastic fluid hammer is still a problem of concern, as will be
discussed in the current text.

In hydraulics of Newtonian fluids, many studies have been conducted to model and
to understand the water hammer phenomenon, as cited by the excellent reviews of Streeter
and Wylie (1974), Ghidaoui et al. (2005) and Bergant et al. (2006). Brunone et al. (2000),
for instance, measured velocity profiles in pipelines of transient flows produced by fast valve
closures. Brunone et al. (2004) presented an interesting experimental and numerical study
about the energy dissipation phenomenon that occurs in laminar transient flows.

Many software applications available for designing pipeline systems include water
hammer analysis (Ghidaoui et al., 2005). However, studies of viscoplastic fluid hammer have
not been found in the literature and very few software applications allow the evaluation of
non-Newtonian fluid flows. The existing studies usually deal with the Power-Law fluid
model. Wahba (2013), for instance, investigated the Non-Newtonian fluid-hammer taking
place in Power-Law fluids and discussed the shear-thickening and shear-thinning effects of
the fluid. The well-established criteria to predict water hammer in Newtonian fluids,
nevertheless, may not be appropriate to design pipelines working with viscoplastic fluids.

Viscoplastic fluids behave differently from Newtonian fluids as they present a yield
stress and consequently their viscosity is shear rate dependent (Bird et al., 1987). Oliveira et
al. (2012b), for instance, reported that the pressure of a viscoplastic fluid compressed within a
horizontal closed pipe stabilizes non-uniformly. Although several works that deal with
transient flows of non-Newtonian fluids in pipelines have already been performed (Cawkwell
and Charles, 1987; Sestak et al., 1987; Chang et al., 1999; Davidson et al., 2004; Vinay et al.,
2006; Vinay et al., 2007; Wachs et al., 2009; Oliveira et al., 2010; Negréo et al., 2011), none
has investigated the viscoplastic fluid hammer phenomenon.

Considering the lack of literature in the subject and in order to contribute to a better
understanding of the problem, this work presents a mathematical model to predict pressure
propagation in a viscoplastic fluid after a sudden valve closure at the outlet of a horizontal
pipe connected to a fluid reservoir. The influence of non-dimensionless parameters on the
pressure propagation, on pressure peaks and on the final pressure distribution along the pipe is

discussed.
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3.2 Mathematical Model

The problem to be studied consists of a reservoir connected to a long horizontal pipe
with a valve controlling the fluid flow at the outlet, as shown in Figure 3.1. The fluid height in
the reservoir, h, is kept constant so that the pressure at the pipe inlet has a constant magnitude,
pr=pgh. In addition, the fluid flow is considered isothermal and one-dimensional, the pipe is
assumed completely rigid, i.e., pipe wall does not deform during compression, and the valve

is closed instantaneously.

1<

Reservoir h

Figure 3.1 — Illustration of the physical problem.

By applying the hypotheses above, the mass and momentum balance equations can

be written as,

op N Op
a Pa (1)
,OQ‘FPV@ =_@_£TW (32)

ot 0. oz d

where v is the average velocity across the pipe section, p is the fluid density, p is the pressure,
7w IS the average shear stress at the pipe internal surface, d is the pipe diameter, t is time and z
is the axial coordinate. The isothermal compressibility, «, that is assumed constant for the
fluid flow, is defined as (Anderson, 1990):

a==2L == (3.3)

where c is the wave speed and @ is the fluid temperature.
For Bingham fluids, the shear stress is defined as a function of shear rate according

to the following:
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T=1,+ny |l > z, (3.4)
y=0 |T|S2'y (3.5)

where 7 is the shear stress, 7 is the shear rate, 7 is the fluid yield stress and 7 is the plastic
viscosity (Bird et al., 1987).

A linear cross-section change of shear stress is usually assumed by others (Chang et
al., 1999) so as to reduce the complexity caused by the radial stress dependence. As will be
discussed in Section 3.3, this assumption is acceptable for the current work and will be
accomplished by using the Fanning friction factor, f:

f pv?
T, =—— 3.6
=2 (36)
For laminar Bingham fluid flows, f is obtained from the Buckingham-Reiner’s

equation (Swamee and Aggarwal, 2011):

16|, 4B 1[ 8'B*
f==|14 =22 (3.7)

Re|” 3 3| (fRey

where Re (=pvd/7n) is the Reynolds number, and B (=7 d/87v) is the Bingham number.
According to Melrose et al. (1958), a fluid conductance for Bingham fluids can be defined as

y=16/(f Re), which can be calculated from:
]/Zl—%]/B+%(7B)4 (3.8)

where y varies from 0 (very large Bingham number) to 1 (Newtonian fluid). Fluid
conductance is a correction to the classical form of the Newtonian friction factor, f=16/(y Re).
When the Bingham number is very large, say greater than 10°, the conductance can be
approximated by y = 1/B.

As reported by Wylie et al. (1993), the non-linear advective terms in equations (3.1)
and (3.2) can be neglected for weakly compressible flows at low velocities. By substituting
Eq. (3.3) into Eqg. (3.1) and the shear stress #,, evaluated by Egs. (3.6), (3.7) and (3.8), into
Eqg. (3.2), the mass and momentum balance equations can be rewritten, respectively, in
dimensionless form as:

PN,

P 0V _ 3.9
o7 ez (39)
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A—+—+—=0 (3.10)

where P, V, Z and T are, respectively, the nondimensional pressure, the average axial velocity,
the axial position, and time, which are defined as: P=p/pg, V=V/vg, Z=2/l, T=tc/l. | is the pipe
length, vg (=prd®/327l) is the steady-state average velocity of a Newtonian fluid (y=1) and pg
is the pressure difference between the pipe inlet and outlet. v is obtained from Eq. (3.2) by
considering the valve completely opened. Despite pcv being usually used for pressure
nondimensionalization, the inlet pressure was chosen as a reference not only because the
reservoir pressure is more representative of the flow but also because this pressure does not
change for the different cases to be studied.

The parameter A in Egs. (3.9) and (3.10) is the ratio of wave speed inertia, pcd, and
plastic viscosity of the Bingham fluid, 7, multiplied by the pipe aspect ratio:

A= ped |d _ 5 Reg (3.11)
27)1 32M,

A can also be defined as product of the aspect ratio (6 =d/lI) and the Reynolds number
(Rer=pVvrd/ ) divided by the Mach number, (Mg=Vr/c). Wahba (2008), nonetheless, defined 4
as the ratio between the excessive pressure force generated by the transient phenomenon
(Joukowsky force - pcvd®) and the viscous force (7ldv/d) acting to damp the transient
pressure.

The fluid conductance, Eq. (3.8), can be rewritten by using parameters that are based

on reference values:

4 B, 1( B\
—l——yRiZ| R 3.12
r=1-37y 3(7 v J (3.12)
where Br (=47 I/pr d) is the Bingham number that characterizes the flow viscoplasticity. Bg is
equal to the ratio of the yield stress and the wall shear stress in the fully developed steady
state flow.
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3.2.1 Boundary and Initial Conditions

A constant pressure is defined as the inlet boundary condition:
P(Z=0T)=1 T=o0 (3.13)
and a zero velocity at the outlet is assumed for the sudden valve closure:
V(Z=1T)=0 T3>0 (3.14)

The steady state flow with the valve completely opened is considered the initial
condition. This condition is obtained by making the time derivative of Eq. (3.10) equal to zero
which provides the initial fluid velocity, vo=yVg, Where y is the fluid conductance based on
the initial velocity and on the Bingham number. Notably, the larger the Bingham number the
smaller the conductance and therefore the smaller the initial velocity. For cases where the
pressure difference is not high enough to exceed the yield stress, Bg > 1, the fluid rests within

the pipe.

3.2.2 Method of Solution

The governing equations are solved by the method of characteristics (MOC) that is
typically used for solving hyperbolic partial differential equations (see Wylie et al., 1993).
The method consists of simplifying partial differential equations to a family of ordinary
differential equations, along which the solution can be integrated from an initial condition. In
the current case, Eqgs. (3.9) and (3.10) are reduced to two total differential equations, which
are valid over the characteristic lines dZ/dT=#1. Inasmuch as c is constant, plots of dz/dT
provides straight lines on the Z-T plane, such as C* and C in Figure 3.2. In order to solve
numerically the equations, the pipe are divided into N equal reaches, AZ, as shown in Figure
3.2, and the time-step is computed according to AT=A4Z. If P and V are both known at position
i1 and i+1, the ordinary differential equations can be integrated over the characteristic lines
C"* and C, respectively, and therefore, be written in terms of unknown variables P and V at
point i. By solving the two resulting algebraic equations, P and V can be obtained at point i as
a function of known values at points i-1 and i+1. As the fluid conductance depends on the
value of the instantaneous velocity an iterative procedure is performed using the average

velocity calculated for a Newtonian fluid as the first value. This process takes place until the
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relative difference between two consecutive values of V is smaller than 0.1%. As soon as
convergence has been achieved, the solution evolves to the next time-step and then proceeds

until the desired time duration has been covered.

A
T PRAVAN
\ 7\ VAR /
\ / \ / N\ /
\ / \ / \ /
\ // \ / \\ //
\ N2
/N /N /N k+1
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Figure 3.2 — Spatial and temporal grid.

3.3 Results and Discussions

3.3.1 Model Verification and Validation

In order to verify the model validity, the grid size was firstly analyzed. Figure 3.3a
and Figure 3.3b show, respectively, the effect of the grid size on the time change of pressure
at position Z=0.6 and on the axial pressure distribution at time T=0.4 after the valve closure.
The analysis was conducted for A=1.0 and Bg=0.5 and six different grid sizes: 50, 100, 200,
500, 1000, 2000 points in the axial position. The method of characteristics requires that the
dimensionless axial reaches and time-steps being equal, AT=4Z=1/N. As shown in Figure 3.3,
the results become grid independent for N=1000 in order that AT=4Z=107. Inasmuch as the

solution evolves ever two time-steps the least time-step to be considered is 2 x107.
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Figure 3.3 — Effect of mesh size for 4=1.0 and Bz=0.5. (a) Time evolution of pressure at Z=0.6 and (b) axial
pressure distribution at 7=0.4.

Few controlled experimental results to evaluate transient flows of viscoplastic fluids
are available in the literature. Oliveira et al. (2013) showed that drilling fluids do not transmit
pressure after being pressurized within a closed well and have compared their model results,
with good agreement, to experimental data obtained in a drilling rig. Considering that
experimental data for viscoplastic fluid hammer were not found in the literature, the current
model results were compared with the classical water hammer data of Holmboe and
Rouleau (1967). They conducted their experiments in a copper pipe of 1.0 inch diameter filled
with high viscosity oil. The pressure responses obtained at the valve and at the pipe midpoint
positions are shown in Figure 3.4a and Figure 3.4b, respectively. Different from the
nondimensionlization used by Holmboe and Rouleau (1967), the pressure herein was scaled
by pcvy, so that (p-pg)/pcve=(P-Py)/A. For the data displayed in Figure 3.4, A is equal to 18.6.
Despite the model limitations, already pointed out in the literature Bird et al., 1987, the
maximum pressure obtained with the model is quite close to the measured value. The
differences, however, increase with the sequence of oscillatory cycles. Although the use of a
periodic friction factor should approximate the results (Wylie et al., 1993), this is outside the

scope of the current work.
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Figure 3.4 — Comparisons of the numerical results with experimental data [24] and with an analytical solution.
Time evolution of pressure (a) at the valve position and (b) at pipe midpoint position.

Figure 3.4 also depicts the results of an analytical solution for Egs. (3.9) and (3.10)
solved for Newtonian fluids (= 1). This analytical solution, here proposed, is based on the

work of Sobey (2004):

-T 0o _ n
P(Z,T)=1-24¢%Y (ﬂlz) sinﬂnZHcon— _ JsinwﬂT—M} (3.15)
n=1 n n
L&l (-1 I
V(Z,T)==2e > | ~—"cos ﬂnz[coswnnu sma)nTj (3.16)
n=1 n a)n

where, g, =(2n-1)z/2, w,’ =7 -1/42%, and n is an integer number. For the results

shown in Figure 3.4, 20,000 terms were used in the summation of Eq. (3.15). As noted, the

numerical and analytical solution results coincide.

3.3.2 Numerical Results

A model sensitivity analysis is now conducted for different values of 4 and Bg. A was
varied from 0.1 to 10.0 and Bz from 0.0 (Newtonian fluid) to 0.75. These limits of A
represent, for instance, a pipe length ranging from 10 to 1000 m for ¢=1000 m/s, p=1000
kg/m’, d=10mm and 7=0.03125 Pa.s. On the other hand, Bz=0.75 means that the inlet
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pressure is 33.3 % (1.0/0.75) larger than the minimum pressure required to exceed the fluid
yield stress.

When the fluid is flowing in steady-state and the valve is suddenly closed, the
pressure at the valve increases instantaneously to the Joukowsky pressure (ocvo =pCyVr) and
propagates in direction to the reservoir (Z=0.0) (Wylie et al., 1993). This pressure, with
dimensionless magnitude of Ax (oCyVr/pPr), IS attenuated during propagation because of
viscous dissipation. If the pressure wave reaches the reservoir with sufficient energy, the wave
is reflected back to the valve. The pressure reflection at the valve and at the reservoir takes
place until the wave is completely dissipated. It is well known that the final pressure for a
Newtonian fluid is uniform along the pipe and equal to pr. On the other hand, the pressure
propagates in a Bingham fluid only if the pressure gradient is larger enough to surpass the
fluid yield stress and therefore, the final pressure can be non-uniformly distributed along the
pipe as observed by Oliveira et al. (2012b).

Figure 3.5 presents the time evolution of pressure fields for Newtonian (Bg=0.0) and
Bingham (Br=0.5) fluids with 2=1.0. Whilst Figure 3.5a and Figure 3.55c show the pressure
distribution along the pipe for different times after the valve closure (T=0; 0.2; 0.4; 0.8, 1.0),
Figure 3.5b and Figure 3.5d present the pressure distribution after the wave reflection at the
reservoir (T=1.2; 1.4; 1.6; 1.8). Note that T=1.0 is the time for the pressure wave to travel one
pipe length.

When the valve is closed, the pressure at the valve increases instantaneously to Ay
so that the magnitude for the Newtonian fluid is 1.0 (»=1.0) and for the Bingham fluid is only
35% of this value (»%=0.354). With time evolution, the viscous effect dissipates the wave
energy reducing the magnitude of the propagating pressure. Whereas the magnitude of
pressure at T=0.2 and Z=0.8 for the Newtonian fluid is 1.1 (Figure 3.5a), the pressure obtained
for the Bingham fluid at the same time and position is only 0.51 (Figure 3.5c). As the pressure
propagates in direction to the valve after reflection at the reservoir at T=1.0, the pressure is
reduced upstream and increased downstream of the wave, as shown in Figure 3.5b and Figure
3.5d. The pressure is then reflected continuously until it is completely dissipated. In contrast
with Newtonian fluid that presents a uniform final pressure distribution, the pressure for the

Bingham fluid is non-uniformly distributed with two gradients along the pipe.
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Figure 3.5 — Time evolution of the axial pressure distribution for A=1.0. (a, b) - Bz=0 and (c, d) - Bz=0.5.

The axial velocity along the pipe for the cases of Figure 3.5 is shown in Figure 3.6.
As depicted, the flow decelerates to zero at the valve position and then its velocity is
continuously reduced from the valve position to the inlet as the pressure wave propagates. As
already mentioned, the initial velocity value for Bz=0.5 is 35 % of that observed for
Newtonian fluid. After the reflection at the reservoir at 7=1.0, the Newtonian fluid flows to
the reservoir (negative velocities) whereas the Bingham fluid stops flowing. The Bingham
fluid does not flow back to the reservoir because the axial pressure gradient is not high

enough to exceed the fluid yield stress.
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Figure 3.6 — Time evolution of the axial velocity distribution for A=1.0. (a) Bz=0 and (b) Bz=0.5.

In an addition to Figure 3.6, Figure 3.7 shows the time evolution of pressure (Figure
3.7a) and of the average velocity (Figure 3.7b) at the pipe midpoint position for both fluids.
On one hand, the Bingham fluid stops flowing after 7=1.5 and the pressure stabilizes around
0.85. On the other hand, the Newtonian fluid motion continues for a longer period and

stabilizes at 1.0, as the fluid dissipation is lower.
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Figure 3.7 — Effect of the Bingham number on the time evolution of (a) pressure and (b) velocity at pipe
midpoint position for A=1.0.
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The smaller the A, the faster the pressure wave dissipation and few oscillations are
noted before the complete fluid stop. Figure 3.8a depicts the evolution of pressure fields for
A=0.1 and B=0.0 and Figure 3.8b, for 41=0.1 and Bx=0.5, respectively. For this low value of
A, the pressure does not reflect at the pipe end and the final pressure distribution for the
Bingham fluid (Figure 3.8b) shows only one gradient. Noticeably, the wave stops propagating
as soon as the pressure gradient is not high enough to surpass the fluid yield strength (7, 72d/4)
and then, the pressure stabilizes non-uniformly along the pipe. In addition, it was observed
that the final pressure gradient is in the order of minus Bg, which in this case is -0.5. This
result can be predicted by inspecting Eq. (3.10) and making the velocity derivative with
respect to time equal to zero. As the fluid stops moving, the conductance is reduced to a tiny
value. In order to make ¥ —>0 in Eq. (3.12), the product 7 (B, /V) must approach 1.0.
Consequently, y tends to V/Bg and the pressure gradient in Eq. (3.10) results in minus Bg
independently of the value of A. However, this result was not observed in the numerical
results for larger values of A because of the several wave reflections at the pipe ends (see

Figure 3.5c and Figure 3.5d).
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Figure 3.8 — Time evolution of the axial pressure distribution for 4=0.1. (a) Bz=0 and (b) Bz=0.5.

A sensitivity analysis was conducted by varying the Bingham number and A as both
affect pressure wave dissipation. Small values of 4 mean the Reynolds and/or the aspect ratio
are small in comparison with the Mach number implying highly dissipative cases which
rapidly damp oscillations. Figure 3.9 shows how these parameters affect the time evolution of

pressure at the valve position after a sudden valve closure. As can be seen, the pressure peaks
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increase with the reduction of the Bingham number. Besides, the steady-state pressure
stabilizes at the reservoir pressure (P=1.0) for the Newtonian fluid (Bz=0) and reduces with
the increase of the Bingham number. An exception is made to the case in which A=1.0 and
Br=0.25, as the pressure stabilizes 20% above the reservoir pressure. As expected, the higher
the A the more oscillating is the pressure and the larger is the magnitude of the peaks.
Notably, the pressure undergoes a sudden rise of A1y soon after the valve closure. Not only the

oscillations and the initial pressure peak increase with A but also the time to reach steady-

state.
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Figure 3.9 — Effect of the Bingham number on the time evolution of pressure at the valve position for (a)
A=0.1, (b) 4=1.0, (c) 4=5.0 and (d) A=10.0.
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Figure 3.9a shows that the pressure does not oscillate and increases gradually toward
the steady-state for A=0.1. For this highly dissipative case, the final pressure approximates to
(1-Br). As the Bingham number augments, the initial pressure decreases because of the
reduction of the initial conductance. The problem is still quite dissipating for 1=1.0, as the
Newtonian fluid motion is the only oscillating case shown in Figure 3.9b. Figure 3.9d, on the
other hand, illustrates that rising A t010.0 makes the problem quite oscillating. As A increases
reducing viscous dissipation, the maximum pressure that takes place at T=2.0 can be

approximated by:
P =47, +(1-Bg) (3.17)

For A=5, the maximum pressure evaluated by Eq. (3.17) results in 6.0, 4.1, 2.3 and
0.78, for Bg equal to 0.0, 0.25, 0.5 and 0.75, respectively. It is shown in Figure 3.9c that
increasing the Bingham number, the pressure at T=2.0 deviates from the estimated maximum.
Whereas the maximum pressure is approximately 6.0 for Newtonian fluid, it is reduced to 92
% of that estimated by Eq. (3.17) for Bg=0.75. For a less dissipative case (1=10), on the other
hand, the maximum pressure values evaluated by Eq. (3.17) (11.0, 7.4, 4.0 and 1.3, for Br
equal to 0.0, 0.25, 0.5 and 0.75, respectively) are very close to the numerical counterparts
shown in Figure 3.9d at T=2.0.

Not only the maximum pressure but also the final pressure distribution along the pipe
Is important for designing purposes. Figure 3.10 and Figure 3.11 depict the effects of 4 and Bg
in the pressure distribution after stabilization. As already mentioned, the pressure observed for
the Bingham fluid is nonuniformly distributed along the pipe after stabilization. Figure 3.10a
shows a negative pressure gradient in the pipe for 1=0.1 and adverse pressure gradients for
A=1.0 and 2=10.0. For the higher dissipating case (1=0.1), the pressure wave produced at the
valve position is quickly dissipated without reflection, whereas for 1=1.0, the pressure wave
is reflected at the inlet and then stops propagating when the adverse pressure gradient is not
high enough to exceed the fluid yield stress. As the 4=10.0 case is the less dissipating one, the
pressure wave is reflected several times (see Figure 3.9d) at the pipe ends before pressure
stops propagating. On the other hand, the higher the Bingham number the larger the apparent
fluid viscosity and consequently, the higher the pressure wave dissipation. Figure 3.10b shows
that the final pressure distribution for Bg=0.75 and A=1.0 is similar to that for 2=0.1 and that

the difference between the inlet and outlet pressure is approximately (1-Bg). In contrast, two
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pressure gradients along the pipe are seen for 4=10.0. The pressure increases from the inlet to

7~0.83, reaching a maximum of 1.067, and then decreases.
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Figure 3.10 — Effect of A on the final pressure distribution for (a) Bz=0.25 and (b) Bz=0.75.

Figure 3.11 summarizes the effect of the Bingham number on the final pressure
distribution for A=1.0. The larger the Bingham number the smaller is the final pressure at the
valve. For Bg=0.5, however, two pressure gradients are again observed with a maximum

pressure at Z=0.08.
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Figure 3.11 — Final pressure distribution as a function of the Bingham number for A=1.0.
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3.4 Conclusions of Paper 1

This paper presents a mathematical model to predict the pressure surge resulting
from a step change of viscoplastic fluid flow in pipelines, herein called viscoplastic fluid
hammer. The transient model is based on the one-dimensional conservation equations of mass
and momentum and also on the Bingham fluid model to represent the viscoplastic fluid
behavior. The set of equations are iteratively solved by the Method of Characteristic.

In contrast to water hammer in which the pressure oscillates several times before
reaching a uniform value along the pipeline, the pressure for viscoplastic fluids reaches a
stable nonuniform axial distribution after oscillations. As soon as the axial pressure gradient is
not enough to surpass the fluid yield stress, the pressure reflection stops. The final pressure
gradient along the pipe depends on the flow dissipation. Whereas the dimensionless pressure
gradient is always negative and proportional to -Bg (Bingham number) for the very high
dissipative cases, two pressure gradients are noted throughout the pipe — one positive and one
negative — for the less dissipative cases. In the latter, the maximum pressure at the valve
position is approximately A»+(1-Bgr). » is the Bingham fluid conductance that varies from
zero (Bgr — ) to one (Br = 0), and A is the ratio of Joukowsky force and the viscous force. It
was noted that the initial dimensionless pressure rise that follows the valve closured is equal
to 1.

Finally, it can be concluded that pipeline designers should not only consider the
Reynolds number, the Mach number and the pipe aspect ratio, but also the Bingham number
in order to predict pressure peaks and final pressure distributions caused by the viscoplastic

fluid hammer.
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4 MODELING AND VALIDATION OF PRESSURE PROPAGATION IN
DRILLING FLUIDS PUMPED INTO A CLOSED WELL

Gabriel M. Oliveira, Admilson T. Franco, Cezar O. R. Negréo,
André Leibsohn Martins, Rodrigo A. Silva
Journal of Petroleum Science and Engineering 103 (2013) 61-71

This study presents a mathematical model to simulate the pressure propagation that takes
place when a drilling fluid is pressurized within a closed pipe-annular geometry. The model
assumes that fluid motion is one-dimensional and weakly compressible and the system is
considered isothermal. The model comprises the continuity and momentum balance
equations, which are iteratively solved by the method of characteristics. The proposed model
can be applied to both Newtonian and Bingham fluids. The viscous effect is considered in the
model using the friction factor approach. Pressure values obtained from the model are
compared to experimental data from Oliveira et al.(2012a) for a Newtonian (water) and two
drilling fluids. Not only the magnitudes but also the oscillation frequencies of the measured
and computed values show a qualitatively fair agreement for both kinds of fluid. Both
measured and computed values show that pressure is not fully transmitted in drilling fluids.
Three dimensionless numbers are identified as the model governing parameters. A model
sensitivity analysis shows that pressure propagation can be enhanced by combining the

governing parameters.

Keywords: Pressure Propagation. Drilling Fluids. Bingham Fluid. Compressible Flow.

Transient Simulation.

4.1 Introduction

Due to large well depths, pressure propagation in drilling fluids plays a significant
role in drilling operations. For instance, pressure applied at the surface should be transmitted
to the bottom of the hole in order to operate hydraulically actuated completion valves. In
addition, fluctuations of bottomhole pressure, reflected at the surface, may indicate the
undesired influx of formation fluid. Nevertheless, engineers complain that drilling fluids

cause a delay in pressure propagated from the bottom to the surface and in some cases the
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magnitude of the pressure wave is reduced, undermining the drilling operations. In the first
case, an expensive fluid substitution process may be required to guarantee pressure
propagation and in the latter, a delay in influx detection may cause safety problems.

In spite of the little attention paid by the literature to the above problem, the pressure
propagation that takes place in flow start-ups of viscoplastic materials, such as drilling fluids,
represents a situation similar to the one that has been investigated by many authors
(Cawkwell and Charles, 1987; Sestak et al., 1987; Chang et al., 1999; Davidson et al., 2004;
Vinay et al., 2006; Vinay et al., 2007; Wachs et al., 2009; Oliveira et al., 2010; Negrao et al.,
2011; El-Gendy et al., 2012). Most of the works dealt with the development of mathematical
models that simulate the restart of either drilling fluids or waxy crude oils. EI-Gendy et al.
(2012) carried out the only experimental work on the flow start-up of a gelled material, using
the PIV technique. Unlike flow start-ups that occur in an open-ended pipe, the pressure
propagation to operate a hydraulic actuated valve takes place in a closed ended pipe.

Water hammer, which commonly happens when a valve is suddenly closed at the end
of a pipeline system, is another important pressure propagation phenomenon. Despite the fact
that this problem has been studied for decades, the reviews of Streeter and Wylie (1974),
Ghidaoui et al. (2005) and Bergant et al. (2006) never reported an investigation regarding
water hammer in viscoplastic fluids. The most recent works about water hammer (Brunone et
al., 1995; Bergant et al., 2006; Wahba, 2008; Duan et al., 2012) have been concerned with the
fast damping of pressure peaks that is observed in experiments when compared to 1D model
results. Another transient fluid flow involving viscoplastic fluid is the oil flow that takes place
in horizontal well-reservoir domains. Owayed and Tiab (2008) modeled this problem as a
compressible flow in porous media of a Bingham fluid to evaluate pressure responses.

Oliveira et al. (2012b) have recently studied the pressure wave propagation in a
Bingham fluid compressed within a closed ended pipe, numerically. They demonstrated that a
pressure applied at one end of the pipe is attenuated at the other end because of the fluid yield
stress. If the pressure gradient along the pipe is not high enough to exceed the yield stress the
fluid stops moving and the pressure does not propagate anymore. Oliveira et al. (2012b) also
concluded that the final pressure profile along the pipe depends on the Bingham number, the
relationship between the pipe aspect ratio, and the Reynolds and Mach numbers. In contrast
with real applications, where constant flow rates are imposed at the pipe inlets, Oliveira et al.
(2012b) carried out simulations with constant pressure instead of constant flow rates as occurs

in field operations. They have never corroborated their results with measurements.
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The current work proposes a mathematical model to simulate the pressure
propagation in drilling fluid pumped throughout a closed well. The model is solved
numerically using the method of characteristics. A constant flow rate is assumed as the inlet
boundary condition and the model results are compared with pressure values measured in an
experimental plant. A sensitivity analysis of the model parameters are thus carried out in order
to check how their values affect pressure propagation.

4.2 Mathematical Model

4.2.1 Problem Description

Figure 4.1a depicts a schematic representation of the drilling operation at the
wellbore in which a drilling fluid is pumped into the drillpipe and then returns to the wellhead
through the annular space. In the current study, the fluid flows into the drillpipe towards the
annulus, which is closed to flow. Thus, the fluid accumulates in the drillpipe and annulus.
Despite changes, the cross-sectional areas of the drillpipe and annular space are taken to be
constant, as shown in Figure 4.1b. According to Figure 4.1c, the drillpipe internal diameter is
identified as d and the internal and external diameters of the annular space, as d; and d,
respectively. Notice that the drill bit, which is located at the end of the drillpipe, is not
included in the model. Thus, it is assumed that the fluid goes directly from the drillpipe to the
annular space. The drillpipe and the case are regarded as non-deformable so that deformation
of this structure is not considered in this model. The problem can be simplified by assuming a
compressible, isothermal and one-dimensional flow. The shear stress in the walls of the
drillpipe and annular space is calculated using the friction factor approach and the drilling

fluid is modeled as a Bingham fluid.
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Figure 4.1 — (a) lllustration of the drilling fluid circulation in the wellbore. (b) Longitudinal view and (c) cross
section of drillpipe and annular space.
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4.2.2 Governing Equations

By applying the above hypotheses, the mass and momentum balance equations can

be written for either the drillpipe or annular space as:

op ov _0Op
a P e (4.1)

ot oz oz d,

where v is the average velocity across the geometry cross section, p is the fluid density, p, the
pressure, g is the gravity acceleration, z,, the average value of the shear stress on the pipe or
annular space wall, dy is the hydraulic diameter of the drillpipe (d) or annular space (di-dy), t,
time and z, the axial coordinate. A constant isothermal compressibility is assumed for the

fluid, which is defined according to Anderson (1990) as:

oo ll L 43
popl, pcC

where c is the wave speed and @ is the fluid temperature.
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Similar to fully developed flows, a linear variation of shear stress is admitted across
the pipe sectional area (Oliveira et al., 2012b) and therefore, 7, can be computed by using the
friction factor approach:

f pv?

Ty = % (4.4)
where f is the Fanning friction factor. As discussed by Oliveira et al. (2010), the non-linear
terms of the momentum and mass balance equations can be disregarded for weakly
compressible flows, such as those that take place in drilling fluids. As the drillpipe and
annular space average velocities are different, v is replaced by the ratio of volumetric flow
rate, q, and cross sectional area, A, in Eq. (4.1) and (4.2). Finally, Eq. (4.3) is substituted into
Eq. (4.1) and 7, is replaced by Eq. (4.4) in Eq. (4.2), resulting in the following:

2
P,LLCA_,, (4.5)
ot A oz

log,10p 2fqld_ _,

4.6
Adt poz Ad, (46)

The friction factor depends not only on the fluid’s properties but also on the
geometry of the domain. For laminar flows of Bingham fluids, the Fanning friction factor for
both drillpipe and annular space can be written as (Melrose et al., 1958):

_ 16¢
Y Rez,t

4.7

lam

where £ is geometric parameter which is 1.0 for pipe flows and is a function of d,/d, for
annular flows (see White, 2003), y is the fluid conductance of the Bingham fluid and Re; is
the Reynolds number that is a function of time and axial position (Re,=pvdn/7) and 7 is the
fluid plastic viscosity. Eqgs. (4.8) and (4.9) are the correlations used to calculate the fluid
conductance for the pipe and annular space, respectively, which was obtained from Melrose et
al.(1958):

4
7B 1( 7By,

=1-—="+= ’ 4.8
Ve 6 3[ j (4.8)

3
7B, 1 7.B,;
—]-A = : 4.9
7a ) 2( (4.9)
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where B, is the Bingham number (B,:=7dn/v7y) which depends on time and space. 7 is the
fluid yield stress and the subscripts P and A are the drillpipe and annular space, respectively.
Eq. (4.7) can be reduced to the Newtonian friction factor if the conductance is made equal to
one.

According to Melrose et al. (1958), the Bingham fluid flow is considered laminar
when the product of the Reynolds number and the conductance, y is smaller than 2100.
Otherwise the flow regime is assumed turbulent. For drilling fluid cases shown in Section 4.5,
only laminar flows are investigated. On the other hand, both laminar and turbulent cases are
considered for water flows. The turbulent Newtonian flow is admitted to take place when the
Reynolds number is larger than 2100 and the turbulent friction factor adopted is the one
proposed by Blasius (White, 2003):

fu =0.079Re°®, Re,, > 2100 (4.10)

turb

4.3 Solution Algorithm

The governing equations are solved by the method of characteristics (MOC) that is
typically used for solving hyperbolic partial differential equations (see Wylie et al., 1993). In
comparison to the ordinary finite volume method, which is usually employed to solve this
kind of equation, the number of grid points that provides accurate results can be considerably
smaller. The method consists of simplifying partial differential equations to a family of
ordinary differential equations, along which the solution can be integrated from an initial
condition. In the current case, Egs. (4.5) and (4.6) are reduced to two total differential

equations, which are valid over the characteristic lines dz/dt = + c:

%+P_Cd_q+2f/’2_cq|q|_pcg 0 (4.11)

dt A dt A%, -

dz

—=C (4.12)

dt

_dp, poda 2fpedld o (4.13)
dt  Adt A, c

dz

&_ . (4.14)

dt
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Inasmuch as c is constant, plots of Egs. (4.12) and (4.14) provide straight lines on the

z-t plane, as shown in Figure 4.2. It is worth noting that Egs. (4.11) and (4.13) are valid only

over the appropriate characteristic line.

t=2At

t=At

t=0

E

z2=0 i-1 i+1 z=1

Figure 4.2 — z-t grid for solving the governing equation.

Both drillpipe and annular space are divided into N equal reaches, 4z, as shown in

Figure 4.2. In order to satisfy both Eqgs. (4.12) and (4.14), the time-step is computed according

to At=Az/c. If p and q are both known at position i-1, Eq. (4.11) can be integrated over the

characteristic line C* and therefore, be written in terms of unknown variables p and q at point

i. Integration of Eq. (4.13) along the line C’, with conditions known at i+1, leads to a second

equation in terms of the same two unknown variables at i. By solving the two resulting

algebraic equations, p and g can be obtained at point i as a function of known values at points

i-1 and i+1:

where,

o - FG.+FG,
' G, +G.
F-F

+

“=G G

c R
F = pil"'(p__ - JQil"‘pgAz
Al 74

F— = pi+1 _[p_C_R_Jqu _pgAZ
A+l 7i+l

(4.15)

(4.16)

(4.17)

(4.18)
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pCc R

G ==+ (4.19)
A, 7

c =L R (4.20)
A+1 yi

R+ = 164'——177AZ (4.21)
(Adﬁ)i—l

R = %—1UAZ (4.22)
(Adhz)i+1

Note that the friction factor equation (Eq. (4.7)) is already substituted into Egs. (4.15)
and (4.16) and that p; and g; are evaluated as a function of known values at the previous time-
step. Solution of the problem begins with the fluid standing still at time zero, so that p and g
are known at each computing point i for t=0. The solution consists in finding p and q for each
grid point along t=At, then proceeding to t=2A4t, etc., until the desired time duration has been
covered.

As these equations were developed for laminar flows, the following correction is
necessary for turbulent Newtonian flows (Bingham fluid flow is always laminar for the cases

considered here):

RI = thurb/ f = thurb Rez,t /164/ (423)

lam

where R is either R. or R_. In other words, R+ or R_ is replaced by R’ in the case of turbulent
flows. In addition, G+ and G_ need to be computed iteratively as the conductance, y and R’
depend on the value of the volumetric flow rate. The iterative process takes place until the
relative difference between two consecutive values of q is smaller than 0.1%.

In order to have only one grid size for the whole domain, the drillpipe and annular
space are divided into Np and Na volumes, respectively, and the grid length is computed
according to Az=(lp+Ia)/(Na+Np). Figure 4.3 illustrates the grid distribution for both drillpipe
and annular space. It is noteworthy that the axial coordinate is defined from top to bottom for
the drillpipe and from bottom to top for the annular space. A grid of 328 points was found to

provide accurate results; it was then used for all simulations.
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Figure 4.3 — Grid distribution in the drillpipe and annular space.
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4.4 Description of the Experimental Rig

The model is validated with experimental data from Oliveira et al. (2012a). These
data were obtained in an experimental drilling rig, which consists of a drillpipe with internal
and external diameters of 76 mm and 88.9 mm (3.5”), respectively, and a well case with a 157
mm internal diameter, as shown Figure 4.4. Two fiber Bragg grating sensors were placed
within the drillpipe and six in the annular space to measure pressure and temperature. In order
to simplify analysis the results of only three sensors (S1, S2 and S3), as indicated in Figure
4.4, are used in the comparisons. The first was located within the drillpipe and the last two in
the annular space at 29 m (S1), 1192 m (S2) and 14.64 m (S3) below the wellhead,
respectively.

The end of the drillpipe was assembled without the drill bit and placed very close to
the well bottom. In such cases, the lengths of both the drillpipe and annular space were
approximately 1192 m. During the tests, the fluid is pressurized through the drillpipe and the
annular space is kept closed. The vertical arrows shown in Figure 4.4 indicate the direction of
the fluid motion. The circulation system was connected to the wellhead by a high pressure
pipe to control the pump flow rate and maximum pressure at the pump outlet. The wellhead
maximum pressure was established according to the fluid weight, as the bottom hole pressure
cannot exceed 27.6 MPa (4000 psi). To measure the data, an acquisition system which is

compatible with fiber Bragg grating technology was used, with an acquisition rate of 1.0 Hz.
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Figure 4.4 — Schematic representation of the experimental rig.

The tests were performed as follows: i) the well was firstly filled with water or
drilling fluid; ii) the flow line was then closed to avoid a return of fluid; iii) the fluid was then
pumped into the well at a constant flow rate and; iv) when the bottom hole pressure reached
27.6 MPa (4000 psi) (maximum working pressure), the pump was turned off; v) after pressure
stabilization, the well was depressurized by opening the choke.

The tests were run for several fluids but only three were used in the comparison:
water and two drilling fluids (fluid A and B). Fluid A is lighter and less viscous than fluid B.
The rheology properties of fluids A and B were obtained by a Fann 35A viscometer and fit the
Bingham model. The wave speeds of the fluids were estimated by rating the distance between
two pressure sensors and the time for pressure to be transmitted from the first to the second
sensor. The water properties were obtained from the literature (White, 2003). The plastic
viscosity (viscosity for water), the yield stress, the wave speed and the density of the fluids

are shown in Table 4.1.

Table 4.1 — Fluid properties.

Property | Water | Fluid A | Fluid B
n [Pa.s] 0.001 0.0235 0.0677
%, [Pa] 0 2.166 10.88
c [m/s] 1350 1000 1011

pkg/m® | 1000 1150 1929
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4.4.1 Model Setup

As an initial condition, the fluid is considered to stand still within the domain
(drillpipe and annular space) and consequently, the volumetric flow rate is zero throughout
the domain, q(z,t=0)=0. The initial pressure condition is considered to be the hydrostatic one.
Since the well is maintained closed during the test, the flow rate is set to zero as the outlet
boundary condition, q(z=Ip+Ia,t)=0. Inasmuch as the fluid is injected into a closed domain,
the pressure within the well increases continuously until a pre-defined pressure value, psgt, IS
reached and the pump is turned off. To achieve this situation, the following boundary
condition is established at the inlet:

qin If t S tset
=0,t)= . )
f (Z ) {O if t>t, (4.24)

where tg: is the time for the inlet pressure to reach ps:. As the pump flow rate was not
precisely measured and the experimental tests were mainly conducted to evaluate pressure
propagation after the pump shutdown, the boundary value of the pump flow rate was set to

match the calculated and measured pressures at the first sensor (S1).

4.5 Model Validation

Three sets of experimental data were chosen for comparison with the current model
results. The first test was carried out with water, whereas the other two were performed with
two different drilling fluids (fluids A and B).

451 Water

For the water case, the pump was turned on with a constant flow rate of 1.122 I/s
(0.42 bpm) and was switched off when the pressure at the wellhead was 14.69 MPa (2130
psi). Figure 4.5 and Figure 4.6 show comparisons of the computed and measured values of the
pressure in the first (located at the drillpipe inlet — S1) and in the third sensor (placed close to
the wellhead — S3), respectively. It is worth of noting that the hydrostatic pressure was
subtracted from all values shown in Figs. 4.5-4.8.
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Figure 4.5 — Time evolution of measured and computed values of pressure at position S1 for a water flow rate of
1.122 1/s. (a) From start-up to 300s; (b) From start-up to 20s; (c) From 150s (after the pump shutdown) to 165s;
(d) From 280s to 300s.

The comparison during the first 150s (see Figure 4.5b) cannot be taken into account,
as the flow rate was imposed to make the measured and computed pressures as close as
possible. After the pump had been turned off and the flow rate made equal to zero, a fair
match between the measured and computed values can be seen in Figure 4.5c, as they
oscillate with a similar frequency and amplitude. It is worth noting that the oscillation is due
to pressure reflections at the domain boundaries and that the frequency coincides with the
wave speed divided by the length of the domain. However, the experimental and numerical
values start to diverge soon after the pump shutdown, as the oscillation of the measured
pressure dissipates much faster than the computed counterpart. Despite the large discrepancy,
the pressure agreement in Figure 4.6 is still reasonable during the time the pressure is rising
and soon after the pump is shutdown. It is worth noting that the measured values again

dissipate faster than the calculated ones. According to the literature, the fast dumping of
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pressure peaks are attributed to 2D effects that are not considered in the current model

(Brunone et al., 1995; Bergant et al., 2001).
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Figure 4.6 — Time evolution of measured and computed values of pressure at position S3 for a water flow rate of
1.122 1/s. (a) From start-up to 300s; (b) From start-up to 20s; (c) From 150s (after the pump shutdown) to 165s;
(d) From 280s to 300s.

4.5.2 Drilling Fluids

Similar tests were conducted for two drilling fluids, A and B. For fluid A, the flow
rate was set to the constant value of 1.462 I/s (0.55 bpm) until the pressure at the wellhead
reached 13.82 MPa (2004 psi) and then the pump was switched off. Figure 4.7 shows the time
evolution of measured and computed pressure values for sensors S1, S2 and S3. Similar to the
previous case, measured and computed values show good qualitative agreement. However,
both measured and computed values do not oscillate as much as the pressures in the water test

and this can be attributed to the fluid yield stress. As soon as the pump is turned off, the
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pressure starts to reflect back and forth at the boundaries and the pressure gradient begins to
reduce within the domain. When the magnitude of the pressure gradient is not high enough to
exceed the yield stress, the pressure no longer reflects and then stabilizes. This issue was
further discussed in a previous paper (Oliveira et al., 2012b).

Although the measured and computed curves have similar responses, the computed
values stabilize slightly faster. Furthermore, the pressure peak observed in the measured
values is not seen in the computed counterpart in sensor S3 (see Figure 4.7d). Unlike the
Newtonian fluid, whose pressure is uniform along the whole domain after equilibrium is
established (if the hydrostatic pressure is subtracted), the Bingham fluid pressure stabilizes at
different values for each domain position. One can see that the stable value at the outlet
(sensor S3) is larger than the stable inlet value (sensor S1), for both measured and computed

curves (see Oliveira et al. (2012b) for further explanations).
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Figure 4.7 — Time evolution of measured and computed values of pressure for fluid A at (a) S1, S2 and S3
positions from the start-up to 250s and at positions (b) S1, (¢) S2 and (d) at S3 from 165s to 180s.
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In the experiments with fluid B, the flow rate was set to the constant value of 0.952
1/s (0.359 bpm) and the pump was turned off when the wellhead pressure reached 7.6 MPa
(1102 psi). Comparisons between the measured and computed values are shown in Figure 4.8.
Not only are the measured and computed values again similar, but they also do not oscillate,
as noted with the fluid A results. S1 and S2 pressures reduce suddenly after the peak and then
stabilize, as shown, respectively, in Figure 4.8b and Figure 4.8c. Despite the deviation of the
measured and computed pressures during the pump-up period, their values at S3 position
respond similarly, as they both reach a maximum and then become constant. The complete
absence of oscillation in this case is due to a higher yield stress of this drilling fluid, which

dissipates the pressure wave faster than in the previous case.
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Figure 4.8 — Time evolution of measured and computed values of pressure for fluid B at positions S1, S2 and S3
from the start-up to 150s and at positions (b) S1, (¢) S2 and (d) S3 from 60 s to 90s.
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4.6 Numerical Results

A sensitivity analysis is now carried out to investigate how some parameters affect
the non-propagation of pressure. In order to reduce the number of parameters, the problem
was simplified to a laminar flow in a horizontal pipe with constant cross-sectional area. Egs.

(4.5) and (4.6) are thus normalized according to:

PR 0 (4.25)
o7 Pz

X 0P pa_ (4.20
otz

where P, Q, Z, and T are the dimensionless pressure, volumetric flow rate, axial position and
time, which are defined as P=p/ps:, Q=0/0in, Z=z/lp and T=tc/lp, respectively. The

parameter g and A are defined, respectively, as:

5= P (4.27)
pSet
g=L[ped)d_ o Re (4.28)
27 Jl, 32M

and y can be rewritten according to the dimensionless variable as:

yzl_ﬁyﬂg(yi&j 4.29)
6°4Q 30U £Q
where vin=qin /A. Jis the aspect ratio of the pipe (=d/lp), M (=vj,/c) is the Mach number, Re is
the Reynolds number (=pvind /77) and Bgr (=4 7ylp /pseid ) is the Bingham number based on peet.
In addition to A and Bg, defined by Oliveira et al. (2012b) as governing parameters,
the current scaling also includes S. This new parameter is necessary because this problem is a
constant flow rate case rather than the step-change pressure problem studied by Oliveira et al.
(2012b). It is worth mentioning that A is the product of a Reynolds number based on the
pressure wave speed (=pcd/7) and the pipe aspect ratio (d/lp). Wahba (2008), nonetheless,
defined 4 as the ratio between the excessive pressure force generated by the transient
phenomenon (Joukowsky force - pcvind?) and the viscous force (71pdvin/d) acting to damp the
transient pressure. On the other hand, £ can be interpreted as the ratio of the Joukowsky force

and the pressure force applied at the pump shutdown (psd?®). According to Thorley (2004),
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pcviy, 1s the pressure increase that a frictionless fluid undergoes when it is suddenly
decelerated from v;, to zero.

Figure 4.9 shows that the pressure increases almost linearly with a constant pump
flow rate. This result can be anticipated by taking a lumped approach for the mass

conservation equation:

om

om_ . 4.30
5 = P (4.30)

Eq. (4.30) states that the rate of change of mass within the pipe, m, is balanced by the
pump mass flow rate. By considering the pressure as uniform within the pipe and by using the
definition of compressibility, the mass conservation Eq. (4.30) can be alternatively written as,

P _ Pl 4.31)
ot aVv

where Vv is the pipe volume. Eq. (4.31) establishes that the compression rate is a constant
value that depends on the pump flow rate, the pipe geometry and on the fluid’s properties.
Alternatively, in dimensionless form, the compression rate is equal to £

oP

—-p (4.32)
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Figure 4.9 — Effect of £ on inlet and outlet pressure variations for A=1 and Bz=0.1.
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This is corroborated by the results of Figure 4.9 as the maximum value of inlet
pressures (P=1) is reached in almost 7=1/f. Figure 4.9 also shows that the larger the f the
faster the pressure change, which means that the compression rate increases with the inlet
flow rate. As can be seen, the inlet pressure reduces after the pump is turned off and such a
reduction increases with . It is worth noting that the outlet pressure starts rising only after the

propagation of the pressure wave from the inlet to the outlet.
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Figure 4.10 — Time evolution of the pressure field along the pipe length for £=0.1, A=1 and Bz=0.1. (a) After the
pump start-up (T < Ty,) and (b) after the pump shut-down (T > Tj,).

Figure 4.10 shows the pressure distribution throughout the pipe after the pump start-
up (Figure 4.10a) and after the shutdown (Figure 4.10b), providing an explanation for the
non-uniform pressure profile after stabilization. As noted in Figure 4.10a, the pressure takes
approximately 7=1.0 to reach the outlet and increases continuously with an almost constant
gradient after that. When the pump is turned off at 7=T7y,, the inlet pressure reduces to its
steady-state value creating a reverse wave that is transmitted to the outlet (see curve
T=Ty,+0.25 in Figure 4.10b). As the reverse wave is propagated to the outlet, the outlet
pressure continues to increase because of the inertia. Nevertheless, when this wave reaches
the outlet, the existing pressure gradient is not high enough anymore to overcome the fluid
yield stress and then the pressure stabilizes. One can see that the final pressure distribution is
not uniform along the pipe and that the outlet pressure is even larger than its inlet counterpart,

as observed in the experiments described above.
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Figure 4.11 — Steady-state pressure distribution as a function of £ for different values of Bingham number and
A=1.0. (a) Bx=0, (b) Bz =0.1, (c) Bx =0.3 and (d) Bz =0.5.

The sensitivity of the final pressure distribution along the pipe with respect to Bg, 4
and £ is now presented in Figure 4.11 and Figure 4.12. The effect of the Bingham number for
different values of £ is depicted in Figure 4.11. As expected, the Newtonian fluid pressure
stabilizes uniformly along the pipe (Bzx=0) whereas the final value reduces with 4. Bingham
fluids, however, present non-uniform final pressure distributions, as shown in Figure 4.11.
This inlet-to-outlet pressure difference grows with the Bingham number. On the other hand,
the increase of [ reduces the final pressure gradient at the expense of a reduction in the inlet
pressure. By comparing Figure 4.11b with Figure 4.12, one can see that the final pressure

distribution is significantly affected by A so that the inlet-to-outlet pressure difference can
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even become negative. Nevertheless, the pressure gradient is insensitive to A for small values

of .
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Figure 4.12 — Steady-state pressure distribution as a function of £ for different values of A and Bz=0.1.
(a) A=0.1 and (b) A=10.

4.7 Conclusions of Paper 2

The current work puts forward a mathematical model to predict pressure propagation
when a drilling fluid, modeled as either Bingham or Newtonian fluid, is pumped into a closed
well. Pressure values obtained from the model for water and two different drilling fluids are
compared to measured data. The computed magnitudes and oscillation frequencies show
reasonable fair matches with the measured counterparts for both kinds of fluid. In contrast
with Newtonian fluids, oscillation is dissipated more quickly and pressure is not fully
transmitted in Bingham fluids because of the yield stress. It was found that pressure
propagation stops as soon as the pipe pressure gradient is insufficiently high to overcome the
fluid yield stress.

Three dimensionless parameters were identified to govern pressure propagation: A, [
and the Bingham number. The first is the product of the aspect ratio and the Reynolds number
divided by the Mach number and the second, the ratio of excessive pressure generated by the
transient (pcv;,) and the maximum pressure applied at the pipe inlet. A sensitivity analysis

was thus conducted to verify how these parameters affect pressure propagation in a closed
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pipe. The main conclusion is that pressure propagation can be enhanced by reducing the
Bingham number or enlarging S or A. The model results are indeed insensitive to A for small
values of 3 (~0.01).

Finally, it is worth mentioning that this proposed model can be potentially applied to
simulate pressure activated downhole completion equipment, such as pressure pulsation
activated downhole valves/sliding sleeve. Nonetheless, the model is only valid for weakly
compressible flows, viscoplastic fluids, but cannot be applied to high frequency oscillating
flows, very deep wells and for gel breaking. In order to expand the model applicability,
alternatives for the friction factor approach, weakly compressible flows and viscoplastic fluids

need to be found.
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5 THE EFFECT OF COMPRESSIBILITY ON FLOW START-UP OF
WAXY CRUDE OILS

Gabriel M. Oliveira, Cezar O. R. Negréo
Journal of Non-Newtonian Fluid Mechanics 220 (2015) 137-147

The current work presents a mathematical model to simulate the flow start-up of gelled oils in
pipelines. The model comprises the conservation equations of mass and momentum and an
elasto-viscoplastic constitutive equation to account for thixotropy of the material. The flow is
considered one-dimensional, laminar and compressible and the cross-section shear stress is
admitted to vary linearly so that the constitutive equation can be integrated along the pipe
radius. The balance equations are solved by the method of characteristics, the constitutive
equation by the finite difference method and finally they are altogether integrated iteratively.
Two kinds of boundary conditions are investigated: a constant inlet pressure and a constant
inlet flow rate. Two time-scales are identified in the current study: the pressure wave
propagation time and the material response time. It can be anticipated that the ratio of this two
times are quite important on the restart time in case of a constant pressure boundary condition

and on the magnitude of the maximum pressure for a constant flow rate boundary condition.

Keywords: Waxy Crude Oil. Structured Material. Compressible Flow. Transient Simulation.

5.1 Introduction

Oil fields such as those recently found along the Brazilian coast line can be as far as
300 km away from the seashore so as to convey oil from platforms to the land is a huge
challenge. An alternative for the transport is to pump oil from the offshore production
platform to the coast by using long pipelines. As the oil found in these oil fields is highly
paraffinic, wax precipitation can take place at high temperatures in order that the oil can gel at
the ambient temperature (~20°C). Therefore, the sea bottom temperature (~4°C), where the
pipelines are placed, provide favorable conditions for oil gelation. Not only wax precipitation
increases the oil viscosity but also impairs flow start-ups. High pump pressures may be
required at the flow start-up in order to break-up the gel structure. Such high pressures lead to

overestimation of pipeline resistance and/or pipe dimension, making the project unfeasible.
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A reliable prediction of gelled fluid start-ups demands appropriate robust models for
the transient phenomenon. Several works have been dedicated to model flow start-ups in
pipelines, being most of them concerned specifically with waxy crude oils (Ritter and
Batycky, 1967; Cawkwell and Charles, 1987; Sestak et al., 1987; Chang et al., 1999;
Davidson et al., 2004; Vinay et al., 2006; Frigaard et al., 2007; Vinay et al., 2007; Wachs et
al., 2009; Oliveira et al., 2010; Negréo et al., 2011; Souza Mendes et al., 2012). Despite the
fluid being compressed at inlet in order to displace the material throughout the whole pipe,
some works have considered the problem as incompressible (Ritter and Batycky, 1967; Sestak
et al., 1987; Chang et al., 1999; Souza Mendes et al., 2012), as the liquid compressibility is
usually very small. Whereas the incompressible fluid motion is usually considered quasi-
steady so that the transient phenomenon depends only on the changes of fluid properties
(thixotropy), the compressible flow analysis includes both the inertia and the transient terms.

The low temperature at the seabed shrinks the oil (Phillips et al., 2011) as an
outcome of density reduction and of wax crystallization. The shrinkage may create spaces
within the gelled material providing compressibility to the material. Therefore, fluid
compressibility may play a role in flow start-ups of oils as a pressure variation, resulting from
fluid compression at the pipeline inlet, takes some time to be sensed at the outlet. For
instance, a pressure wave with a typical speed of 1000 m/s takes about 5 minutes to reach the
other pipe end of a 300 km long pipeline.

Flow start-up problems can be viewed from two different perspectives: i) the
determination of the minimum inlet pressure that overcomes the material yield stress and
consequently, starts up the flow or; ii) the determination of the maximum pressure that results
from a imposed inlet flow rate. Inasmuch as the first can be treated as quasi-steady
incompressible, the second, which is the most common case in real applications, can only be
dealt by using a transient compressible flow model as only one fluid velocity is admitted
throughout the pipe in quasi-steady approaches.

Gel breaking is another important issue that must be addressed in flow start-ups. As
reported by review papers of Mewis (1979), Barnes (1997) and Mewis and Wagner (2009),
time dependent properties of gels have been studied for a long time. Although the material
elasticity has been recognized as important in gel properties (Mujumdar et al., 2002; Dullaert
and Mewis, 2006; Souza Mendes, 2009; Souza Mendes, 2011; Souza Mendes and Thompson,
2013), many thixotropy models used to approach flow start-ups oils (Ritter and Batycky,
1967; Cawkwell and Charles, 1987; Sestak et al., 1987; Chang et al., 1999; Davidson et al.,
2004; Vinay et al., 2006; Frigaard et al., 2007; Vinay et al., 2007; Wachs et al., 2009; Oliveira
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et al., 2010) have considered the gels as viscoplastic (Worrall and Tuliani, 1964; Cheng and
Evans, 1965; Houska, 1980; Nguyen and Boger, 1985; Toorman, 1997). Few works such as
those after Negréo et al. (2011) and Souza Mendes et al. (2012) have already dealt gel
breaking as an elasto-viscoplastic phenomenon. The first employed the thixotropy model after
Dullaert and Mewis (2006) whereas the second used his own model (Souza Mendes, 2009).

All thixotropic models are based on a structure parameter following Houska (1980)
to represent the structuring level of the material. The structure parameter that usually varies
from zero (unstructured) to one (fully structured) is governed by a kinetic equation composed
of a build-up and break-down term. The first represents aggregation forces, such as the
Brownian motion, and the latter is either shear rate (Dullaert and Mewis, 2006) or shear stress
(Souza Mendes, 2009; Souza Mendes, 2011; Souza Mendes and Thompson, 2013) induced.

Whether the material flows or not and how long it takes to flow depends on the
material structure strength and on the stress level the structure is submitted. The material time
response is usually represented in the evolution equation of the structure parameter by a
characteristic time, e.g., the equilibrium time, te, defined by (Souza Mendes, 2009; Souza
Mendes, 2011; Souza Mendes and Thompson, 2013). Considering the fluid motion as
compressible, two characteristic times are important in flow start-up: the material time
response and the time for the pressure wave to travel throughout the whole pipeline. Since the
fluid is stressed as the pressure wave propagates, the material structure can only be broken
during or after the pressure propagation. Therefore, the relative magnitude of these two
characteristic times rules the time required for the flow start-up.

The current work proposes a different approach for the flow start-up of gelled oils in
pipelines by considering that the time for the flow restart and the magnitude of pressures
obtained within the pipe depend on both the material time response and on the fluid
compressibility. The model is based on the conservation equation of mass and momentum
assuming the fluid motion as weakly compressible and on a thixotropy model.

Despite the elasto-viscoplastic thixotropy model after Dullaert and Mewis (2006)
being used in a previous work (Negréo et al., 2011) to deal with compressible flow start-ups
in pipelines, the model does not clearly establish a material structure characteristic time that is
required in the current analysis. In addition to that, the kinetic equation for the structure
parameter and elastic deformation goes to infinity as time tends to zero which does not allow
changes of the structure parameter and elastic deformation at time zero and makes the

numerical solution quite sensitive to the time-step at the beginning of the simulation.



Capitulo 5 — The Effect of Compressibility on Flow Start-up of Waxy Crude Qils, 64
Journal of Non-Newtonian Fluid Mechanics — Oliveira and Negréo, 2015

Therefore, the thixotropy model after Souza Mendes and Thompson (2013) is chosen instead
of the Dullart and Mewis’s model.

Two Kkinds of boundary conditions are considered: a constant inlet pressure and a
constant inlet flow rate. In the first, the required time for starting-up the flow for a given
pressure is determined whereas in the latter, the maximum pressure reached in the restart for
an imposed flow rate is obtained. Considering the material as elasto-viscoplastic, the effect of

the material elasticity is also investigated.

5.2 Mathematical Model

The problem was devised as a long horizontal pipeline in which the fluid is at rest
(under no stress) at time zero, as shown in Figure 5.1. At the outlet, the pressure is considered
to be zero and at the inlet, two types of boundary conditions are admitted: i) a constant inlet

pressure and ii) a constant flow rate.

Figure 5.1 — Illustration of the Pipeline geometry

5.2.1 Governing Equations

By considering the flow as laminar, one-dimensional, the conservation equations of

mass and momentum are thus written, respectively, as,

8_p+pﬂ+vﬁ_p=0 (5.1)
ot 0z 0z
and,
N A 5.2)
ot 0z o0z d
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where p is the fluid density, V is the axial velocity, p is the pressure and z, shear stress at the
pipe wall, d is the pipe diameter, t and z are the time and axial coordinates, respectively. All
dependent variables are averaged throughout the pipe cross sectional area. By substituting the

10 1
definition of isothermal compressibility, & _= —, into Eq. (5.1), the mass balance

popl, pc

equation is reduced to,

a_p+£8_V+V@=

0 (5.3)
ot o oz oz

where c is the pressure-wave speed and 7' is the temperature.
5.2.2 Constitutive Equation

The viscoelastic thixotropy model proposed by Souza Mendes and Thompson (2013)
is used to account for gel-breaking and recovery. The model comprises a constitutive equation

based on the Jeffrey’s model:
. AV )
y+0,(A)7 = Q(LH] (5.4)

where 7, ¥, - and 7 are, respectively, the shear rate, the rate of change of the shear rate,
the shear stress and rate of change of the shear stress. 6, and 6, are the time-dependent

relaxation and retardation times, respectively, which depend on a structure parameter (4):

(s n. \1(A)

W)_(l m(z)JGs(z) 59
(4 M ) M

92”)‘(1 nv(z)JGs(z) (59

where 7, is the viscosity at infinite shear rate and 7, and G are the structure-dependent

material viscosity and elastic modulus:

G.(1) = Goem[“o] (5.7)

7,(2) =n.e" (5.8)
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where 4o and Gq are the structure parameter and the elastic modulus for the fully structured
material, respectively, and m is a constant value. This structure parameter is computed by
using the following kinetic equation,

dia 1|1 1Y (2Y(1 1Y
R R I

where teq is characteristic time for the structure recover or break-down for a given level of

stress and Aeq is the equilibrium structure parameter calculated as:

A(2)=1n ["q—(r)j (5.10)

0

and 7q is the equilibrium viscosity computed according to:

il T,—T —5 Iy T =
neq (7'/eq) :(1_e ’707eq/ y)|:y—yde ?/eq/?/yd +.Ld+ I<7/eql:|_|_7700 (511)

Yeq Yeq

where K and n are, respectively, the consistency index and power-law index, z; and 74 are,
respectively, the static and dynamic yield stresses and 7, , the shear rate that marks the
transition in stress from 7, to 74. As the pipeline aspect ratio (d /l) is quite small, the pressure
is admitted to be constant across the pipeline section, resulting in a linear shear stress

distribution along the cross section:

T=7,— (5.12)

where d is the inner pipe diameter, r is the radial position and 7, is the shear stress on the pipe
wall which depends on time and axial position, z. By substituting Eq. (5.12) into Eq. (5.4) and

defining -/ & as the shear rate, the following equation is found:

v of_ vy oA n
arwm)at( arj d 7, (el(z)ﬂwJ (513

where v is the axial velocity. Assuming z, as a known time-dependent value, Eq. (5.13) can

be integrated to obtain the radial velocity profile along the time.
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5.2.3 Dimensionless equations and scale analysis

In contrast to incompressible flows in which the pressure wave speed is infinite so
that any pressure variation at one pipe end is immediately sensed at the other end, a pressure
change in compressible flows travel at a finite wave speed. Therefore, the pressure wave takes
a finite time to reach the pipe outlet after the fluid being compressed at the inlet. As a
consequence, the material is only shear stressed at a certain pipe position when the pressure
wave hits that position. However, the material structure may not change immediately after
being stressed once the time for changing the structure depends on the initial strength of the
material and on the level of stress. As defined by Souza Mendes and Thompson (2013), teq in
Eq. (5.9) is a characteristic time for changing the structure parameter, A, which can also be
understood as a time scale for material break-down at a certain level of stress. The break-
down time is in the order of magnitude of teq if the shearing time is smaller than the
equilibrium time and the material breaks down as it is sheared when the shearing time is
larger than teq. Since the material is stressed in flow start-ups as pressure propagates along the
pipe, the relative order of magnitude between the start-up shearing time scale, l/c, and teq may
play a significant hole in the material break-down and consequently, in the start-up time. The
analysis here presented is based on the relative order of magnitude of these time scales as they
not only affect the start-up time but also the magnitude of pressures throughout the pipeline.
The problem parameters are now scaled following the ideas of Souza Mendes and Thompson
(2013). By choosing the characteristic shear rate to be c/d, the characteristic shear stress to be
the dynamic yield stress, 74, and the characteristic time to be the time for pressure
propagation along the pipe length (l/c), the following dimensionless parameters for the
constitutive ~ model are obtained: 7, =7, /7, t =t (c/l), G;=Gyl/(n.),
Vo =7yl (€ld), n,=n,(ld)/ 7, n,=n,(c/d)/z, and K" =Kzy*/n]. The pressure is
scaled by the force that balances the dynamic yield stress in the pipe and the velocities by the
wave speed so that the dimensionless counterparts are given by p*:p/(4rydlld), v'=v/c and
V' =V/c, respectively. The dimensionless forms of time, axial and radial positions are defined,

respectively, as t =t(c/l), z =z/I and r =r/d. By scaling the governing equations using these

dimensionless parameters, the following equations are obtained:

op- . oV .op
— + —+V —=0 5.14
o oz (6.14)
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where z, =z, /7, and ¢ is equal to ¥(pcd/n..)d/l, which can be can be understood as the

relationship between the inertia of the pressure wave and the viscous dissipation, as discussed
elsewhere (Oliveira et al., 2012b). ¢ can also be expressed as a function of the Reynolds
number (Re=pVd/7.), Mach number (M=V/c) and the pipe aspect ratio (6=d/l), resulting in
¢= YaSRe/M. The product 7;° by ¢ can be understood as the inverse of a dimensionless

compressibility:

n.¢ = =— (5.16)

where @ = Tl (pc?d) = ar 41 /d . Notably, the pressure wave only propagates at the speed
of sound, ¢, when the problem is thermodynamic reversible whereas in a real situation, the
pressure wave speed depends on the magnitude of the viscous dissipation. Therefore, the
higher is a* the more dissipating is the flow.

The dimensionless form of Eq. (5.13) is thus given by,

N oo W) 2 .. -
—— O N)—=| —— |==1r )| =2 +7 5.17
o O )&[ ar) Tl )(91(1) TWJ G.17)
- am( 1L ol
where 7, = & e*(;t)zmzi*u—e-ﬂ)e (* *0] and 6, (1) = L 1-e?)e [4 ‘OJ.
7l | 0 G,

A scale analysis of the terms of Egs. (5.14) and (5.15), based on the methodology
described by Bejan (2004), is now carried out in order to evaluate their relative order of
magnitude during the flow start-up. For the weakly compressible flows considered here, the
order of magnitude of the Mach number is assumed to be smaller than 0.1. In other words, the
dimensionless velocity is in the order of the magnitude of the Mach number.

For the current analysis, it is now assumed that the pressure at t=0 changes from zero
to a maximum value within a time interval I/c and also that the pressure varies from a
maximum value at the inlet to p=0 at the outlet. Additionally, the dimensionless velocity is
considered to change from zero to the maximum Mach number within the same time and
length scales. Finally, the dimensionless density and shear stress at the wall take the order of
magnitude of 1.0 and of the maximum pressure, respectively. The following dimensionless

scales are thus identified for the changes,
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p~po; V=M p~1; ~p; t~1; 7~1 (5.18)

By assuming p, =10 and the maximum Mach number equal to 0.1 for a weakly

compressible flow, the order of magnitude of the terms of Egs. (5.14) and (5.15) will be,
10 ; 0lmg ; 1 (5.19)
01m.¢ ; 01°77.¢ ; 10 ; 10 (5.20)

Notably, if 7. ¢>107, the third term of continuity equation and the second term of the

momentum equation is at least one order of magnitude smaller than the other terms. In the

current analysis, the product of ¢ by 7, is considered to be at least equal to 100 so that the

second and the third terms of Egs. (5.14) and (5.15) can be disregarded. Additionally, the o~
in the momentum balance is considered to be constant and equal to 1 once the changes of
density are computed by changes of pressure in both equations — mass and momentum.

Therefore, the equations to be solved take the form:

op° ., oV"
_ _=0 5.21
ot 1.4 oz (5:21)
. oV op .
A -0 5.22
S+, (5:22)

5.3 Solution Algorithm

The governing equations are solved by the method of characteristics (MOC) that is
typically used for solving hyperbolic partial differential equations (Wylie et al., 1993). The
method consists in simplifying partial differential equations to a family of ordinary
differential equations, along which the solution can be integrated from an initial condition. In
the current case, Egs. (5.21) and (5.22) are reduced to two total differential equations, which

are valid over the characteristic lines dz*/dt* = + 1:

G 7= &2
t* t ct

dz

—=+1 (5.24)

dt
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L (5.25)
dt dt )
X C

a _ -1 5.26

Notably, plots of Egs. (5.24) and (5.26) provide straight lines on the z-t plane, as
shown in Figure 5.2, which are named characteristic lines C* and C", respectively. It is worth
noting that Eqgs. (5.23) and (5.25) are valid only over the C* and C characteristic line,
respectively.

t=2At§ ¥

t= At N N
+ C’
% N C L/ N At

t=0,55 i1 i+ 1 7=

Figure 5.2 — z-t grid for solving the governing equations.

The pipeline is divided into N, equal reaches, Az*, as shown in Figure 5.2. In order to
satisfy both Egs. (5.24) and (5.26), the time-step is computed according to At*=Az*. If p* and
V* are both known at position i-1 and known values are assumed for 7, at past and present
times, Eq. (5.23) can be integrated over the characteristic line C* and therefore, be written in
terms of unknown variables p* and V* at point i. Integration of Eq. (5.25) along line C°, with
p*, V* and r, known, leads to a second equation in terms of the same two unknown variables

at i. By solving the two resulting algebraic equations, p* and V* can be obtained at point i as a

function of known previous time-step values at points i-1 and i+1:

* k+1_F++F_
(p)| - 2

(5.27)

1 N S £ 5.28
(V") 27 (5.28)

F.-F —(c)"az
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where,
<\ K * *\K 1 «\ K *
Fo=(p) o (v )L =5 (), A2 (5.29)
* k * * k 1 * k *
F* = ( p )i+l _7700¢(V )i+1 +E(Tw)i+1 AZ (530)

By dividing the pipe radius in N, points, the constitutive Eq. (5.17) can be discretized
by using the implicit finite difference method and the following algebraic equation is found:

(L) (v =@re)(v)in +e((v) - (v )+

V() &5
e O o))

Lo\ K+1 o\ K+l
0,). o) .
where e:%, f:( Z)J,n

outer and an innermost, respectively, and k, k-1 and k+1 stand for the current, the past and the

Positions j and j+1 mean two adjacent radial positions; an

future time. By knowing all variables and parameters at the previous time-step, the wall shear

stress at past and future times and the velocity at the outermost position at present time, the

velocity (V*)';fil can be determined. As ¢, and ¢, are functions of A, the discrete values of A

are obtained from the explicit discretization of Eq. (5.9):

b
* a lk a
wone (AT (L] e
teq ij,i j’O ﬂ“eq, ji /1eq,j,i /10

where Aeqji is obtained from Eq. (10) as a function of the local value of shear stress (zy,; r/d).

The integration of the radial velocity profile (Eg. (5.31)) along the pipe cross section

results in the average velocity:
M
()" =23 () ) ()= () (5.33)
j=1

As wall shear stress is not a known value at time k+1, an iterative solution must be

carried out between Eqgs. (5.27), (5.28), (5.31) and (5.33) to obtain 7, . The problem solution

begins with the fluid standing still unstressed at time zero, so that p*, V* and ¢, are all zero at

each computing point i. The solution consists in finding p* and V* for each grid point along
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k+1

t*=At* by using Egs. (5.27) and (5.28) and attributing a wall shear stress at k+1, ()" . Eq.

(5.31) along with Eq. (5.32) is solved to provide the radial velocity profile by using the same
attributed (r;;)ik+l value. An average velocity can then be obtained from Eq. (5.33) and

compared with the average counterpart given by Eq. (5.28). Inasmuch as the average velocity

K+ k+1

values are different, () " is corrected and (V) and (v*)** are computed again. (z;,)

is corrected using an iterative procedure based on the root finding secant method until ()

and (v*)* are very close. As soon as convergence has been reached, the solution evolves to

the next time-step and then proceeds until the simulation time has been covered.

5.4 Results

As an initial condition, the fluid velocity and pressure are set to zero throughout the
domain, V' (z',t"=0)=0 and p’(z,t"=0)=0. The pressure is assumed to be zero at the
outlet throughout the whole simulation, p'(z° =1,t") =0, whereas two types of inlet boundary
conditions are considered: p’(z° =0,t)=p, and V'(zZ =0,t")=V,, where p, and V, are

constant values.
5.4.1 Model Validation

In order to validate the model, the numerical solution is compared with the analytical
solution presented by Oliveira et al. (2010). As the analytical solution applies to a Newtonian
fluid, the elastic terms of the constitutive equation were disregarded and the viscosity was set

to a constant value. Only the constant pressure case was considered and p, was fixed at 10. A

grid size of 20 points was established in the radial direction and two grid sizes of 50 and 100
points were considered, respectively, in the axial direction. The numerical results, as
displayed in Figure 5.3, agree quite well with the analytical solution for both axial grid sizes.
Assuming that the 20x100 (N, x N,) mesh size provides accurate enough results, this mesh
was used for most simulations shown in the next section. However, some highly oscillating
results required a more refined mesh and in these cases, a mesh size of 20x400 was used

instead.
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Figure 5.3 — Comparison between the numerical result and the analytical solution for a Newtonian fluid. (a)
Time evolution of pressure at different axial positions and (b) Time evolution of the velocity at z*=0.5.

5.4.2 Case Studies

The purpose of the current section is mainly to evaluate how compressibility, by
means of changing ¢, and the equilibrium time, 7, , affect the flow start-up in the pipeline. In
addition to ¢and ,_, only the effect G, is also investigated in the sensitivity analysis because
of the large number of model parameters. The following parameters are then chosen: 7 =1,

75=107%, .=10%, 7;=10° and K =10, n=0.5, m= 1.0, a= 1.0, b= 1.0.
5.4.2.1 Inlet pressure case

In this case, the dimensionless inlet pressure at time zero is set to 10.0 meaning that
the inlet pressure is ten times larger than the pressure required to balance the dynamic yield
stress, 7,4. Figure 5.4(a) shows the time evolution of pressure for different axial positions,
whereas Fig. 4(b) depicts the fluid average velocity at 2=0.0,2'=0.5, and at z =1.0, for ¢=1.0,
r,,=10 and G, =10°. The high frequency pressure and velocity oscillations at early
simulation times are the result of pressure wave propagation and reflection within the fully
structured portion of the material that is highly elastic. The pressure fluctuations, however, are
fast dissipated because the initially fully structured material is also highly viscous. After the
high frequency oscillation being dissipated, the material remains stressed near the inlet by a
high pressure gradient which gradually breaks down the gel from the inlet to the outlet
propagating the pressure in a low frequency. A comparison of Figs. 5.4(a) and 5.4(b) shows

that this low frequency pressure wave propagates at the same speed the fluid starts moving



Capitulo 5 — The Effect of Compressibility on Flow Start-up of Waxy Crude Oils, 74
Journal of Non-Newtonian Fluid Mechanics — Oliveira and Negrdo, 2015

throughout the pipe, indicating the continuous material break-down. After about 50 units of
time, the fluid starts exiting the pipe and the outlet pressure reaches its maximum value. From
this time on, the pressure within the whole pipe and the outlet velocity are reduced to reach

the equilibrium and the flow in fact starts up.
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Figure 5.4 — Time variation of (a) pressure and (b) average velocity at different axial positions. Inlet pressure
case with ¢=1.0, t; =1.0 and G{; =10".

Figure 5.5 presents the time change of the structure parameter for different axial and
radial positions. As noted, the variation of the structure parameter is not only faster but also
higher at the pipe wall in comparison with the other radial positions. Additionally, the closer
to the inlet the faster is the variation of the structure parameter. The speed in which the
structure parameter changes in the axial direction is in agreement with low frequency wave
speed described in the previous paragraph. In other words, the flow only starts up when the
pressure wave reaches the pipe outlet changing the material structure throughout the whole
pipe. As expected, the steady-state structure parameter depends on the radius but not on the
axial position. Although not shown in Figure 5.5 the structure parameter at pipe centerline

remains unchanged at its initial value because the material is not sheared at that position.
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Figure 5.5 — Time variation of the structure parameter for different radial and axial positions. Inlet pressure case
with ¢=1.0, £, =1.0 and G, =10

Figure 5.6(a) and Figure 5.6(b) show the pressure at the middle of the pipe, z = 0.5,
as a function of time for ¢=1.0 and ¢#=100, respectively, and different values of 7, . As
shown, the higher the ¢ the less dissipative is the system so that the steady-state is reached
faster and the result is more oscillating in comparison with the lower ¢ case. Figure 5.6 also
shows that the time for the system to reach the steady-state increases with 7, . For the less
dissipative case and 7, =1.0 (Figure 5.6(b)), the material breaks down as the pressure wave
propagates, and the flow stabilizes as soon as the pressure oscillation dissipates. As
increases to 10, the pressure also oscillates but the flow does not start up because the material
does not break down immediately. It means that the material is shaken within the material
elastic regime, as a result of pressure propagation, but does not change its initial structure
instantly. Similarly to the less dissipative case, the material also breaks down as soon as the
pressure wave propagates throughout the pipe for the more viscous case (¢=1.0 in Fig. 6(a))
and ¢, =0.1, but the pressure does not oscillate because of the higher dissipation.
Nevertheless, the pressure propagation along the pipe is delayed with the augmentation of the
equilibrium time so that the material begins to break down only when the pressure starts
changing at a certain axial position. It is worth noting that the required time for the pressure to
start changing is in the order of 10 times 7, . Excepting the high frequency oscillations, the
maximum pressure in both high and low dissipative cases takes place when the material

breaks down and consequently, starts flowing throughout the whole pipe.
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Figure 5.6 — Time variation of pressure at z =0.5 for different equilibrium times. a) ¢=1.0 and b) ¢=100.0. Inlet

pressure case with Gy =107
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Figure 5.7 — Axial pressure distribution for different simulation times. (a) t*=0.2, 0.4, 0.6, 0.8 and 1.0 and (b)
t*#=1.1, 1.3, 1.5, 1.7 and 1.9. Inlet pressure case with ¢ =100, £, =107 and G, =10

s Ly,

Despite the abnormal aspect of the oscillations in Figure 5.6(b) that reach negative
pressures and also values as high as the inlet pressure, the oscillations are caused by pressure
propagation within the fully structured material that is significantly elastic and not by
numerical instability. Figure 5.7 displays the axial pressure distribution for different times in
order to explain that. As exhibited in Figure 5.7(a), the pressure propagates at sound speed
similarly to an inviscid inelastic case but differently from a low viscous Newtonian fluid case
that presents an almost linear pressure distribution upwind the wave front. Additionally, the
axial distribution presents an adverse gradient with pressures lower than the wave front
values. This nonlinear pressure distribution results from the material elastic stretch.
Differently from an inviscid model that reduces the pressure to zero after being reflected at

the pipe outlet, the current case pressure is reduced to negative values after the wave
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reflection, as shown in Figure 5.7(b). The reason for that are the lower pressure values found
upwind the wave crest before the wave reflection.

Although the inlet pressure has being imposed as a step function this is improbable to
take place in a real situation because of pumping system inertia. This unlikely fast pressure
change at the pipe inlet may be, therefore, the cause of the exaggerated pressure oscillations
observed at early simulation times. In order to evaluate the effect of the step change, the inlet

pressure was gradually imposed by using a ramp function combined with a step function:

* t* * *
Do —> 0<t <t
t

p(0,0)= (5.34)
and p, is the final value of the ramp function and £ is the dimensionless time (=t ¢/l) for p,

to be established. In this case, p, was made equal to 10.0 and the results are shown in Figure

5.8(a). In comparison with Figure 5.6(b), the magnitude of the oscillation has reduced

significantly without showing negative values.
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Figure 5.8 — Time variation of pressure at z'=0.5 for ¢ = 100, t; =10% and G, =10". a) inlet pressure applied

with ramp duration of t: =1 and b) inelastic model. Inlet pressure case.

To investigate the effect of the material elasticity on the pressure propagation for ¢ =
100 case, the elastic effects were removed from the constitutive equation. Fig. 8(b) shows the
results for this exclusively viscous model. A comparison of Figure 5.8(b) with Figure 5.8(a)
and Figure 5.6(b) shows that the pressure oscillations have completely disappeared and also
that the pressure propagation has significantly being delayed. The elimination of the elastic

effect made the problem highly dissipative because of the high viscosity of the fully
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structured material. It can be concluded that the elastic effect is the reason for the pressure
propagation in this low ¢ value case. Notably, the removal of the elastic effect of the ¢=100
case made the pressure response quite similar to the quite dissipative ¢=1 case of Figure

5.6 (a) for t:q =10. Nevertheless, the exclusively viscous problem responds faster than the

visco-elastic model.
Figure 5.9 shows the axial distributions of pressure and of the structure parameter at

the wall for three ¢ values and ¢, =100, after a period of £ =50. Whereas the pressure wave

has reached the pipe outlet for the less dissipative case (¢= 100) establishing a pressure
gradient throughout the whole pipe, the pressure has only propagated near the pipe inlet for
¢ = 1. In other words, the material is stressed differently along the axial position depending on
the ¢ value so that the high ¢ value case is firstly affected throughout the whole pipe in
comparison to the others. According to Figure 5.9(b), only the less dissipative flow has started

after 50 time unit, once the structure parameter at the wall has changed throughout the whole

pipe.
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Figure 5.9 — Axial distribution of (a) pressure and of the (b) structure parameter at the wall after a period of
£'=50 for different values of ¢. Inlet pressure case with t; =100 and G, =10°.

Figure 5.10 depicts the time variation of pressure in different axial positions, for two

different ¢ values and 7, =100. In the less dissipative case found in Figure 5.10(b), the

pressure wave propagates fast, oscillates in high frequency throughout the whole pipe and the
oscillation is also rapidly dissipated. Despite the fluid being stressed in all axial positions, the
material structure has not been fully broken after the dissipation of the high frequency
oscillation. The material structure starts breaking down throughout the whole pipe almost

simultaneously as the pressure in all axial positions increases (t*~250) and drops (t*~1000)
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almost at the same time. On the contrary, the pressure does not oscillate and does not
propagate immediately throughout the whole pipe in the higher dissipative case, as shown in
Figure 5.10(a). In fact, the material structure starts changing from inlet to the outlet delaying
the complete break-down. Whereas in the less dissipative case of Figure 5.10(b) the flow
takes about 1000 time units to start up, in the higher dissipative case of Figure 5.10(a) the
flow starts after 2000 time units. It is worth mentioning that in both cases the flow only starts

up when the pressure begins to drop throughout the whole pipe to reach the steady-state.
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Figure 5.10 — Time variation of pressure at different axial positions for t; =100 and two ¢ values: a) ¢=1 and b)

#=100.0. Inlet pressure case with Gg =10".

The effect of the material elasticity is now investigated by changing the values of

G,. Notably, the lower the G, the more elastic is the material and the higher the G, the more
rigid is the fluid. Figure 5.11 shows the effect of elasticity on the pressure variation at the

middle of the pipe. In spite of the high value of t:q in the more dissipative case (¢ =1.0), the

reduction of G, enlarges the portion of the fully structured material that is stressed within the
pipe, reducing the pressure peaks at the flow start-up. For the less dissipative case (¢ =100),
on the other hand, the reduction of G, not only increases the pressure oscillation because of

the higher elasticity but also reduces the level of the material structure at the start-up so that

the material breaks down as the pressure propagates.
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Figure 5.11 — Time variation of pressure at z*=0.5 for different three G:; values and two ¢ values: a) ¢= 1 and b)

¢=100.0. Inlet pressure case with 7,, =100 .

5.4.2.2 Inlet flow rate case

The inlet flow rates set in this section are chosen to provide the same steady-state
pressure obtained in the constant inlet pressure cases. Figure 5.12 presents the time variation
of pressure and average velocity for different axial positions, ¢=10.0, ¢, =1.0 and G, =10%.
As noted, the pressure increases up to the time the fluid starts flowing at the pipe outlet and
then is relieved. The fast pressure increase at the inlet takes place to overcome the elastic
yield of the structured material and the first relief of the inlet pressure at £=2.9 is caused by
the partial material break-down near the pipe inlet. After that, the pressure wave progresses

breaking down the material structure throughout the pipe up to #*=20 when the pipe is finally

relieved and the flow starts up.
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Figure 5.12 — Time variation of (a) pressure and of (b) average velocity for different axial positions. Inlet flow
rate case with ¢=10.0, 7, =1.0 and G, =107,
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Figure 5.13 presents the time variation of the inlet pressure for three different
equilibrium times and two ¢ values. As noted, the higher the equilibrium time the higher is the
pressure magnitude and the time for breaking down the material structure. Additionally, the
pressure peaks increase and the breaking down time diminishes with the reduction of
dissipation (increase of @). The results for Newtonian fluid with the same viscous dissipation
in steady-state are also shown in Figure 5.13. Whereas the pressure the Newtonian fluid does
not fluctuate for the high dissipative case (¢=1), the pressure for ¢=10 oscillates at c/I
frequency for a short period of time so as to double the inlet pressure at *=2.0. The
Newtonian fluid starts flowing much faster than the structured fluids, regardless the ¢ value or
the equilibrium time. The maximum inlet pressure for the Newtonian fluid can be larger or

smaller than those for the structured fluid depending on the magnitude of the equilibrium

time.
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Figure 5.13 — Time variation of the inlet pressure for different t:q and two ¢ values: a) ¢=1.0 and b) ¢=10.0. Inlet

flow rate case with G, =10° .

In order to check if the magnitudes of the start-up pressures are affected by the speed
in which the material is stressed, the inlet flow rate is imposed from zero to its steady-state

value based on a ramp function combined with a step function:

*t* % %
QO_*’ 0<¢ <t
tr

0,, £ >t

0'(0,1) = (5.35)

where O, is the dimensionless flow rate that provides the same steady-state result as the

constant inlet pressure case. Figure 5.14 presents the time variation of the inlet pressure for
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different values of 7, t., =10 and ¢=10.0. In spite of the pressure peak being reduced and the
pressure time response being increased with £, the pressure magnitude is only slightly
affected for ¢ =, . The pressure peaks are diminished because the increase of ¢ renders time
for the material to break down so that the flow resistance is reduced as the stress is increased.
Notably, the time for the material break-down depends is larger, equal and smaller than £ for

¢ smaller, equal and larger than 100, respectively.
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Figure 5.14 — Time variation of the inlet pressure for different values of equilibrium time and two elasticity
values. a) G, =10"" and b) G, =10 Inlet flow rate case with ¢=10.0.Time variation of the inlet pressure for

different changes of the inlet flow rate. Inlet flow rate case with ¢=10.0, t; =10.0 and Gg =10°.

The effect of the material elasticity on the start-up pressure is now investigated for a
constant inlet flow rate. As shown in Figure 5.15, the less elastic (high G, ) is the material the
higher is the pressure needed for the material break-down and the faster is the material

response. In spite of the pressure change being independent on 7, up to material initial break-

down, the smaller the equilibrium time the faster is the material break-down and the smaller
the pressure required for break-down. Both Figs. 5.15(a) and (b) show an amplification of the
region where the high frequency pressure oscillations take place. For the more elastic case (
G, =107"), the frequency of oscillation coincides with the pressure wave frequency (c¢//) and

by enlarging G, to 10°, the oscillations take place because of material break-down at the

inlet.
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Figure 5.15 — Time variation of the inlet pressure for different values of equilibrium time and two elasticity
values. a) G, =10"" and b) G, =10 Inlet flow rate case with ¢=10.0.

5.5 Conclusions of Paper 3

The current work puts forward a mathematical model to predict pressure changes
during the flow start-up of structured fluids in pipelines. The flow is considered weakly
compressible whereas the structured fluid is modeled by using the Souza Mendes and
Thompson (2013) constitutive equations. Two time scales were identified as important
parameters for gel breaking: the shearing time and the time for material break-down. The first
was defined as the pressure wave propagation time and the second as the equilibrium time
defined in the structure parameter model of Souza Mendes and (2013). Two types of inlet
boundary conditions were considered: constant pressure and constant flow rate. Whereas in
the first, the required time for the flow start-up for a given pressure is determined, in the
latter, the maximum pressure reached in the restart for an imposed flow rate is obtained.

The conclusions can thus be summarized as follow:

1) If the equilibrium time is smaller than the pressure propagation time, the flow starts
up as soon as the pressure wave reaches the pipe outlet;

i1) An avalanche effect is observed for equilibrium time higher than the pressure
propagation time;

iii) The lower the viscous dissipation in comparison to the fluid compressibility the
faster is the flow start-up;

iv) The reduction of the elastic modulus reduces the pressure peaks for high dissipative

material and reduces the start-up time for less dissipative materials;
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v) For a constant inlet flow rate boundary condition, the higher the equilibrium time or
the higher the dissipation the larger is the pressure peak necessary for the flow start-up;
vi) By slowing down the variation of the inlet flow rate, the inlet pressure peaks are

reduced.

84
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6 CONCLUSOES E SUGESTOES PARA TRABALHOS FUTUROS

6.1 Conclusdes Gerais

No presente trabalho foi apresentada a coletanea de artigos que discutem modelos
matematicos desenvolvidos para prever a propagacdo de pressdo durante fendmenos
transientes em fluidos ndo newtonianos. O escoamento do fluido é considerado
unidimensional, fracamente compressivel e isotérmico. O modelo baseia-se nas equacfes
diferencias parciais de balan¢o da massa e de quantidade de movimento, que séo convertidas
em equacgdes diferenciais totais atraves do método das caracteristicas. As equacoes
diferenciais ordindrias resultantes sdo entdo integradas pelo método das diferencas finitas a
partir de uma condicdo inicial. A compressibilidade do fluido é modelada através da
utilizacdo de equacdo de estado que relaciona a massa especifica com a pressdo. Diferentes
comportamentos reolégicos sdo considerados no modelo através de equacdes constitutivas
que representam o fluido ndo newtoniano. Em cada artigo apresentado na coletanea uma
situacdo transitéria diferente foi explorada. De forma geral, deve-se destacar que o problema é
intrinsicamente transiente e ndo pode ser tratado como estacionario.

No primeiro artigo tratou-se da sobrepressdo gerada devido a desaceleracdo do fluido
pelo fechamento brusco de valvula. No segundo explorou-se a transmissdo de pressdao em
poco de petroleo, enquanto no terceiro estudou-se os efeitos da compressibilidade na quebra
da estrutura de fluido gelificado durante o reinicio do escoamento.

Basicamente, como sintese geral de todos os eventos analisados tem-se:

i. O comportamento viscoplastico do fluido de Bingham proporciona
atenuacdo da pressdo ao longo da geometria que esta diretamente ligada a tensdo limite de
escoamento do fluido, a dissipacdo viscosa, a compressibilidade do fluido e também a
condigcdo de contorno. Quando mais rapida a variacdo da condicdo de contorno e menor a
dissipacdo viscosa em relagdo a inércia de propagacdo, maior a ndo linearidade na distribuicao
da presséo.

ii. O estudo da quebra do gel mostrou a importancia de duas escalas de tempo:
tempo de propagacédo da onda de pressao e tempo caracteristico de reestruturacdo. Se o tempo
de reestruturacdo € menor que o tempo de propagacdo da pressdo, 0 escoamento se iniciara
assim que a onda de pressdo chegar a saida do tubo. Em contrapartida, se o tempo de

restruturacdo for maior que o tempo de propagacao, efeito avalanche pode ser observado.



Capitulo 6 — Conclusdes e Sugestdes para Trabalhos Futuros 86

iii. A elasticidade do fluido pode atuar favorecendo a propagacéo da presséo e

reduzir as pressdes necessarias para o reinicio do escoamento

6.2 SugestOes para Trabalhos Futuros

Visando a continuidade da pesquisa, e tendo em vista as lacunas observadas,
considera-se fundamental em trabalhos futuros:
e Modelar os efeitos da temperatura e da transferéncia de calor;
e Avaliar o efeito do histdrico térmico e de cisalhamento na propagacao da pressao;
e Incluir os efeitos da temperatura e da pressdo nas propriedades do fluido;
e Avaliar, validar e caracterizar de forma experimental o problema utilizando fluidos

com variados comportamentos reoldgicos.
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Apéndice A — Programa Computacional WELLPRESS

APENDICE A - PROGRAMA COMPUTACIONAL WELLPRESS

O modelo matematico apresentado nos artigos da coletdnea foi e continua sendo
aprimorado para representar cada vez melhor os problemas transitorios verificados em
operacdes de perfuracdo de pogos de petrdleo. Para tornar possivel a utilizagdo do modelo
matematico desenvolvido, foi criado um programa computacional com interface grafica para
avaliacdo de pressdes em operagdes de perfuracdo de pogos de petrdleo. Denominou-se o
programa computacional de WellPress — Well Pressure Simutation (v. 3.1.2014). O pedido de
registro de propriedade intelectual encontra-se em andamento. Com este programa ¢ possivel
simular uma série de fendmenos transitorios que ocorrem no ambiente de perfuracao de pogos
de petrdleo. Na Figura A.l1 apresenta-se a tela principal do programa desenvolvido com

destaque para a evolucdo temporal da variaciao da pressdo ao longo da geometria.

WELL PRESSURE SIMULATION
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Figura A.1. — Interface Grafica do Programa Computacional WellPress para um teste de campo.
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APENDICE B — PREMIO ANP DE INOVACAO TECNOLOGICA 2016

Parte dos estudos realizados neste doutorado estd vinculado com o projeto de
pesquisa realizado com a Petrobras e intitulado: Avaliacdo Numérico-Experimental de
Escoamentos em Hidraulica de Pocos. Com esta parceria, e com 0s interesses da Petrobras, o
modelo matematico desenvolvido foi incluido no “Programa de Diagnéstico de Problemas de
Perfuracdo em Tempo Real (PWDa)”.

Este projeto PWDa, coordenado pela empresa Engineering Simulation and Scientific
Software Ltda (ESSS) em parceria com as universidades UCL, UFRRJ, UTFPR e com a
Petrobras, tem por objetivo o desenvolvimento de programa de interpretacdo automatizada de
dados provenientes de sensores instalados em sistemas de perfuracdo, buscando deteccédo
imediata de sinais indicativos de situacdes indesejadas, a fim de que agdes corretivas ou
preventivas possam ser tomadas. Este € o primeiro software desenvolvido no Pais com
modelos de calculos transientes para interpretacbes em tempo real de possiveis problemas
operacionais durante a perfuracdo de pocos, auxiliando o processo de tomada de deciséo, por
meio de metodologia automatizada de analise de dados com critérios quantitativos, retirando a
parte subjetiva da interpretacao e identificacdo de eventos.

Ao submeter o PWDa para o Prémio ANP de Inovagéo Tecnoldgica no ano de 2016,
da Agéncia Nacional do Petrdleo e Géas Natural e Biocombustiveis, o projeto venceu na
categoria Il: Inovacdo Tecnoldgica desenvolvida no Brasil por micro, pequena ou média
empresa do segmento de petroleo, gas natural e biocombustiveis em colaboracdo com

empresa petrolifera.
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