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ABSTRACT

A COMPUTATIONAL ANALYSIS OF OPERATIONS IN WAXY CRUDE OIL
PIPELINES

GUNEY, Aylin
M. S., Department of Mechanical Engineering
Supervisor: Prof. Dr. O. Cahit ERALP
January 1999, 179 pages

In this thesis, a computational study is performed for the analysis of waxy
crude oil in existing pipelines. The purpose of developing such software is to
search Newtonian and non-Newtonian characteristics of the high pour point crude
on the line and to find solutions to flow blockage problem. If it exists, the program
performs modifications by changing some of the operational parameters such as
flowrate, pump head, fluid parameters such as oil temperature at the beginning or
at any location along the pipeline, chemical additives or combinations according to
the users choice. This program can also be used for simple slurry pipeline problems
since the same approach defined for waxy crude oil pipeline’s hydraulics and
analysis are used for slurry pipelines. This program is developed on a personal
computer in Visual Basic 3.0 programming language.

This software is capable of evaluating and displaying temperature profile
along the line for Newtonian and non-Newtonian analysis applied by this program
and modified form of pipelines in case of flow blockage for normal operating
condition and restart after a shutdown condition. Operating point of pumps at each

modifications are also evaluated by this program. Data exchange can be done



via predefined data files or directly from the screen. Various alternative cases may

be stored in data files and the program may be executed for these data files.

Key Words: Waxy Crude Oil, Pour Point, Newtonian and Non-Newtonian
Analysis, Hydraulic Grade Line, Pipeline Rheology, Pipeline Operations, Slurry
Pipelines, Normal Operation, Restart After A Shutdown.
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PARAFINIK PETROL TASIYAN BORU HATLARI CALISMA
SARTLARININ BILGISAYAR ANALIZI

GUNEY, Aylin
Yiiksek Lisans, Makina Miihendisligi Béliimii
Tez Yoneticisi: Prof. Dr. O. Cahit ERALP
Ocak 1999, 179 sayfa

Bu tezde parafinik ham petroliin mevcut bir boru hattinda analiz edilmesine
yonelik hesaplamah bir ¢alisma yapilmuistir. Béyle bir yazihmin hazirlanmasindaki
amag, donma noktas: yiiksek olan ham petroliin Newtonian ve Newtonian olmayan
ozelliklerinin hat boyunca incelenmesi ve akigin bloke olmasi durumunda baz
¢aligma parametrelerini ;debi, pompa basing yiikseklikleri, akigkan parametrelerini;
petrol giri§ sicaklii, herhangi bir noktada petrol sicakligi, kimyasal eklenmesi veya
her ikisinide degistirerek ¢6ziim yollan bulmaktir. Bu program ayrica parafinik ham
petroliin incelenmesinde kullanilan yontemlerle benzerlik gostermesi sebebiyle basit
kati-siv1 akislarin incelenmesinde de kullanilabilir. Yazihm, kigisel bir bilgisayarda
Visual Basic 3.0 programlama dili kullanilarak yapilmgtir.

Yazihm, hattin sicakhk profilini, bu program tarafindan uygulanan
Newtonian ve Newtonian olmayan analizler i¢in ve akigin herhangi bir gekilde
kesilmesi durumunda modifikasyonlar i¢in normal g¢ahsma sartlarinda ve sistemin
yeniden ¢ahstinlmasi durumunda gosterebilmektedir. Her bir modifikasyon i¢in
pompalann gahgma noktalan da bu program tarafindan degerlendirilebilmektedir.

Veri ahgverigi 6nceden hazirlanan veri dosyalan iizerinden veya direkt ekrandan
v



yapilmaktadir. Farkh uygulamalar birer veri dosyasina yiiklenip program bu
dosyalar igin ¢ahigtinlabilir.

Anahtar sozctikler: Parafinik ham petrol, Donma noktasi, Newtonian ve
Newtonian olmayan analiz, Manometrik Yiikseklik Dogrulani, Boru Hatlan
Reholojisi Boru hatlan galigmalan, Kati, sivi boru hatlan, Normal Calisma sartlar,

Sistemin yeniden ¢aligtiriimasi.
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CHAPTER 1
INTRODUCTION
1.1 Waxy Crude Oil Problems

Until the early 1960°s the crude oils generally showed normal
characteristics in respect to pumping conditions such as viscosity and low pour
point. The opening up of remote oil fields in North Africa and India in the 1960’s
to exploit low sulphur crudes (waxy crude oils) in these location, and the need to
pump these oils through the much colder pipelines has lead oil producers to study
the pumpability of waxy crude at temperatures below the pour point limit.

Most of the Middle East crude oils have pour point below 0°C and wax
content less than 7 %, therefore pose no problems in pipeline transportation even
at low temperatures. BOTAS first faced with this problems following the Guif
War. Low pour point Iraq crude oil was transported by pipelines such as Ceyhan-
Kirikkale pipeline to Central Anatolian Refinery. Following the war, BOTAS had
to pumped crude oils imported from other countries due to the applied embargo to
Irag. The new crudes, ie. Nigeria, Egypt had high pour points and wax
precipitation resulted in restricted flow, increased flowline pressure, more

mechanical problems and higher handling cost in the existing pipelines.

The purpose of this thesis is to investigate the high pour point crude oils
effect on the existing crude oils pipelines in Turkey and try to find out solutions of

the pipeline blockage problem only changing the operating conditions of
1
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pumps, and alternatively study drag reducer chemical additives to the system.

1.2 General

Crude oils and petroleum products often contain waxy components which
will crystallize during the production, transportation, and storage of the oils,
forming an interlocking network of crystals which will effectively gel the oil, thus
restricting the flow, forming surface deposits, and ultimately blocking pipelines and
tanks.

The operation of the pipeline is most economical and efficient when a
continuous constant flowrate is maintained. This minimizes storage volume, energy
consumption, and investment in plant facilities. Pipelines that transport high-pour-
point crude oil especially should be designed for continuous operation because of
restart problems after shut-down. Since it is not always practical or possible to
operate the entire pipeline system at a temperature above that at which the crude
begins to form wax crystals, system components must be designed carefully and
operating procedure must be selected accordingly.

The pipeline system should be tested to the design requirements prior to
start-up. As restart pressures may approach the yield strength of the pipe, each
component of the pipeline system will be required to perform to design capacity.
Wax build up on the pipeline wall is also expected. As wax buildup occurs,
throughput will decrease. Flow, temperatures, and pressures should be monitored

closely for several weeks after start-up.

The analysis of an existing pipeline, all the data about the line are available
to the users such as the topography, diameter and thickness of the pipe, its absolute
roughness, location of pumping stations, characteristics of pipe at each station etc.
Moreover, the variation of temperature versus viscosity, yield strength, Bingham

yield stress, and plastic viscosity of crude oils must also be available. These
2



properties change from crude to crude and extensive laboratory measurements are

required to determine these variation.

The analysis software follows the procedure described below to predict the
performance of a pipeline transporting congealing oil:
i. Determine the rheological properties of the oil under pipeline conditions
such as variation of viscosity versus temperature etc.
ii. Calculate the oil temperature throughout the pipeline for given flow
rates.
iii. Compute oil temperatures throughout the pipeline for the expected shut-
down times.
iv. Calculate the pressure required to initiate flow by breaking the gel after
a shut-down.
v. Determine the pressure losses for the pipeline under both normal
operating conditions and restarting conditions at the desired restarting flowrate.
vi. Identify the maximum pressure which will be imposed on the pipeline as
the greatest of
ePressure required to maintain the desired flowrate for normal
operating conditions
ePressure require to break the gel when flow in the pipeline is
restarted,
ePressure required to maintain the desired flow rate under restarting
conditions,
vii. Calculate the pump power for normal operations, and for restarting the

flow after shut-down. Required power is the grater of these two values.

The most important parts of this procedure are the temperature variation
along the line and pressure loss. The details of mathematical treatment can be
found in further chapters. All the analysis throughout this thesis is based upon the
fact that all the data related to physical conditions are available as input data. For

that purpose, the related data can be stored in data files or entered to the
3



program directly. These data files can be modified for various alternative cases and

the program may be executed for these cases.

The aim of this study is to develop a computer program to analyse
operation flexibility of existing crude oil pipelines in Turkey. Depending on the
pour point of crude oil, the oil can be transported easily or the pumps capacity may
not be enough to pump the desired amount of oils. If the pumps capacity is not
enough, the flow can be achieved or not, by changing the operation condition of
pumps, heating up the oil at the beginning of the pipeline or at an intermediate
station, and adding a drag reducer by chemical injection or combinations. These are

three important approaches in the analysis.

Last two approach is investigated throughout the pipeline when the first
approach does not give any meaningful result with a given pump configurations. In
analysing the existing crude oil pipelines, the capability of pumps to handle
maximum expected volumes is so important that pumps should be selected to allow
a parallel or series arrangement, which could transport early production volumes at
slower rates and higher pressure when necessary. The piping could be manifolded
so that parallel arrangement would be accommodated by re-positioning of valves to
handle higher flow rates.

This program is applicable for any crude oil pipelines. Existing Ceyhan-
Kirikkale pipeline system is searched according to the criteria explained above. The
details and results of this case is given in Chapter 7.

Chapter 2 gives basic aspects of liquid pipeline hydraulics and governing
fluid flow equations. Chapter 3 explains the rheology of crude oils (crude oil
properties, variation of viscosity with temperature) and mathematical treatment of
heat transfer and pressure loss problems. Chapter 4 gives an information about the
types of slurry pipelines and which type of slurries the waxy crude oils pipeline can

be treated as. Chapter 5 deals with several methods used in transportation of
4



high pour point crude oils and the effects of a chemical drag reducing in pipelines.
Chapter 6 explains the details of the software. Chapter 7 summaries the results of
an example case, namely Ceyhan-Kirikkale pipeline system. Ceyhan-Kirikkale is
especially selected as a case study because several problems were encountered by
BOTAS related to this system before. The crude oil’s properties ( viscosity vs.
temperature, Bingham yield stress vs. etc) used in case study are either taken from

literature or made up artificially by arranging hypothetical crudes.

1.3 Literature Survey

In the surface transportation of crude oils, high flowline pressure are
encountered for a number of reasons. Basically these are a function of the
rheological and depositional properties of the crude oil under the temperature
profile and shear-rate conditions developed in the system. These problems can be
categorized into these areas: paraffin deposition, asphaltene deposition, thixotropic
crude oil, turbulent flow transmission and low-gravity asphaltic-based crude oils.
Various laboratory and field tests, used to identify the key features of these
problem crudes for the identification and chemical treatment purposes, are

described by Newberry[ 1].

Ford, Ells and Russel[2] exhibit non-Newtonian viscosity behaviour at
temperatures below about 6°C above the pour point. The lowered the temperature,
the more marked is the deviation from a Newtonian behaviour. Viscosity is a
function of both temperature and effective rate of shear. If the oil should cool
statically, that is, under stagnant conditions with no shear to a temperature of a
certain value below the pour point, then the oil will gel and a particular pressure

will be required to initiate flow.

Ford, Ells and Russel[3] deal with the unsatisfactory result of repeated
oil’s shear stress(yield stress) test values. The yield values obtained by carefully

repeated experiments, using the same apparatus, are subject to quite wide
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variations. These are not only dependent on the temperature to which the oil has
cooled but, to a very large extend, on whether the oil has been cooled under static
or flow conditions. While cooling, the rate of shear has only a minor influence on

the yield values obtained.

Temperatures and burial depth and soil properties are critical factors in a
pipeline. It is sometimes argued that there is an advantage in having it above
ground so that heating of the sun’s rays assist in degelling the line. However, in
some regions, unless the line is lagged, the night ambient temperature conditions
will often caused a marked reduction in throughput. In extreme cases, it would

even stop the line completely. Ford, Ells and Russel[4] presents these effects.

Problems related with the transportation of two high pour point west
African (Zaire and Cabinda) crudes are discussed by Irani and Zarac[5] . Relevant
rtheological parameters of untreated and treated (chemical additives for pour point
depression) crude were determined in the laboratory and these results are
presented. In both cases, low concentrations(30 to 50 ppmw) of the chemical
additives improved the mobility and reduced the restarting pressure requirements
for crude oil. On the basis of the successful laboratory program, a field test for
Zaire was undertaken I June 1977. The treatment was implemented by preparing a
batch solution of additive in crude oil and injecting the solution into the transfer
line at the off shore platform. Field implementation of the Cabinda treatment
presents a more difficult situation requiring injection of additive at the wellhead.
On the basis of Cabinda crude, continuous circulation of the crude in the platform
storage tank was suggested to field personnel] as a means to partially alleviate the

transportation problems.

Burger, Perkins and Striegler[6] presents the result of a study to investigate
mechanisms of wax deposition and to determine the expected nature and thickness
of deposits in Trans Alaska Pipeline system as a function of time and distance.



The parameters that effect the transportation of high-pour point crude are
described by Smith and Crest[7]. One of them is the physical properties of crude.
Pour point, density, specific heats, water and sediment, salt content and distillation
summary the physical properties of crude oil. To determine the physical properties
of a high-pour-point crude, samples of the crude must be tested in the laboratory.
Such a determination of physical properties of waxy crude is fundamental to the
safe and complete design of a pipeline system.

Design of heavy crude facilities is addressed by Smith and Crest[8]. Pump
selection is of primary concern in facilities design.

Under stationary conditions, waxy oil congeals when it cools below the
pour point. If this cooling takes place, a certain pressure is required to initiate flow
of the gelled waxy crude. The starting pressure gradient is related to the
rheological property known as the yield stress. Yield stress is the shear stress that
must be developed in the oil to initiate flow. The maximum pressure buildup when
a gelled pipeline is restarted occurs when the gel is sheared at the wall. To establish
whether restart is possible for a given shutdown period, the available pumps must

be evaluated for their ability to provide the required shear stress[9].

Heat transfer mechanism is one of the important parameter in pipeline
design of waxy crude. Hydraulic calculation is straightforward with conventional
crude oils. However, it becomes very complex with non-Newtonian crudes. Heat

transfer calculation must be made to determine the type of flow[10].

Economides and, Chaney[11] deal basically with the heat losses from the
pipeline considering a mare interruption of the flow that would derive from a
variety of natural and/or man-made disasters at the pumping stations or at the
marine terminal and a rupture in the pipeline that would expose a cross section of
the pipeline to the ambient temperatures. A fundamental heat-transfer study and
laboratory measurements were combined to forecast the rheological response and

subsequent start-up requirements of Prudhoe Bay oil in gathering lines and in
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Trans Alaska pipeline.

Kruka, Cadena, Long[12] explain possible methods of cloud point, the
temperature at which wax or paraffin begins to precipitate from a hydrocarbon

solution, determination of crude oils.

Khan, Dilawar, Nautiyal, Srivastava[l13] explain a new method of pour
point measurement of transparent fluids by determining wax appearance

temperature.

The deposition of paraffin and asphaltenes in the reservoir rock tubulars,
pumps, vessels and pipelines affect the production and transportation of oil. A wide
range of solutions has been developed for the operating problems caused by these
deposits. Examples of the field problems and the techniques chosen by Shell in the
U.S. are cited by Tuttle[14].

Smith, Crest[15] present high pour point crude properties. If the crudes
exhibit non-Newtonian viscosity behaviour, the effective viscosity is a function of
both temperature and rate of shear. With each waxy crude discovery, extensive
laboratory tests should be applied on this crude to determine exact crude behaviour
under temperature variation. The exact behaviour under temperature is simply
stated as crude’s rheology. They also deals with “ industry accepted” methods in
pipelining high pour-point oil. Among these methods, only the effects of chemical

as a drag reducer was investigated along the pipeline in the program.

Ajienka, Tkoku[16] present a new approach to the design of “power-law
crude oil” pipelines. This method is based on the maximum pressure required in the
handling of the power law crude for normal uninterrupted flow, restarted flow and
pressure to break the gel. This method is different from Harvey[17] because non-
Newtonian flow behaviour was assumed to be “power law model” instead of

“Bingham  plastic’. Pipelines are assumed as a single phase waxy crude
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oil. This means that both Newtonian (inlet end) and non-Newtonian (discharge
end) turbulent flow can occur along the pipeline depending on whether the flowing
temperature is above or below cloud point. In this thesis, “Bingham plastic” model
is used in non-Newtonian flow analysis. Moreover, the homogeneous or
heterogeneous slurry characteristics of crude oils are investigated and some
corrections are made on non-Newtonian pressure loss calculation to include the

two face flow effects.

Design of a conventional pipeline presents a much more easy problem than
that of a pipeline for a congealing oil. Heat transfer and fluid flow have to be
considered, and performance must be determined not only for normal operating
conditions but also for restarting after a shut-down. Harvey, Briller and Arnold[17]
outlined a method for estimating system performance and pumping requirements
for Newtonian and non-Newtonian laminar or turbulent flow. This procedure with
minor changes was followed in the program for heat transfer analysis case. Harvey
recommended that for Newtonian turbulent flow the Fanning equation can be used
together with the Blasius friction factor and the Hagen-Poiseuille equation for
laminar flow. The use of Chen and Colebrook-White equations together are
preferred in the program. For non-Newtonian flow, the same equation can be used
for turbulent flow but the apparent viscosity should be replaced with plastic
viscosity. Hedstrom equation should be used for laminar flow. Non-Newtonian

flow behaviour was assumed to be approximately Bingham Plastic.

The first Irag-Turkey Crude Pipeline(ITP1) is studied while operating with
chemical injection, to boost up the throughput in this report[18]. Most generally,
the injected chemicals in small quantities, does not effect the crude’s quality, but
act as a drag reducer decreasing the frictional head loss. As a result, the existing
pipeline is used at a higher capacity. In this program chemicals are used to decrease
the non-Newtonian effects of crude oil if the pipeline does not operate due to high
frictional loss.



The report[19] prepared by Eralp and Yahgi presents the hydraulic
calculation and flow rate required to transport crudes from Batman to Ddrtyol.
The flowrate is compared with the design capacity of Batman-Dértyol pipeline and
the difference between them is taken as the base of energy loss. The gravity of
crudes is very important when considering the pump power, its power increases
with increasing gravity. Viscosity also shows the same effects on the pumps. So the
loss during the transportation should be calculated by considering the flow rate

loss.

Tullis[20] presents the use of centrifugal pumps and their relationship to the
hydraulic characteristics of piping system. Pump characteristics covered include
total dynamic head, efficiency, horsepower, net positive suction head, specific
speed, suction specific speed, and similarity laws. The criterias effecting the

selection of parallel and series pump combinations are discussed.

The centrifugal pump applications and several pump combination types are
studied by Robert[21]. Importance of centrifugal pumps for pipelines are
illustrated. There are various commercial catalogues available[22], [23], [24]

which give empirical relations to various pump installation.

Statically cooled samples of waxy crude oil posses a complex yielding
behaviour that can not be described by existing yield stress fluid models nor by the
description and modelling of thixotropic materials. Three distinct characteristics of
the yielding process, namely, a solid (Hookean) behaviour, a slow deformation
(creep) and a sudden failure of the sample that closely resembles the brittle or
ductile fracture of solids, have been identified by four different techniques- the
vane technique, the cone and plate viscometer (constant rotation), constant stress
rheometry, and oscilatory (dynamic) testing. A capillary viscometer or pilot scale
pipeline presents technical difficulties which make it unsuitable for investigating the
yielding behaviour of waxy crude oils. The shear stress at the fracture is the value

of most interest to pipeline designers and the one most often taken s-as the
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yield point. Means of obtaining reproductible yield stress and fracture stress data
are discussed by Wardhaugh, Boger[25].

A simple method needing the average boiling point (sometimes referred to
as the 50% boiling point) as the only input, is found to predict viscosities of
petroleum crude oils and their fractions, with comparable or better accuracy than
other methods. Dutt[26] presents this method. Other crude oil viscosity prediction
methods are Beal for dead oil and Chew and Connally for live or saturated oil. Beal
correlated dead oil viscosity as a function of API gravity and temperature. Chew
and Connally presented a correlation for the effect of dissolved gas on the oil
viscosity[27]. Besharah, Sahnan and Akashah[28] explains experimentally
measured viscosities of light, medium, and heavy crude oils and their blends. These
viscosity data can be used to develop a new method for predicting the viscosity of
crude oil blends based on known component viscosity. Duhne[29] gives a general
discussion of viscosity-temperature relationships, data sources, the accuracy of the

correlations, and a comparison with nomograph methods.

Waxy crude oils are highly non-Newtonian materials known to cause
handling and pipelining difficulties and whose flow properties are time and history
dependent. Experimental techniques are described that enable reproducible steady-
state flow property data to be obtained from rotational viscometers. The flow
properties are shown to depend strongly on the shear rate applied during cooling
(shear history effect). This leads to a definable minimum operating point below
which flow in a waxy crude oil pipeline would cease. Modified pipeline design
techniques are presented for both laminar and turbulent flow at temperatures below

the pour point by Wardhaugh and Boger[30].

The design of subsea pipelines carrying waxy crude oil, especially in
Norhern and artic areas, is largely controlled by start-up pressure requirements.
The correct measurement of rheological parameters associated with start-up and

line clearing of gelled crude oil pipelines, is thus important for proper design of
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pumping capacity and pipeline dimensions. The yielding behaviour of some waxy
North Sea crude oils and the time dependent rheological properties of waxy crude
oils are studied by Ronningsen[31].

Civil[32] performed a computational study for the simulation of batch
operation of liquid pipelines. The aim of developing such a software is to manage
to simulate the new operation schedule especially when the batching conditions are
changed. Cakmanus[33] developed a software for full design of the steady state
liquid pipelines. By the help of this software the optimum required pipe diameter,
pipe wall thickness along the pipeline, number and spacing of pumping stations and
corresponding first investment cost, operating cost and annual total cost are

determined.

C. B. Lester and Associates, in cooperation with Tekfen Installation and
Construction Company presented a proposal[34] for the application of ARCOFLO
drag reducer to the Irag-Turkey crude oil pipeline system. It includes a series of
tests an the Irag-Turkey system to establish the efficiency of the drag reducer, the
quantities of drag reducer required to produce a certain drag reduction, the effects
of chemicals on crude and pipeline system, the implementation such a chemical to

the pipeline and quality assurance documentation.

Several implicit and explicit friction factors are compared by Round[35].
The friction factor equation used in this study is the relative friction factor.

The application of the extended Bernoulli equation and continuity equation
to pipe flow, and pipe circuit, the flow regimes encountered in pipe flow are
explained by Aksel[36], Sabersky,Acosta, Hauptmann{37], and Evett, Liu[38].

Recently, with the advent of microcomputers and enhanced programming
technology, has permitted the pipeline design industry a new phase of performance

and advancement of methodology as well as technology. The installation of
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microcomputer system, development and operation of a computer software is
relatively inexpensive while the performance is just as effective as, and as reliable
as, any of the more expensive systems. Kung, Mohitpour[39] deal with the
application of microcomputer technology for hydraulic design and analysis of
bitumen pipeline system in Alberta. They give an example pipeline hydraulics

program with non-Newtonian flow characteristic incorporated.

Heywood, Cheng and Carleton[40] has considered the industrial and other
practical experience in the application of correlations and methods available in the
design of slurry pipelines. Four classes of fluids are discussed in terms of their
relevant pipeline characteristics. The first is settling slurry, for which the pipeline
characteristics are minimum transport velocity and pressure gradient. The second is
nonsettling slurry, for which laminar/turbulent transition velocity and pressure
gradient are relevant. The third is stabilized slurry, where non-settling slurry design
equations can be used. The fourth is thixotropic fluid, for which start-up pressure

and time required to clear the pipe of gelled material are of particular importance.

Smith[41] gives some numerical approaches to the numerical representation
of pump characteristics. He also explains the advantages access of computer to

pipeline technology.

Marks[42] gives a review of the most important computations in pipeline
engineering. He present a pragmatic approach to these computations by utilizing
programmable calculator programs. The handbook is divided into three principal
parts. These present materials that are to be of use to the pipeline engineer engaged

in feasibility studies, detailed design, and pipeline construction engineer.

Incropera and Dewitt[43] deal with the mechanisms of basic heat flow
problems and their solution. Three modes of heat transfer mechanisms, conduction,
convection and radiation are investigated in a more detailed form.

Karakan[44]  developed a sofiware for the design of steady state
13



liquid pipelines similar to Cakmanus.

1.4 Objectives and Scope of Present Study

An analysis program about flow characteristics of crude oil pipeline system
in Turkey is the subject of this thesis. Steady state design calculations are assumed
to be performed previously. Its results are the input of this program. Hydraulic
loading of the line satisfies the conditions of Maximum Allowable Operating
Pressure (MAOP). Physical properties of the line such as pipe diameter, length of
the line, pumping station characteristics, properties and configuration of fluids are

stored in data file or entered to the program directly.

The main aim of the program is to operate high pour point crudes in
existing pipelines by using the available conditions. In case of flow blockage due to
the application of high pour point crude, the solutions are limited by the system. In
other words, flowrate change, pump station head change heating of oil or any
combinations of these are possible, if the pumps capacity or system allows these
modifications. The crude oils transportation methods is not the scope of this thesis

except for drag reducer chemicals.

Several assumptions are made in the program. These are as follows:

i. single phase steady state flow

ii. pipeline inlet and ambient temperatures as well as cloud- and pour-
points are known

iii. the nature of waxy crude oil and expected handling problems have been
determined

iv. the effect of temperature on the rheological parameters has been
determined and thixotropy is ignored

v. the handling method has been decided upon the design throughput and

other relevant information such as thoroughfare, etc., are known
14



vi. the minimum flow rate, Qmin, to initiate flow is 50 % of the desired
throughput

vii. maximum advisable downtime is determined

viii. crude density, specific heat capacity, thermal conductivity are

independent of temperature.
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CHAPTER 2
HYDRAULIC ASPECTS IN LIQUID PIPELINES
2.1 Basic Equations

Continuity and extended Bernoulli equation are two basic equations used in

the solutions of most pipeline fluid flow problem.
2.1.1 Continuity Equation

The simplest form of continuity equation is for one dimensional,
incompressible(0p/ot=0), steady flow in a closed conduit. Applying continuity

between any two section gives
V]XA1= VzXA2=Q (2 1)

in which A is the cross sectional area of the pipe, V is the mean velocity at the
same location, and Q the flow rate. Equation 2.1 is valid for any rigid conduit as

long as there is no addition or extraction of fluid between the sections.
2.1.2 Extended Bernoulli Equation

The extended Bernoulli Equation is very powerful equation in solving pipe

flow problems. The most general form of this equation is as follows:
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The term h;, refers to shaft work per unit weight and h refers to frictional
work per unit weight. Thus P/p.g, called pressure head; z, called elevation head,
and V?/2.g, called velocity head. The sum of these three quantities is referred as the
total energy head shown by energy grade line(EGL). The sum of elevation head
and the pressure head is called piezometric head. The line showing the variation of

the piezometric head is known as the hydraulic grade line (HGL).

22 Pumps in Pipelines

Centrifugal pumps are the most commonly used type of pumps in pipelines.
Pumps transmit the required amount of hydraulic energy to the system when

necessary.

Selecting a pump for a particular service requires the investigation of
system requirements and pump capabilities. Centrifugal Pumps operate at the
intersection of the head capacity curve and system characteristic curve which
exhibit the head requirements of the system of pipe, valve, fittings etc. The proper
selection of pump does not only provide the required head and discharge, but also
it operates as close as the best efficiency point. The characteristics curves are
generally provided by the manufacturer for centrifugal pumps and each of them
may be represented by a polynomial at a given rpm. A quadratic polynomial can be
used for head versus flowrate, cubic polynomial is used for power versus flowrate
and fourth order polynomial is used for representing efficiency versus flowrate [41]

at the nominal rpm. i.e.,

H=a;+b;xQ+¢;xQ? (23)
P=a,+b,xQ+c;xQ*d,xQ? 2.4)
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N=astb;xQ+csxQ*+d3xQ*+esx Q* (2.5)
where a;, a, a3, by, by, bs, ¢1, ¢y, C3, etc. are the constant coefficients of the
respective polynomials. Curve fit is a must for computational work. There are
various methods for curve fitting, but least square method is the simplest and most

commonly used method among them all.

The head-flowrate curve of any pump changes with changing the rotational
speed of the impeller. Typical characteristics of a centrifugal pump as shown in
Figure2.1 is only valid for a given speed. To operate a centrifugal pump at a speed
other than its design épeed to meet the requirements of the particular duty is a
common practice. In such a case, Affinity Laws described for pumps is applied to
find new operating point for geometrically similar (D= constant) pumps, working

at a different rotational speed. These relations can be expressed as follows:

: .
HZ N2
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Capacity
Figure 2.1 Typical Characteristic of a Centrifugal Pumps
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Operating point explained above lies at the point of intersection between
the pump curve and system characteristic. Similarity curve for the same pump
operating at different rotational speeds has an equation in the form of H= K.Q%,
where K is the constant. Point 1 and 2 lie on two head curves at different speed are

similar points. Graphical representation of this fact is given in Figure 2.2.

In crude oil pipelines, the pumps will be forced to handle crudes with a
variety of viscosity due to the temperature dependence of viscosity. In this
condition, considering the change of head requirement expected from the pump,
the supplied head is adjusted by changing the rotational speed of the impeller.

Series or parallel combinations of pumps sometimes become inevitable due
to varying demand, changes in reservoir elevation, or changes in friction or minor
losses. According to the requirements of a particular duty, a single pump may not
provide the necessary head or supply the required amount of discharge to the
system. Series combination of pumps is a requirement for the former case and
parallel for the latter case. In some cases, however, both of the principal

combinations may be necessary.

Similar Operating Lines
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Figure 2.2 Similar Operating Points
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. 2.2.1 Pumps Handling Viscous Liquids

As the viscosity of the fluid increases (for constant rotational speed), head,
flowrate, efficiency of the pump fall. Generally, pump characteristics supplied by
the manufacturer are proposed for water. In case, when pump handles a fluid other
than water, its characteristics have to be corrected. Especially, if the viscosity of
the fluid is relatively high; this become inevitable, because in such cases prediction

of actual operating point is of primary importance.

Typical  head-flowrate, power-flowrate and efficiency-flowrate
characteristics corrected for a viscous flow are given in Figure 2.3. In this figure,
subscript w denotes water and z denotes the viscous fluid handled. Especially for
high flowrates and viscosity the correction is necessary because in these cases two

curves for water and the viscous fluid deviate from each other considerably.
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Figure 2.3 Characteristic Curve of a Centrifugal Pump for both Water(w)

and Viscous Fluid(z) [22]
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2.3.2.1 Viscosity Correction Procedure

The graphical form of viscosity correction is given in Figure 2.4. Because it
is a tedious job to digitise these curves and storing them in a file due to the
requirement. of entrance thousands of data in the form of a database, it is converted
into semi-analytical form by expressing the intermediate steps of nomograms
analytically. Graphical procedure to find the intersection points at intermediate
steps is replaced with direct analytical procedure in order to adopt viscosity

correction over computational field. The procedure [32] is as follows:

1. Knowing H, Q, n for an operating point on the characteristics curves which is
specified for water, one can directly find the intersection point (x;) of logQ and

H=constant lines by the aid of equation
X,=-9.31xlogQ+3.33xlogH+34 (2.8)

1. The second step is to find the intersection point (x;) of y=X; line and

v=constant line by the use of equation
X,=0.069x(X;+9.16xlogv) (2.9)

ili. The last step is to find the correction factors (fy, f;,) corresponding to X, and

the specific speed (Ns) curve of the pump which is defined as

stﬂw/_g_
(g xH)

The curves for various specific speeds are digitized and the appropriate

(2.10)

specific speed curve is used to find the correction factors. If the calculated specific
speed curve falls between any two curves given in Figure 2.4 then the correction

factors are to be found with interpolation.
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Figure 2.4 Head and Efficiency Correction Graph For Viscous Liquids[22]
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If the nomograms are investigated carefully, the correction coefficients will
appear not to be in negligible order of magnitude. In fact, if the viscosity is beyond
100 cst this coefficients will go down to 0.8, which is not of negligible importance.

2.3 Cavitation in Pumps

One of the serious problems with pump operation continues to be
cavitation erosion. Turbomachines having liquid as the working fluid are
susceptible to cavitation phenomenon which limits the performance under certain
conditions. This phenomenon is defined as the local vaporization of the liquid due
to dynamic conditions. Cavitation becomes visually apparent as vapour bubbles in
the liquid both at the boundary and in the interior of the stream. Vaporization may
occur when the local pressure reduces to the vapour pressure of the liquid at the
local temperature. Cavitation, whenever occurring in pumps, generates noise,
pressure fluctuations, vibrations, and eventually reduces the efficiency of the
devices. Pumps can be forced to cavitate by reducing the suction pressure.
Cavitation can exhibit two general effects on pump performance. First one is
erosion damage, which wears away the impeller and other parts of the pump and
degrades the pump performance. Second one is for advanced stages of the
cavitation. The pump performance can be degraded by large quantities of vapour.
The minimum amount of pressure required at the suction side of pump to prevent
cavitation is referred to as the net positive suction head required. The net positive
suction head available in the system must exceeds the net positive suction head
required by the pump with a reasonable margin of safety to ensure the satisfactory
operation. The net positive suction head available in pump stations of a pipeline

can be stated as follows

2

N P LA @2.11)
}/+2)<g_ v .
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Where B‘— =H

H.: absolute vapour pressure of the liquid
H;: minimum elevation of hydraulic grade line from the land at each

pumping stations to prevent cavitation problems in pumps

2
s

2x

s : velocity head at the entrance of pumping stations

2.3.1 Suction Specific Speed

Another parameter used to describe the cavitation characteristics of an
impeller is suction specific speed. This parameter relates the cavitation potential of

a pump to its speed and discharge.

_ N X QO.S
~ (g x NPSH,)*™

(2.12)

where
N: speed of motor (rad/s)
Q: flow in m¥/s at the point of maximum efficiency
NPSH;: NPSH at the point of maximum efficiency

Larger value of S shows more severe cavitation condition. Suction specific
speed usually ranges between 1 an 7 depending on impeller design, speed, capacity,
nature of fluid and service conditions and degree of cavitation. S rangingup to 5 or
higher is generally used for the operation of pumps handling hydrocarbons.
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CHAPTER 3
RHEOLOGY OF CRUDE OILS
3.1 Waxy Crude Oils

The majority of crude oils contain a certain proportion of heavy
hydrocarbon compounds, which may precipitate as a waxy solid phase if the oil is
cooled below a certain temperature. Wax precipitation may take place at
temperatures far above the freezing point of water, and is therefore a potential
problem when petroleum mixtures are transported in pipelines, e.g., underwater, or
treated in process plant . Wax precipitation may result in plugging of pipes and
process equipment. When designing pipelines and separation plants it is, therefore,
of importance to be able to determine the conditions where wax precipitation takes

place, and the amount of wax likely to form.

The wax present in petroleum crudes primarily consists of paraffin
hydrocarbons (C18 - C36) known as paraffin wax and naphtenic hydrocarbons
(C30 - C60). Hydrocarbon components of wax can exist in various states of matter
(gas, liquid or solid) depending on their temperature and pressure. When the wax
freezes, it forms crystals. The crystals formed of paraffin wax are known as
macrocrystalline wax. Those formed from naphtenes are known as miérocr'ystalline

wax

Wax precipitated from oil mixtures consists of closed packed lattices of

alligned paraffinic and naphthenic molecules. The most comprehensive wax-
25



composition analysis have been made on waxes extracted from petroleum mixtures.
They can be divided in to two main categories: paraffinic waxes and

microcrystalline waxes. The basic characteristic of each category are shown in
Table 3.1.

Table 3.1 Typical Compositions and Properties of Paraffin and Microcrystalline

Waxes
Paraffin | Microcrystalline
Waxes Waxes
Normal Paraffins (%) 80-95 0-15
Branched paraffins (%) 2-15 15-30
Cycloparaffins (%) 2-8 65-75
Melting point range (°C) 50-65 60-90
Average molecular weight range 350-430 | 500-800
Typical carbon number range 18-36 30-60
Crystallinity range (%) 80-90 50-65

A Waxy crude usually consists of a variety of light and intermediate
hydrocarbons (paraffins, aromatics, naphtenic, etc.), wax and a variety of other
heavy organic (non-hydrocarbon) compounds, even though at very low
concentrations including resins, asphaltenes, diamondoids, mercaptdans, organo-
metallics, etc. When the temperature of a waxy crude oil is lowered, first the

heavier fractions of its wax content start to freeze out.

The crystallization of wax in crude oils causes several difficulties in
pipelining storage with respect to low pour-point crude oil. As the waxy crude
flows through a cold pipe or conduit (with a wall temperature below the cloud
point of the crude), crystals of wax may be formed on the wall. Wax crystals could

then grow in size until the whole inner wall is covered with the possibility of
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encapsulating oil inside the wax layers. As the wax thickness increases, pressure
drop across the pipe shows an increasing trend continuously to maintain same flow
rate of fully Newtonian case besides restriction in flow, increase in downtime, more
mechanical problems and higher handling cost. As a result, the power requirement
for the crude transport will increase. However, many pipelines around the world
are now successfully transporting waxy crudes under conditions where the ambient

temperature is lower than the pour point of the liquid.

3.2 Basic Properties of Crude Oils

Pour point temperature and cloud point temperatures are the most

important properties of crude oils in determining the type of flow.

3.2.1 Pour Point Temperature

Pour point is the temperature at which the flow of crude oil, or other
petroleum fluids, ceases. It is an important indicator of the transition of flow from
Newtonian to non-Newtonian characteristic. Pour points provide to a good

approximation, information about this transition temperature.

3.2.2 Cloud Point Temperature

The cloud point is the temperature at which paraffin particles begin to
participate out of solution: the pour point is usually 3-6 °C lower than the cloud-

point.

Waxy crude oils exhibit non-Newtonian flow behaviour below the cloud
point temperature because of wax crystallisation. Above the cloud point flow is

Newtonian.
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3.2.3 Viscosity of Crude Oils

For most crudes, at sufficiently high temperatures, the viscosity at a given
temperature is constant and the crude is a simple Newtonian liquid. The viscosity of
oil can be defined by

(3

dvldy

U= .1

where t is the shear stress and dv/dy is the velocity gradient.
The viscosity of crude oil is perhaps its most important physical property affecting
the flow on a pipeline. As the temperature is reduced, the flow properties of a
crude oil can readily change from the simple Newtonian to very complex flow
behaviour due to the crystallisation of waxes and colloidal association of

asphaltenes.
3.3 Rheology of Crude Qils

Rheology is the science of flow and deformation of matter and describes
the interrelation between force, deformation and time. The term comes from Greek

rheos meaning to flow. Rheology is applicable to all materials, from gases to solids.

Fluid rheology is used to describe the consistency of different products,
normally by the two components viscosity and elasticity. By viscosity is usually
meant resistance to flow or thickness and by elasticity usually stickiness or

structure.

The flow properties of an oil containing crystallise wax are distinctly non-
Newtonian. A yield stress (the minimum pressure required to restart flow, also
termed gel strength) can be detected which, under some circumstances, can be
many times higher than the normal pumping pressure.
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These crystals can entrap the oil in to a gel like structure that is capable of
forming thick deposition in pipes and increasing pumping pressures to the point

where flow ceases.

High pour point crudes require higher than normal temperatures before
their pour points are reached (normally between 15 and 46 °C). Additionally, high
pour point crudes exhibit non-Newtonian viscosity behaviour at temperatures

below about 6 ° C above the pour point.

This means the effective viscosity is not a function of temperature alone,
but it is also a function of the effective rate of shear in the pipeline. Shear stress
and rate of shear must be determined to predict the pressure required delivering

specified production volume.

Viscosity measurements would allow an investigation of the rheology of
crude oils. With each waxy crude discovery extensive laboratory test should be
made to determine the crude’s rheology. A short review of rheological properties

as follows:

3.3.1 Time Dependent Fluids

There are two types of time dependent non-Newtonian fluids. If the
apparent viscosity decreases with time when the fluid is subjected to shear, the
fluid is thixotropic. This property associated with high waxy crude oil separates it

from normal crude. If the viscosity increases with time, then it is rheopectic.

3.3.2 Newtonian and Non-Newtonian Fluids

A Newtonian fluid is fluid whose deformation under laminar conditions is
directly proportional to the stress. There are three types of non-Newtonian, time-
dependent fluids:
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¢ Bingham plastic
¢ Pseudoplastic

o Dilatant.

3.3.2.1 Bingham Plastic

A Bingham plastic, a material resisting flow much like any Hookenian solid
until its yield strength is exceeded, behaves like a Newtonian fluid except that for
flow to take place, a specific yield stress must be exceeded. Bingham plastic

behaviour can be represented by the following equations. For 71

7, +Bx i (3.2)
T= - :
° dy
and for <7,
dv
—=0 3.3)
& (

where 1o is the yield stress that must be exceeded for the flow to be

initiated and B is the coefficient of plastic viscosity.

3.3.2.2 Pseudoplastic Fluids

A pseudoplastic fluid is fluid whose apparent viscosity decreases with

increasing shear rates. The behaviour can be expressed mathematically as

T=Kxy”" (3.4)
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where K and n are constants.y represents shear rate. This equation is often known

as the power law relationship for non-Newtonian fluids.

3.3.2.3 Dilatant Fluids

A dilatant fluid displays rheological behaviour opposite to that of

pseudoplastic fluids (apparent viscosity increases with increasing shear rates).

Table 3.2 Newtonian and Non-Newtonian Fluids

Fluid Type Fluid Characteristics

Newtonian Unaffected by magnitude and
kind of motion to which they
are subjected

Dilatant ' Viscosity will increase as
agitation is increased

Bingham Plastic Have definite yield values,

which must be exceeded
before flow starts. After flow
starts, viscosity decreases
with increase in agitation
Pseudoplastic Do not have a yield value,
but do have decreasing
viscosity with increase in
agitation

Thixotropic Viscosity will  normally
decrease upon increased
agitation, but this depends
upon duration of agitation
and viscosity of fluid and rate
of motion before agitation

3.4 Non-Newtonian Behaviour of Crude Qils

The crude may exhibit pseudoplastic or thixotropic behaviour and/or act as
a Bingham plastic in the transition phase between the onset of wax crystallization
and the fully gelled state.
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A waxy crude may exhibit Bingham plastic behaviour after gelling. The
behaviour of this type of crude varies from that of Newtonian fluids only in that its
linear relationship between shear stress and shear rate does not go through the
origin. A finite shear stress is required to initiate flow. Further, the viscosity or
pumpability of a Bingham Plastic is both rate of shear and time dependent.

When waxy crude is allowed to cool below its cloud point under static
conditions in a pipeline, the paraffin will crystallise causing the entire mass of crude
oil to gel.

If a waxy crude pipeline being pumped below its cloud point via shut down
for any reasons, resulting gelled state will require, upon restart, substantially more

pressure to put it in motion. Several parameters must be investigated, such as

eHeat transfer
oPhysical properties of crude oil
eRestart after shut-down

eWax content

3.5 Hydraulic Calculations

Hydraulic calculations for Newtonian crude oils must be made using

conventional hydraulic equations.

These calculations become more complex with non-Newtonian crude.
Since the viscosity is both temperature and shear rate dependent. Pressure loss
calculations for non-Newtonian liquids are made by dividing the pipeline into short
segments and analyzing each segment separately as a result of variation of viscosity

and the change of flow type depending on the temperature and viscosity.
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3.5.1 Newtonian Pipe Flow

In crude oil pipelines, total frictional losses are given by Darcy-Weisbach

equation:

D*7x3 : (3.5)

For determining the correct friction coefficient, one has to first decide on the flow
regime encountered inside the pipe. The only determining fact is the characteristic
non-dimensional figure, i.e. Reynolds number, defined as

Re=" ’;D (3.6)

Where V :Velocity
D :Characteristic length

v :Kinematic viscosity of the fluid

For a pipe flow, characteristic length is the diameter of the pipe. As a
general rule of thumb, flow is considered to be laminar if Re<2300, and it is in
transition region up to Re<4000, and beyond this limit the flow is turbulent.

If Re<2300, flow inside the pipe is laminar and friction factor is simply
equal to 64/Re.

If Re>4000, flow inside the pipe is turbulent. Chen and Colebrook-White

equations are used to predict friction coefficient. The result of Chen equation is the
initial assumption of Colebrook-White equation.
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This equation has been the basis for Moody diagram which is used
commonly to determine the friction factor. The biggest obstacle of this equation is
that it is an implicit function in f, so it requires an iterative solution procedure.
However, it seldom necessitates enormous number of iterations and converges to a
final value easily. This valuable advantage reduces the execution time and makes it

very frequently used in computational work.

In transition region (2300<Re<4000) friction factor found from Colebrook-

White equation can be improved:

f—ﬁ+4 f —0004)x( D 3.9

2000
3.5.2 Non-Newtonian Pipe Flow

Since the fluid properties are approximately Bingham Plastic, the method of
Hedstrom[17] is applicable for non-Newtonian flow of crude oils. Using this
calculation technique, the mode of flow is determined by two dimensionless
parameters. These two terms, which may be described as a plasticity number and a

Reynolds number based on plastic viscosity, are defined respectively as:

D
gzt XEXE (3.10)

B, ¥V
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(3.11)

where T, : Bingham yield stress

w,: Plastic viscosity

The mode of flow is determined from Figure 3.1 with the help of plasticity

number and Reynolds number based on plastic viscosity.

Calculation of pressure loss in turbulent flow can be accomplished by
means of the conventional equations for Newtonian flow provided that plastic

viscosity is used in the place of the Newtonian viscosity.

The calculation of laminar Non-Newtonian flow utilizes another
dimensionless parameter, which is designated by ¢(s). ¢(s) is read from Figure 3.2
by using plasticity number. The pressure loss is calculated from Hedstrom’s

laminar flow relationship, which is

_$6) Ly, ¥ (3.12)
r~ D.g
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Figure 3.1 Mode of Flow for Bingham Plastics[17]
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Figure 3.2 Laminar Flow for Bingham Plastics[17]

To analyse a segment efficiently, its inlet temperature and the temperature
loss must be calculated. This involves an examination of the heat transfer from the
oil to the surroundings environment.

3.6 Heat Transfer

Heat transfer has three distinct modes of heat transmission:
1.Conduction is the heat flow process from a region of higher temperature to a
region of lower temperature within a medium (solid, liquid or gas) or between

different mediums in direct physical contact.

2 Radiation is the heat flow process from a high temperature body to a lower

temperature one when bodies are separated in space.

3.Convection, the heat flow process by fluid motion between regions of unequal

density caused by non-uniform heating, is the mechanism of energy transfer
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between a solid and a liquid or a gas. As all the pipelines investigated in this thesis
are burial, the radiation heat transfer effect is neglected. Total amount of heat loss

in a pipeline can be calculated by using following formula.

(T -T)xxxd

Q=—7 ,dxIn@,/d) dxin@d/d) 1 (3.13)
hxd,  2xkg,, 2xk,, A
Where
Q : heat flow

h; : inside convective heat transfer coefficient

h,: outside convective heat transfer coefficients

d;: inside diameter of pipe

de: outside diameter of pipe

d: diameter of pipe with insulation

kyipe: thermal conductivity of pipe

kirs: thermal conductivity of insulation

T;: temperature of crude oil at the center of the pipe
T.: ambient soil temperature

Heat loss also can be calculated by using thermal conductivity of soil.

Q=8pxkox(T1-T2) (3.14)

Where:
S¢. Shape factor
ks: Soil thermal conductivity
T\: Pipe surface temperature

T,: Surface Temperature

The values of Sy worked out for several geometrise can be found in many

reference books[43]. If the pipes are assumed as isothermal cylinder of radius r
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buried in semi-infinite medium having isothermal surface, shape factors are

calculated according to the geometric conditions.

2xnmxL
S = Cod DI L>>r, D>3.r (3.15)
2xzmx.L
= h@xDIT L>>R, D<3.r (3.16)
2xmwx L
S, = >>r, 1>>D 3.17
s nL/2xD)] " (3.17)
In(L/r) x I—W

Where:
L: Length of cylinder
r: Radius of cylinder
D: Depth of burial

Heat losses from the pipeline is calculated using transient temperature
analysis. To develop the differential equation that is satisfied by the temperature
profile in a pipeline with stagnant oil, the density and the specific heat remain
unchanged during cooling process. In addition, the resistance through pipeline
insulation controls the heat loss to the surroundings. Thus, the reciprocal of this

controlling resistance can be set as equal to the overall heat transfer coefficient.

1
d dxin(d,/d) dxlnd/d,) 1
+ + +—
h xd, 2xk,, 2xk, h,

U= (3.18)

Temperature losses must be calculated for two cases: Normal operating
conditions and Restart after a shut down.
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In order to calculate heat transfer from equation, the convection
coefficients must be known according to the type of flow (Laminar, turbulent). In

literature empirical correlations pertinent to laminar and turbulent flow exist[43].

Laminar Flow:
k 0.0668 x(d / L) xR P
B =2 x| 366+ X(d/L)xRegxPr (3.19)
d 1+0.04 x (4 / (L x Re, x Pr))
Turbulent Flow (Dittus-Boelter) :
hi=(ko/d)x0.023 x(Re)**x(Pr)" (3.20)
This equation can be applied for the range of conditions
0.7<Pr<160
Rep>10000
L/d=10
where
VxD
Re= P22 X2 (.21)
K
C
Pr= Z Fe (3.22)

k,: thermal conductivity of oil
p : density of oil
C: specific heat of oil

Ua @ apparent viscosity of the oil
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3.6.1 Temperature Distribution of Flowing Oil for Normal Operating
Conditions

A heat balance is made between the loss of internal energy of the oil and
heat flux through the pipe wall. The overall heat transfer coefficient is generally

controlled by ki, so the other terms are neglected.

1

U= axm@idy 2
2xk,,
4xUxX
gT - 3;)) _ i) (3.24)

Where

T: temperature of oil at a distance x
T,: soil temperature

Ti: oil inlet temperature

C: specific heat of oil

V: flow velocity

3.6.2 Temperature Distribution of Qil for Re-start after a Shut-Down
Oil temperature at any point of pipeline subsequent to a shut-down may be

computed by balancing the heat flux through the pipe with the rate of heat loss of
the oil.

AxU =t

Tr=T,+(T - T,)xe (3.25)
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where T;: temperature of oil found using equation (3.24)

t: estimated shutdown time
3.7 Restart after a Shut-down

Under stationary conditions, waxy oil congeals when it cools below the
pour point. If this cooling takes place, a certain pressure required to initiate flow of

the gelled waxy crude.

The starting pressure gradient is related to the rheological property known
as yield stress. Yield stress is the shear stress that must be developed in the oil to

initiate flow.

V4
—X

ng4

D=7, xaxD (3.26)

For waxy crude yield stress is an inverse function of temperature and
increases with decreasing temperature. It is also a function of the rate of shear.
Start-up pressure, for instance, depends to a large extent whether the oil is cooled

under static or dynamic conditions.

The maximum pressure build up when a gelled pipeline is restarted occurs
when the gel is sheared at the wall. To establish whether restart is possible for a
given shut-down period, the available pumps must be evaluated for their ability to

provide the required shear stress.

4xrny

F, D (3.27)

Where
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P,: Pressure required to break gel

Ty: Yield strength of gelled crude (determined in laboratory tests) is
different for dynamic and static cooling

D: Internal diameter of the pipe

L: length of pipe segment

Experiments have shown that restart pressure can be 5 to 10 times higher

for statically cooled pipelining than for one that has been dynamically cooled.

The pressure required to initiate flow is considered to be sum of pressure

difference required to break gel in each section of the pipeline.
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CHAPTER 4
SLURRY SYSTEM AND PIPELINES
4.1  Slurry Characteristics

Slurry pipeline system are an efficient and reliable transportation mode.
Flow of mixture of solids and liquids in pipes differs from flow of homogenous
liquids in several important ways. With liquids, the complete range of velocities is
possible, and the nature of the flow (laminar, transition and turbulent) is defined
the physical properties of the fluid and system. With slurries, two additional
distinct flow regimes(homogeneous and heterogeneous) and several more physical

properties are superimposed on the liquid system.

Design of equipment for handling slurries is based on the type of slurry

involved. The four basic kinds are:

i.Settling slurries (heterogeneous)

il. Nonsettling slurries that behave as homogeneous non-Newtonian fluids
(homogeneoué)

iii. Stabilized slurries

iv.Slurries that show thixotropic properties (generally nonsettling)

For settling slurries, design methods are used to determine the minimum
transport velocity and to predict the pressure gradient. For slurries that behave as

homogenous non-Newtonian fluids, design methods predict the
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laminar/turbulent transition and the pressure gradient. Stabilized slurries contain
large particles to be conveyed. These particles are supported by a dense or heavy
medium which consists of flocculated, much finer particles and which impart non-
Newtonian shear thining flow behaviour to the heavy medium. Shear-thinning
media are highly suitable for transporting coarse particles.

For slurries with thixotropic properties, methods are also required for
predicting the start-up pressures after shutdown.

If the solid particles are homogenously distributed in the liquid media, such
slurries often exhibit non-Newtonian rheology (i.e., the effective viscosity is not

constant, but varies with the applied rate of shear strain).

Concentration gradients exist along the vertical axis of a horizontal pipe
even at high flow rates; i.e. the fluid phase and solid phase retain their separate
identities. Thus, the designer will often be faced with defining the dominant
characteristic of a slurry. Evaluation of the complex mixed regime is outside the

scope of this thesis.
4.1.1 Critical Velocity

Slurries are broadly classified as being in the homogeneous or
heterogeneous regime, each regime having a distinctive character. Like
homogeneous liquids, the flow of slurries are defined in three different regions

according to a new Reynolds number described below:

d
Re, =w;

“.1)

where w: settling velocity

d: particle diameter



v: slurry kinematic viscosity

The calculation of settling velocity changes with the flow regime. If the
Remea is less than 1, this regime is described by Stoke’s law{42].

If Renoa <1 then,

w=00169 x g x L") g2 4.2)
py Xv
24
Co = o 43)

where ps: solid density
pr: liquid density

Cp: drag coefficients

If the Reyoq is greater than 1and less than 1000, this regime is described by
Intermediate Law([42]. Settling velocity calculation is same with Stoke’s Law.

Cp _4xgx(p,=p)xv @
Re 3xp xw

If the Regoq is greater than 1000 and less than 2.10°, this regime is
described by Newton’s Law([42].

172
Y (0.3094 x (zs - p)x d) “5)
1

CD=0.4

45



Both homogeneous and heterogeneous slurries have entirely different
critical-velocity characteristics, as seen in Figure 4.1. On the chart, Curve A
illustrates the deposition critical velocity typical of heterogeneous slurries. The
depositional critical velocity is directly related to the settling velocity of the coarser
particles in a heterogeneous slurry and the degree of turbulence in the pipe: it
therefore increases with increasing particle size or specific gravity, and with
increasing slurry concentration or viscosity. Deposition velocity generally exhibits

an increase proportional to the square root of pipe diameter.
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Heterageneouts slurry | 8
Hemoageneous slurry
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Figure 4.1 Critical velocity characteristics depend on whether slurry is

heterogeneous or homogeneous[40]

Curve B shows viscous-transition critical velocity, which is characteristic of
homogeneous slurries. While the design of a system for operation below the
transition critical velocity is acceptable for truly homogeneous slurries, no

turbulent flow exist to suspend even trace amounts of heterogeneous particles.
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There are many correlations found in literature about determination of
homogeneous or heterogeneous flow. Two new velocities are described as a
function of solid concentration, pipe diameter, and one or two particle

parameters[40,42].

V.=F, x(2xgxDx(S-1)" (4.6)

where
V.: Critical velocity
Fy.: Durand and Condolios factor[42]
D: Inside diameter of pipe
S: Ratio of solid density to liquid density

If our transport velocity is less than the critical velocity (Durand
correlation), there is no flow in the pipe. That is, V. is the minimum velocity to
maintain flow in the pipe. The slurry transport velocity must always be grater than

the critical velocity

V, = (5097 x g x Dxw)"? 4.7

where
Vr: Transition velocity

w: Settling velocity

Equation (4.7) (Newitt correlation[42]) describes the transition from
heterogeneous to homogeneous flow. If transport velocity of slurry is grater or
equal to the transition velocity, the flow is homogeneous. Othewise, the flow is

heterogeneous.
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4.1.2 Solids Concentration

The slurry volume concentration and specific gravity are directly related,
depending only on the solids specific gravity and the liquid specific gravity.
Various properties of the slurry can be calculated as follows[42]:

Flowrate of solids:
Slurry flowrate is the summation of liquid and solid parts flowrate. Solid

flowrate is as follows:

Qs=QuuryxWP (4.8)

where
WP: Volume percent of solids
Qutury: Flowrate of slurry
Qs: Solid part flowrate

Flowrate of liquids

Qu=Qutury-Qs (4.9)

where Qy: Liquid part flowrate

Density of Sturry

Pstuery=PsX WP+px(1-WP) (4.10)

where ps solid density
pr: solid density

: slurry densi
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Concentration of solid by weight (C.):

c =1Exe. @“.11)

p slurry

Solid volume fraction():
¢=— 4.12)

Solid viscosity to suspension viscosity ratio:

Hu

o

=125x ¢ +10.05x ¢* +0.00273 x exp(16.6 x §) (4.13)

where . Solid absolute viscosity
Uo: Slurry absolute viscosity

Specific heat of slurry:

Cp, xC,+Cp, x(100-C,)
100

Py = (4.14)

where Cp,: Solid specific heat
Cpr: Liquid specific heat
CPetunry: Slurry specific heat
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Thermal conductivity of slurry:

2xk,+ks—2x¢><(kz—ks)} (4.15)

Koy = k1 "[ 2xk, +k, +px(k —Fk)

where k;: Liquid thermal conductivity
k. Solid thermal conductivity
k. Slurry thermal conductivity

4.1.3 Slurry Rheology, Viscosity

Solid concentration is based on consideration of the slurry rheology (or
viscosity). The rheological properties of a slurry determine the viscosity used for
friction loss calculation and for tramsition critical velocity of fine, thick
slurries(heterogeneous). The following two rheological cases adequately cover

homogeneous slurries.

Newtonian slurries are described by the simple rheological property of
viscosity, and can be treated as true fluids, provided the following velocity is high

enough to suspend the solids.

Bingham Plastic slurries require a knowledge of shear stress as a function
of shear rate to determine the parameters of yield strength and Bingham yield
stress. Bingham Plastic slurries are characteristically composed of fine solids at

higher concentrations. This was explained in a more detailed form in Chapter 3.
4.2  Settling Slurries

When handling settling slurries, the main design problem is predicting a
design velocity high enough so that there is no possibility of blockage, but not so

high that the pressure gradient and wear rates are not excessive.
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The flow of settling slurries in horizontal pipes can be classified into
various flow regimes. These flow regimes refer to the in-situ vertical solid
concentration profile and whether all solids are suspended or a proportion are
conveyed as a bed sliding along the pipe bottom. At high mean velocities it may be
possible to convey some coarse slurries, but it is usually uneconomic to operate
pipelines carrying settling velocities at high velocity. For predicting design
velocities for horizontal pipe flow, there are a number of definitions of design

velocity. These are:

Sliding-bed velocity: This is the velocity at which the shearing forces in
liquid are just sufficient to move particles that lie on the floor of the pipe. This
normally is an inefficient method of transporting the solids, but it may be used as a

mechanism by which solids are carried in high concentration.

Saltating velocity: At this velocity, particles are repeatly picked up by the
liquid and deposited further along the pipe.

Suspending velocity: This is the lowest velocity at which all the particles
are picked up and remain in suspension. This velocity is used for designing most

pipelines.

Deposit velocity: The velocity at which particles start to settle out as the
flow is lowered. This particles may settle to a static or a sliding bed. This velocity

is not same as the suspending velocity.

Velocity for homogeneous flow: This is the velocity at which the particles
become evenly distributed throughout the pipe.

4.2.1 Friction Losses and Hydraulic Gradients

Friction losses are calculated using the familiar f versus Re
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relationship, with appropriate overpressure corrections for heterogeneous

distribution of more dense particles in horizontal pipes.

Heterogeneous slurries flowing in horizontal pipes have higher friction
loses due to nonuniform distribution of particles across the pipe. Durand’s emprical

relationship corrects the friction factor as follows[40]:

3/2
gxDxp, —p, wpP
f=f l+82x( ) X~ (4.16)
' Vxp ) TP
where

f, fi: Fanning friction factor
WP: Volume percent solids

Cp: Drag coefficient

_2xpxfxVixL

AP gxD

(4.17)

In a vertical pipe, the solids are uniformly distributed, so the pressure losses

are calculated as described for homogeneous slurry.
43  Non Settling Slurries

Solid-liquid mixtures that settle (when not in flow) can be treated as
nonsettling, if the settling rate is low. These slurries can be treated as single-phase
homogeneous fluids, they can be characterized in a laboratory viscometer with the
rheological parameters obtained being used for full scale design. The method that
have been developed for waxy crude oil pipelines calculation was explained in

Chapter 3.
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44 Stabilized Slurries

For the hydraulic transport of settling slurries containing large- particles,
relatively high flow velocities are required to prevent pipe blockage. In addition,
pipe wall wear rates are high and specific energy requirements (the energy
consumption per unit mass of solid transported per unit distance) are usually much
in excess of those for the hydraulic transport of nonsettling slurries. There are a
number of ways in which this specific energy requirement may be reduced. Two
important methods are “‘dense phase conveying’ or alternatively, by both increasing
the density of carrier fluid and imparting the non-Newtonian shear thinning
property to the suspending medium through the presence of flocculated fine
particles.

Dense Phase Conveying: By increasing the solid concentration in the pipe
to such an extent that the flow within the pipe resembles that of a sliding bed
occupying practically the entire pipe cross-section. The mean slurry velocity can be
over a wide range because the coarse particles are not being supported by

numerous particle-particle contact throughout slurry.

Use of a Heavy Medium: Large particles, which would normally settle out
rapidly in low viscosity carrier liquid such as water, can be incorporated in to a
‘heavy medium’ which is usually a homogeneous suspension of colloidal particles
in liquid. These colloidal particles may often be flocculated, resulting in the carrier
medium possessing shear-thining non-Newtonian flow property. Such property can
reduce or almost eliminate the settling of large particles as result of high high
carrier the medium viscosity at the relevant low shear rates, while, at the high shear
rates close the pipe wall, the viscosity of the carrier liquid and of the slurry as a
whole (including the large particles) is reduced because of shear-thinning

behaviour.
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4.5 Thixotropic Slurries

For slurries that poses strong interparticle attraction and form a gel when
left to stand in a pipeline, the start-up pressures are very much grater than normal
operation pressure. A method for predicting start-up pressure and the time taken
for the gelled material to be expelled from the pipeline has been developed
according to the generalized Bingham fluid.
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CHAPTER 5

TRANSPORTATION OF WAXY CRUDE OILS

5.1 Transportation of Waxy Crude Oil

Oil producers have long been aware of the difficulties of pipelining waxy
crude oil and fuel oils. Traditionally the answer has been to avoid the problem by
heating the crude and/or the pipelines, thus holding the the wax in solution, or by
frequently emptying and clearing the lines.

To exploit the low sulfur waxy crude oils, the pumpability characteristics of
waxy crudes at temperatures below the pour point limit have been studied by
Simith and Crest[15]. It has been found possible to improve the flow of waxy
crude oils by a number of methods. Pipelining the crude as an oil-in-water (O/W)
emulsion reduces the flow properties to nearly the viscosity of continuous water
phase. Blending with a less waxy crude oil or distillate improves the flow
properties by altering the wax solubility relationships. Both of these methods have
the disadvantage of reducing the crude oil carrying capacity of the pipeline. Note
that seperation at the well head to include more condensate in the crude oil (if
available) has the same effect as dilutation. More recently, pour point
depressants/flow improvers have been developed that, in small concentration,

affect the crystal growth and as a result improve the flow properties.

Of the various methods developed, the use of pour point depressants /flow

improvers is found to be more attractive. The main attraction of this
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method is its relative cheapness and variability of dosage with respect to the

temperature and desired viscosity requirements.

The injection of pour point depressant/flow improver additives appears to

hold the greatest promise of achieving the desired overall objectives of:

1.Operational safety, i.e., protection of the line against blockage by the
setting of the oil into a storage gel.
2.0Operating economy, i.e., maintenance of reasonable flowing viscosity

with resulting economical level of power consumption.

Flow improvers should have the capacity to:

1.Reduce the pour point ( the temperature at which the flow of crude oil,
or other petroleum fluids, ceases ) viscosity, and yield stress under dynamic
conditions.

2 Restart the pumping after a shutdown with the available shear stress and

aid in fast clearance.

One of the following methods for pipelining waxy crude oils may be
considered:

1. Select pumps to allow a parallel/series arrangement which could
transport at slower rates and higher pressures when required. The piping could be
manifold so that parallel arrangement would be accommodated by repositioning of
valves to handle higher flow rates

2. Use of separate low flow high head pumps for restarting.

3. Side traps at frequent intervals to allow short sections to be started
separately.

4. Reverse pumping to create back and forth pumping sequence which
prohibits static cool-down.

5. Use of pour point depressants/ flow improvers.

6. Adding hydrocarbon diluent such as a less waxy crude or light
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distillute.

7. Injection of water to form a layer between pipe wall and crude.

8. Mixing water with crude to form an emulsion.

9. Displacement with water or light hydrocarbon liquid in the case of shut-
down of pipeline.

10. Separation at higher than normal pressure to allow as much gas and
light hydrocarbons as possible to remain in the crude.

11. Conditioning the crude before pipelining to change the wax crystal
structure and to reduce pour point and viscosity.

12. Further subdivision of pipeline into smaller segments or reducing batch
length of waxy crude to increase maximum shear stress available.

13. Combination of above methods.
5.2 Drag Reduction with Chemical Injection

Pipelines can be operateted with chemical injection to boost up the
throughput. Most generally, the injected chemicals in small quatities virtually does
not effect the quality of the crude oil transported, but acts a drag reducer
decreasing the frictional head loss. As a result, the existing pipeline is used at

higher capacity if necessary.

The drag reducer chemicals are high molecular weight co-polymers . These
are hydrocarbons which distill according to the volatility of its fractions and will
not be distinquishable from the hydrocarbons originally present in the crude oil. It
has been shown by laboratory and refinery scale test that these chemicals have no
adverse effect on refined oil products or desalting, coking or foaming

characteristics of crude oil.

These chemical boosters injected into a pipeline, reduces turbulence
substantially, causing a significant decrease in pressure drop due to hydraulic

friction. Thus the pumping efficiency is increased, enabling higher flow rates
57



without the need for additional pump hardware or pipeline looping. As the
chemical is injected, hydraulic friction decreased, and flow rate begins to increase
reaching a maximum level when all of the crude in the pipeline has been treated.
Conversly, when injection is discontinued, the flow rate begins to decrease as

untreated oil replaces the treated one.

At very low concentrations the effect of drag reducer is difficult to predict.
At very low flow rates the effect of drag reducer is negligible. The effect is
pronounced at higher flow rates where turbulent flow conditions exists. The effect
generally increases with increasing flow rates. At very high flow rates, due to high
shears involved, the effect is diminished going downstream from the point of
injection. This is due to the fact that the drag reducers consume a high percentage
of their drag reducing ability when subjected to high shears, and higher shear rates.
The fluid passing through a pump, the drag reducing ability is lost due to high
shears involved. Thus drag reducers must be introduced to a pipeline on the
discharge sides of existing pumps. Conversly, unless shears and shear rates in

pipelines are very large, the efficiency of drag reducer is not diminished.

Maximum flow rate is established by the limiting conditions from the
bottlenecking section of the pipeline. The “bottleneck™ is the section at which has
the minimum throughput capability in a pipeline.

Figure 5.1 a exhibits the chemical ARCOFLO II application to Irag-Turkey
crude oil pipeline system during 1987-1988. In this chart, point A is the original
outlet pressure head at fifth station of Irag-Turkey pipeline without chemical
additives. At that point, the flowrate is 768.000 barrel per day. B,C and D are the
application points of different amount of chemicals. The slope of the hydraulic
grade line decreases with the injection of increasing amount of chemicals.
Moreover, pressure head requirement to reach the pigtrap at the elevation of 1014
m declines at each increase of chemicals .On the other hand, drag reduction in

percentage and flowrate at that points increase within a certain range. Drag
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reduction can be calculated by using the following expression:

100 x (Pr essure-drop,,, ... — Pressure- dropm,ed)

Drag Reduction(%)= (5.1)

Pressure-drop,,,,....

The drag reduction with the chemical additives can be seen more clearly in
Figure 5.1 b. In this figure, vertical axis represents the pressure head at fifth station
of Irag Turkey pipeline and horizontal axis represents the duration of chemical in
hours. The chemicals move in the line with a velocity of crude oils. Therefore, it
takes certain time to show the effects of additives on the line completely. For
example, 28 hours is required to display the pressure decrease to 117.6 kg/cm” at a
distance 80 km after the addition of 6.7 ppm chemical to system. Like treatment
level 1, 42 hours for treatment level 2 and 56 hours for treatment level 3 can be
read from the figure. At the end of 56 hours, the application is discontinued. Since

pressure drop starts to increase and reaches to its initial value at 70 hours.

These effects of drag reducers have been reduced to a set of complex
correlation relationships requires to access to a computer to produce a meaningful
results in a reasonable time. Such a work had been performed for ARCOFLO 11
After an extensive laboratory measurements, the variation of injection amount-
percentage throughput increase and drag reduction percentage were obtained in
graphical forms witin a minimum and maximum range. Figure 5.2[34] exhibits the
variation of injection amount with percentage throughput increase. Figure 5.3[34]
shows the variation of injection amount with drag reduction percentage. These
curves are represented analytically instead of digitizing them. The maximum
amount of chemicals injected by the program is limited up to 50% drag reduction.
Above this limit, chemical injection is meaningless and effect the quality of crude
oil. In the case study, ARCOFLOW II is used as a chemical. However, if the users
want to apply other chemicals, it’s possible to enter their own data or
correlations.The result of chemical injrction range( minimum-maximum level) at

each station with duration time can be seen as an output of the program.
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CHAPTER 6

COMPUTER MODELLING OF THE PROBLEM

6.1 General

A computer software is developed in Visual Basic (3.0) Professional
Edition programming language to analyse the flow behaviour of existing crude oil
pipeline against high pour point crude oil. The selection of an optimum pipeline
diameter with conventional method does not take into consideration the
peculiarities of waxy crude oils. This may have resulted in pipelines being lost
through gelling by allowing downtimes beyond the permissible level and the
available pump capacity not being sufficient to restart flow. This program is mainly
based on data input directly and data transfer from a previously prepared data file.
The previously prepared data file brings the full advantage of time saving.

The software takes the physical constraints of an already installed pipeline
with rheological properties of crude oil and searches its Newtonian and non-
Newtonian flow characteristics together. In conventional pipeline design, a pipe
diameter is chosen based on the required flow rate and pipe length considering only
turbulent or laminar Newtonian flow. However, the worst design conditions are
non-Newtonian turbulent flow, when flow is completely initiasted and non-
Newtonian restarted laminar flow at the lowest ambient temperatures with the

restart flowrate being below the design throughput.

The method of study is to predict the temperature along the
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pipeline, to determine those segments where temperature indicate Newtonian and
non-Newtonian flows, to evaluate the total pressure drop for turbulent and laminar
flows as well as for gelled flowline, and then to display the hydraulic profile of line
for normal operating condition and restart after a shut-down. If there is a blockage
of the flow due to high frictional losses or pressure level beyond the permissible
level of pipes, the system is tried to be modified by increasing or decreasing the
flowrate step by step up to a point of acceptable flow level neither less than half of
the design flowrate nor grater than one and half of it, heating the oil at the
beginning or an intermediate section, changing the pump head without exceeding
the maximum allowable operating pressure of pipes and combination of these. The
other possibility is to apply drag reducer chemicals at the discharge side of pumps
to satisfy such a flow. Afterwards the pump capacities are investigated to pump
such a flow by changing the speed of the pump. If they are appropriate, the system
can be worked in more flexible conditions. If not, the system will be stoped with
the application of high pour point crude to the system, or the pump capacity will

not be enough to restart such a flow due to an interruption of flow by any reasons.

The other important point is the heterogeneous slurry consideration for
non-Newtonian flow. In general, the waxy crudes are assumed to be homogeneous
and the procedure given in Chapter 3 is followed. However, if wax percent is very
high, the flow can show heterogeneous behaviour. Therefore, the slurry
characteristics is searched at the beginning of the program and pressure losses are

corrected if flow is heterogeneous.
This program also performs hydraulic calculations, net pump head

calculations taking viscosity correction into account between input of all data and

output stage.
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6.2 Flowchart of the Software

The overall algorithm of the software is given in Figure 6.4. The input data
of the program can be classified in three groups: fluid properties, field data and

pumping station data. Such fluid properties include:

i. pour-point, cloud-point temperatures

ii. variation of temperature with yield strength, Bingham Yield stress,
plastic viscosity, viscosity

iii. density, specific heat, thermal conductivity

iv. wax percent, slurry characteristics of crude

Field data include:

i. soil and ambient temperatures and seasonal variations, inlet temperature
of oil

ii. type of pipeline surface buried or insulated; if buried, depth of burial;

iii.elevation profile, pipe diameter, total length of the line, and locations of

pumping stations

Pumping station data includes required pump head, speed, flowrate and
pump characteristics at each station. An interactive program guides to users to
enter and specify the data correctly. Hence, program user interaction features are
the most important fact which eliminate misunderstandings and lead to the

culminating result.

There are two possibility of users while entering the viscosity variation with
temperature. It can be stated as the empirical equations found in the literature or
given as direct measurement. Since viscosity of the fluid is one of the most
important parameters of Reynolds number in determining the type of flow and one

of the dominant parameters of pressure loss calculations, it should be inserted as
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exact variation as possible. Therefore, direct measurement of viscosity with
temperature is preferred, if possible.. In determining the variation of viscosity at an
intermediate points, linear interpolation and extrapolation are used. Since if the
data points are enough to exhibit the variation behaviour exactly, this methods are

the easiest way.

Among the inputs, the new parameters which haven’t been described with
conventional pipeline design exist. These are yield strength, Bingham yield stress
and plastic viscosity. All of them reflect the rheological behaviour of crude oil and
do not have any standard empirical correlations. An extensive laboratory
measurement can only represent their exact variation. It is very difficult to find
such data for different types of crudes used in Ceyhan —Kirikkale pipeline, so
rheological data for a hypothetical crude[17] is used in case studies. Data
presented by Figure 6.1 and by table 6.1 indicate that the oil behaves as non
Newtonian fluid at temperatures below approximately 24 °C. In this temperature
range shear stress is not proportional to shear rate, and and the oil has a significant
yield strength. The yield strength is assumed virtually constant after 20 hr of
shutdown time. Therefore, the values of T, which are presented by Table 6.1 are
applicable of shutdown times which exceed 20 hr. These data are stored in a
special form in the computer and linear interpolation or extrapolation are
performed at the intermediate points. Alternatively, the users can enter their own

data.

In this figure 6.1, Bingham yield stress and Yield strength decreases with
increasing temperature and drops to O after 24 °C. This means that certain
pressure( Bingham yield stresS) must be exceeded to initiate flow below cloud
point temperature. This parameter is zero for Newtonian flow. Apparent viscosity
shows approximately the similar variation behaviour but never drops to zero. On
the other hand plastic viscosity is entirely different from each other. Two different
trends in variation characteristic exist depending on the temperature above or

below the cloud point. This indicates that different mechanisms are dominant
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on the cooling characteristics of crude. Up to 20 °C, the plastic viscosity shows

very steep decrease with increasing temperature. Then it changes slowly with

temperature.
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Table 6.1 Rheological Data for a Hypothetical Crude{17]

(Shear rate=16 1/sec)
Temperature| Bingham yield | 20 hryield |Plastic viscosity| Apparent
Cc stress Pa strength Pa Pas viscosity Pa.s
12,8 5,52 29,63 0,079 0,4464
- 133 4,30 26,33 0,076 0,3720
13,9 3,39 23,58 0,072 0,3109
14,4 2,70 21,17 0,066 ~0,2514
15,0 2,30 19,31 0,062 0,2112
15,6 1,79 17,39 0,058 0,1755
16,1 1,49 15,88 0,052 0,1532
16,7 1,19 14,50 0,047 0,1282
17,2 0,99 13,40 0,040 0,1087
17,8 0,79 12,30 0,036 0,0877
18,9 0,49 10,51 0,024 0,0590
19,4 0,39 9,69 0,020 0,0483
20,0 0,29 8,93 0,017 0,0391
20,6 0,24 8,18 0,017 0,0330
21,1 0,19 7,74 0,016 0,0276
23,9 0,09 4,53 0,015 0,0186
26,7 0 2,13 0,014 0,0142
29,4 0 0 0,013 0,0131
32,2 0 0 0,011 0,0119
37.8 0 0 0,010 0,0099
40,6 0 0 0,009 0,0091
43,3 0 0 0,008 0,0084

This program can also perform the hydraulic calculations of Newtonian
pipeline design. If the number of pump stations, locations, required pump head at
each stations and pump station configurations are not available for a specified
pipeline system, these can be calculated by the program to be used in non-
Newtonian calculations. One of the most important limitation in non-Newtonian
analysis is not to change the locations of pumping stations described by Newtonian

design and exceed the maximum allowable operating pressure of the pipes.

In heat transfer part of this program, first the pipeline is divided into small
and equal segments. It is assumed that the temperature is constant at each segment.

Then the temperature distributions at each part are calculated by using
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equations mentioned in Chapter 3 for normal operating condition and restart after a
shutdown. These temperatures are the key points in determining the Newtonian
and non-Newtonian characteristics of the flow. If the temperature is less than cloud
point temperature, the flow is said to be non-Newtonian otherwise Newtonian.
Next step is to calculate frictional loss at each segment. Total frictional loss is
equal to the addition of each segment. Pressure required to break gel at restart
condition is another important consideration for waxy crude oil analysis. This value
must be lower than the maximum allowable operating pressure of the pipe. Like
normal operating pressure and restart after a shutdown, it is calculated segment by
segment and then added together.

The yield strength of the crude oil, the parameter used in the calculation of
pressure required to break the gel after a shut down, 1y, is very sensitive to small
temperature variations. Maximum shut down for each type of crude oil must be
such a value that the gel pressure does not exceed the maximum allowable
operating pressure of the pipe. The downtime can be increased a certain amount
step by step until gel pressure grater than or equal to maximum allowable operating
pressure. This value approximately reflects the critical downtime. The
recommended maximum downtimes must be between 3 and 10 days depending on
the pour point and ambient temperature. The downtime is not standard for every
crude and is longer than the critical downtimes hazardous. Any method were found
in literature related to the critical downtime calculation but a rough idea about this

value can be obtained by using the above approach.

The nature of the problem necessitates a single-phase assumption for waxy
crude oil pipeline. Both Newtonian (inlet end) and non-Newtonian (discharge end)
turbulent flow can occur along the pipeline on whether the flowing temperature is
above or below the cloud point. However, for the possibility of the two phase
flow, the crude characteristic is searched at the beginning of the program and some
corrections are made on friction factors. In hydraulic calculations, Chen equation is

used with Colebrook-White equation for Newtonian turbulent flow and Hagen-
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Poiseuille friction factor for Newtonian laminar flow. The flow behaviour is
assumed to be approximately Bingham Plastic for non-Newtonian flow. The same
flow equations are used for turbulent flow but plastic viscosity is replaced with

viscosity and the Hedestrom equation[17] for laminar flow.

Slope of hydraulic grade line for each operating case is calculated by the

use of following formula:

2
Slope of HGL (m/km)=1000 x f x —2-)—(1/————

Py (6.1)

XY

HGL

bi X(i1),YG1)

topographic path

Figure 6.2 Graphical Representation of Total Head Requirement between Two

Successive Points

X@)-Xx
h = —(Y(i1) - Y()) x 32%)——% (6.2)
Where
Y)-YQ@) y?
X -xq) 00 X3 5D

This can be applied for Newtonian flow easily. When the slope of hydraulic
grade line is determined, the rest is to calculate head required overcoming the

frictional losses and static elevation difference between two successive
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pumping stations. Figure 6.5 displays head calculation at an intermediate point
between two known points. The total head is equal to:

H(@)= hit+ (Y(i1)-Y(D) (63)

In this program, the use of pressure loss values at each segment dividing by
p.g instead of equation (6.1) is much more meaningful. In non-Newtonian case, the
slope can not easily calculated like Newtonian case. Moreover, the slope of

hydraulic grade line is not constant along the system.

The next step is to control the possibility of intersection of hydraulic grade
line with maximum allowable operating pressure and land profile. Depending on
the intersection, the program tries to reach an optimum point by changing the
flowrate (increase or decrease). This is a trial and error procedure and shown in
Figure 6.6. Pump head changes, oil inlet temperature changes, sectional heating of
the crude and any combinations of these are the other options of the program

offered to users.

The flow along the line can also be achieved by using drag reducing agents
in case of hydraulic grade line intersection with land profile. These can substantially
reduce frictional loss in most pipelines. The slope of the hydraulic grade line
decreases and flow can take place easily. The small amount injected to the line
does not have an adverse effect on the crude oil. The procedure followed in this
part is to consider whether the flow of the line can be achieved by chemical or not,
maximum and minimum amount of chemicals required and percentage throughput

increase due to drag reduction.
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Figure 6.3 The Effects of Flowrate Change on Hydraulic Gradelines

Then, the capacities of the pump stations are investigated considering each
station separately. The pumps are corrected according to the viscosity variation.

The restart effect on pumping equipment are also investigated by the program.

6.3 Overview of Subprograms

In Visual Basic programming language, there are two types of procedure:
subprograms and functions. This program is the combination of subprograms and
functions, which are efficient toois to control the program. Modular structure is
achieved by the use of subprograms. Basic subprograms and their brief descriptions

are given below.
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ACI is the tool to calculate the frictional head losses along the each section
of pipeline, equally divided into small segments.

AIJENKACOR enables the user to calculate viscosity as a function of
APIDEG, pour point and temperature. This is one of the empirical correlations

used in viscosity calculation depending on the temperature.

ANTOINECOR is the other viscosity versus temperature equation found in
literature. In this case, the boiling temperature of the oil is the second parameter in

the calculation.

BEALCOR calculates the viscosity and density of crude oil as a function of
temperature and APIDEG.

BINLAMFLOW determines the type of flow (laminar or turbulent) for

non-Newtonian liquids. It is an application of Hedestrom’s method to computer.

BURIAL calculates the shape factor used in heat transfer calculations
according to the depth of burial.

CHEWCOR is one of the methods of viscosity calculations as a function of
APIDEG and dissolved gas amount.

EFFICIENCY1 is the tool to obtain a fourth degree correlation between

efficiency and flowrate by using polynomial regression method.

EFFICIENCYCAL preserves the constants obtained by EFFICIENCY1

and provide necessary data during the pump characteristics drawing.

HEAD1 is a way of obtaining a second degree correlation between

efficiency and flowrate by using polynomial regression method.
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HEADCAL preserves the constants obtained by HEAD1 and provide

necessary data during the pump characteristics drawing.

MAORP calculates the amount of pressure exerted by the fluid on the pipe.
This is a design limitation and won’t be exceeded during the transportation and

restart.

MAXLEV calculates maximum amount of drag reducer to be added to
provide necessary drag reduction for normal operating conditions and restart after

a shutdown at each station.

MINLEV exhibits the same work of MAXLEV. In this procedure,

minimum limits are calculated.

NEWTONIANNOR divides the pipelines into short segments. For each
segment, first it calculates the temperature, compares with cloud point
temperature, determines the type of flow (laminar or turbulent) and mode of flow
(Newtonian or non-Nwtonian), finally calculates the frictional pressure loss for

normal operating condition case.

NEWTONIANRES repeats the same procedure followed by
NEWTONIANNOR for restart after a shutdown case. The results of heat transfer
analysis for normal operating condition case are used as an input of heat transfer
for restart after a shutdown. Moreover, the amount of gel pressure at each section
of pipeline and total amount is calculated in this procedure as well as restart

pressure.

PARALLEL determines whether the head and flowrate requirement of the
system is satisfied with parallel configuration of pump or not.
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PARALLELCAL calculates the operating points of each pump to satisfy
the flowrate requirement determined by PARALLEL.

PERRYCOR is another method of viscosity calculations as a function of

temperature.

POMPAMODEFF performs the calculation method of efficiency correction

due to appliaction of viscous liquids to pumps.
POMPAMODH calculates the correction factor of head for viscous liquids.

POMPAMODQ enables to users to perform the calculation of flowrate

correction factor.

PUMPHEAD determines the amount of head requirement at each station

considering the maximum allowable operating pressure.

RESIM represents the hydraulic grade line in graphical form for normal

operating condition and restart after a shutdown.

RESIMLIK enables to make some modifications on the slope of the HGL.
The flowrate is increased or decreased to reach a satisfactory result. The final
solutions are displayed in graphical form. The effects of chemical injection are also

performed.

SERIES determines whether the head and flowrate requirement of the

system is satisfied with series configuration of pump or not.

SERIESCAL calculates the operating points of each pump to satisfy the
flowrate requirement determined by SERIES.
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STSTEMCHARAC calculates the system characteristic curves at each

station for given flowrate and elevation change.
TANALFA calculates the slope of hydraulic grade line at each section.

YIELD calculates the yield stress, Bingham yield strength and plastic
viscosity by applying linear interpolation technique.

The programs listed above are directly related to computational and

graphical work. There are some other procedures, which serve in control of data

entry and loop progress etc.
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Input,
- Land profile
-New Land Profile
-Existing Land Profile
-Design Parameters
-Thickness variation of the pipe
-Thermal Conductivity of the pipe
-Estimated shut-down time (is)
-Oil inlet temperature
-Surface Roughness
-Depth of burial
-Pipe material
-Flowrate(Q)
-Diameter of the pipe

L

-Slurry characteristics of the crude
~Wax percent
-Solid specific gravity
-Liquid specific Gravity
-Solid specific Heat
-Liquid specific Heat
-Solid thermal conductivity
-Liquid Thermal Conductivity

-Slurry viscosity

'

-Pump characteristics
-New pump characteristics
-Existing pump characteristics
-Existing pump station of a pipeline
~Viscosity variation with temperature
-Empricial correlations
-New viscosity input
-Thermal properties
-Crude Oils
-Pour point, cloud point(Tc), density
-Insulation materials (type of insulation
mat)

Figure 6.4(a) Overall Algorithm of the Software
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-Field Data
-Thermal conductivity of soil
-Soil temperature variation
-Rheological data(Bingham stress vrs

temperature etc.)

Conventional solution of the
problem

:

~Number of the pumping station
-Location of pumping station
-Altitude of the pumping station

-Head of the pumping station

Hydraulic gradeline along
pipeline for conventional solution

Divide pipelines into n
segments

Figure 6.4 (b) Overall Algorithm of the Software
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k=k+1

I

-Temperature for normal operation(Tn)
-Temperature for restart after a
shut-down(Tr)

To>Te

Tr>Tc

Y

v

Newtontan Flow

<

Non-Newtonian flow

h 4

-Determination of flow (laminar
turbulent etc.)

-Reynolds number

-Friction factor

-Viscosity

-Frictional pressure loss

-Bingham yield stress

-Yield strength

-Pressure of gel

Figure 6.4 (c) Overall Algorithm of the Software
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-Summation of pressure loss for

normal operating case and restart
after a shut-down

-Summation of pressure gel(Pg)

ts=ts-4s/100 Hydraulic Grade

line for this case

Does the
gradeline

intersect with
and profile

MACP

Drag Reducing
Adgents{(mc)
Doss the
gradeline —
intersect with Q=Q+@/1000

Q=Q-Q/1000

Figure 6.4 (d) Overall Algorithm of the Software
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Pump selection for
each station

Is the pump
suitable

Select 2 new pump

-NPSH requirement
-Viscosity correction
-Operating condition

Figure 6.4 (¢) Overall Algorithm
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Oil inlet
Temperature
Change

Pump Head
Change

Sectional
Heating

Figure 6.4 (f) Overall Algorithm of the Software



CHAPTER 7

CASE STUDIES

7.1 General

Ceyhan-Kirikkale pipeline is investigated to test the software about the
effects of waxy crude oil on pipeline operation. Ceyhan-Kinkkale pipeline system is
preffered for such a search because several problems were encountered on this line
due to the application of high pour crude oil to system instead of Iraq crude after
the Gulf War. Besides the problems related to this line, land profile exhibits very
steep changes along the Toros Mountains. This profile increases the diffuculty of

crude flow for both normal and restart after a shut-down cases.

Newtonian and non-Newtonian analysis and the details of application for
Ceyhan-Kirikkale system are given in the following sections. Inputs of the program
are listed in Appendix A.

7.2 Case I (Ceyhan-Kinikkale Pipeline System)
7.2.1 General
Ceyhan-Kirikkale system delivers crude oil at 1200 m’h to the Central

Anatolian Refinery at Kirikkale from the tank farm at Ceyhan. Ceyhan is also the

end terminal of Irag-Turkey Crude Oil Pipeline System. The system has two
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pumping stations: First pumping station is located at Yumurtalik, and second one is

located at 96™ km. There is a third pumping station which is inactive and that is
located near Aksaray at 276" km.

The pipeline has a diameter of 24 inches with a wall thickness ranging
between 0.25 inch (6.35 mm) and 0.47 inch (11.92 mm)(Table 7.2). Pipe material
is made of API 5L grade X60 (minimum yield strength 410 MPa). The length of
the system is 447 m. The characteristic of the design crude oil is the same as that of

the Irag-Turkey Pipeline System. Some of the design parameters are given below:

Nominal Capacity:
Viscosity:
Density:

Pipe Roughness:
Design Capacity:

Vapour pressure:

Pipeline Availability
9 line valves along the pipeline at the river crossings and 4 venting valves at high

points are installed to the system.

5,000,000 tons/year
10.7 cst

845 kg/m’
457.10°m
158,000 bbl/day
0.02 bar

90%

The oil inlet temperature is approximately 30 °C. The variation of soil

temperature along the line as considered in the design is as follows:

Table 7.1 Variation of Soil Temperature along the Line

Location (km) Soil Temperature (°C)
0-98 13
98-114 12.5
114-137 12
137-277 11
277-383 10
383-447 10.5
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The rheological properties of crude are shown in Table 7.3.

Table 7.2 Wall Thickness Distribution for Kinikkale-Ceyhan Pipeline System

Distance (km) Wall Thickness (mm)

0 6.35
104 7. 14
107.5 6.35
108.5 7.92
109.5 9.52
110 10.31
111 10.31
112 7.14
113 8.74
114 10.31
119 8.74
120 9.52
125 9.52
126 8.74
130 8.74
134.9 7.92
136 7.92
137 7.14
138 6.35
447 6.35
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Table 7.3 Rheological data for hypothetical crude {17]

(Shear rate=16 1/sec)

Temperature| Bingham yield 20 hryield | Plastic viscosity {| Apparent viscosity
c stress Pa strength Pa Pas Pa.s
12,8 5,52 29,63 0,079 0,4484
13,3 4,30 26,33 0,076 0,3720
13,9 3,39 23,58 0,072 0,3109
14,4 2,70 21,17 0,066 0,2514.
15,0 2,30 19,31 0,062 0.2112
15,6 1,79 17,39 0,058 0,1755
16,1 1,49 15,88 0,052 0,1532
16,7 1,19 14,50 0,047 0,1282
17,2 0,99 13,40 0,040 0,1087
17,8 0,79 12,30 0,036 0,0877
18,9 0,49 10,51 0,024 0,0590
19,4 0,39 9,69 0,020 0,0483
20,0 0,29 8,93 0,017 0,0391
20,6 0,24 8,18 0,017 0,0330
211 0,19 1,74 0,016 0,0276
23,9 0,09 4,53 0,015 0,0186
26,7 0 213 0,014 0,0142
29,4 0 0 0,013 0,0131
32,2 0 0 0,011 0,0119
37,8 0 0 0,010 0,0099
40,6 0 0 0,009 0,0091
43,3 0 0 0,008 0,0084

7.2.2 Newtonian Normal Operation Solutions of Ceyhan-Kirikkale Pipeline

Table 7.4 displays the Newtonian solution of Kirikkale-Ceyhan pipeline
system and Figure 7.1 shows the hydraulic loading of this solution performed by
the program. According to this solution, the system has two pumping stations at 0,
and 96™ km.

7.2.3 Non-Newtonian Operations Solutions of Ceyhan-Kirikkale Pipeline
If the method described in the previous sections is applied to the system,

the mode of flow changes from Newtonian to non-Newtonian at approximately

266™ km for normal operation case andsscompletely non-Newtonian for restart



after 36 h shutdown time. The results of this method are shown in Table B.1 for
normal operation and Table B.2 for re-start after 36 h shutdown. In this tables, S
represents the factor ¢(s) described for non-Newtonian laminar flow in Chapter 3.
Therefore, it’s 0 for Newtonian (laminar or turbulent) and non-Newtonian

turbulent flow.

Figure 7.2 and 7.3 shows the variation of temperaturé along the line for
normal operating conditions and re-start after 36 h shutdown. If these graphics are
investigated carefully, both temperatures shows sudden small increases or
decreases at certain locations. Soil temperature variations shown in Table 7.1 cause
these changes at described locations. In hydraulic loading graphs, the area shown
by dots exhibits non-Newtonian (laminar or turbulent) flow behaviour. The
hydraulic loading of the line found by the program (Figure 7.4 for normal operation
and Figure 7.5 for re-start after 36 hour shutdown ) displays that the application of
high pour point crude causes the blockage of the line at both operation case.. At
that condition, the users have 6 basic solution possibilities to prevent blockage:
flowrate change, pumphead change, chemical injection, oil inlet temperature
change, partial heating, blending; or combinations of these basic solutions..

7.2.4 System Modifications for Ceyhan Kirikkale Pipeline System
7.2.4.1 Flowrate Modifications

Hydraulic grade lines intersect with land profile for both normal operation
(Figure 7.4) and restart after 36 h shutdown condition ( Figure 7.5). This means
that the slope of hydraulic grade line is so high that no flow takes place in the pipe.
The slope of the hydraulic grade line can be decreased only changing the amount of
flowrate. The program limits the flowrate modifications between half of the design
flowrate and one and half of the flowrate. Within these limitations, the flowrate is
dropped from 1200 m*/h to 1018 m*h for normal operating condition with trial

and error methods. Hydraulic loading of the Ceyhan-Kirikkale pipeline can be
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seen in Figure 7.6. However the program couldn’t obtain any satisfactory result for
restart after 36 h shutdown. As a result, flowrate modifications solution is not
suitable choice for the described system to prevent flow blockage problem because
it didn’t give any meaningful result for restart condition. If the flowrate is
decreased, the beginning location of non-Newtonian flow moves from 266™ km to
225" km approximately.

7.2.4.2 Pump Head Modifications

The change of pump heads at each station without exceeding maximum
allowable operating pressure of the pipes and intersecting with land profile can
satisfy such a flow in the line. The program didn’t find any results for two

operating conditions.
7.2.4.3 Oil Inlet Temperature Change

The oil temperature is increased 0.5 °C step by the program up to the point
of flow in the pipe. Figure 7.7 exhibits that the oil inlet temperature must be 71 °C
to allow such a flow at design capacity for normal operating conditions. At that
temperature, flow is completely Newtonian. Figure 7.8 (a) displays the variation of
temperature for normal operating conditions and Figure 7.8.(b) for restart after 36
hours shutdown. Figure 7.9 shows the result of oil inlet temperature change for
restart operation case. The completely non-Newtonian flow becomes partially non-
Newtonian, which begins at 148" km. The variation of temperature along the line
for normal operating condition can be seen in Figure 7.10(a) and for restart
operating condition in Figure 7.10(b) depending on the variation in Figure 7.10(a).
The oil inlet temperature must be 45 °C at restart condition. Normal operating
condition is much more critical than restart conditions. The increase of oil
temperature to 71 °C provides flow for both conditions but oil inlet temperature
over 60 °C is not a practical and cheapest operation for most oil producers.

Therefore, heating at the pump stations or any other location is searched by the
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program. The possibility of non-Newtonian flow decreases with increasing
temperature. The power requirement of the system due to the increase of oil inlet

temperature to 71 °C can be summarised as follows.

7.2.4.4 Partial Heating

Figure 7.11 shows that if oil is heated at second pumping station, it is also
possible to enhance flow in the line for normal operating conditions. Figure 7.12(a)
and 7.12(b) are the temperature distributions of the pipeline. In Figure 7.12 (a), the
oil temperature increases to 51 °C at 96™ km(second pump station). The effect of
this increase on the temperatures at restart case is shown in Figure 7.12(b). At the
same location, the temperature of oil increases to 33 °C. Figure 7.13 is the
hydraulic loading of the line after 36 h shutdown if oil is heated at 96® km to
obtain flow only restart conditions. The maximum oil temperature is 33 °C for
normal operating condition (Figure 7.14(a)) and 22 °C for restart case (Figure
7.14(b)). Similar to oil inlet temperature increase to 71 °C, the increase of oil
temperatures at 96™ km to 51 °C is the solution of flow blockage problem at two
operating conditions. The power requirement of the system as a result of heating

oil to 51 °C at second pumping station is as follows:

LC. YOKSEKOGRETIM KURULY
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7.2.4.5 Chemical Injection

At the discharge side of pumping stations, the chemicals can be used to
decrease the frictional pressure loss. Figure 7.15 displays the amount of chemical
within the maximum and minimum range, drag reduction percentage and the
duration of chemical applications at each station. In order to show the effects of
chemicals completely on the line, 85 hours is required. Hydraulic loading of the
profile displays the state of the line at the end of this 85 hours for normal
operation. Chemical injection couldn’t give any satisfactory results for restart after

36 h shutdown case.
7.2.3.6 Combinations of Operational Modifications

The effects of pumphead, flowrate, oil inlet temperature and partial heating
are searched on the system separately up to now. However, it is possible to
combine the effects of any of two. Figure 7.16.shows the effects of oil inlet
temperature change and flowrate change at the same time on the system for normal
operation case. Figure 7.17(a) and 7.17(b) display the temperature distribution of
system for normal operation case and restart after 36 h shutdown case at that
condition. The oil inlet temperature 32 °C and the flowrate of 1037 m’/h are the
results of the program for normal operation case. The temperature distribution of
the system is very similar to its original temperature distribution (Figure 7.2 and
7.3). If the same approach is applied only considering the flow at restart after 36 h

shutdown case, Figure 7.18 is the result hydraulic loading of the system.
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Flowrate decreases to 1042 m*/h and oil inlet temperature increases to 48 °C. The
temperature distribution of the systems are shown in Figure 7.19(a) for normal
operations and in Figure 7.19(b) for restart after 36 h shutdown. The two results of
the flowrate must be satisfied by the system.

In making modifications, two basic parameters of the system change: fluid
parameters and operational parameters. When changing fluid barameters, the most
critical result of the normal operation and restart operation of the system is the
overall solution of the normal operation and restart operation. Conversely, each
solution must be considered individually when changing operational parameters.
The pump configuration of the system must satisfy the necessary flowrate and
pump head at two operation conditions. The results of pump configuration for
Newtonian solution can be seen in Figure 7.20 (2) and (b). Figure 7.21 (a) and (b)
are the results of new pump operating points for normal operating conditions if the
flowrate and oil temperatures are modified together. Figure 7.22 (a) and (b) are the
results of pump operating points at restart condition. It is assumed that the
flowrate at restart condition is equal to the 5/8 of design flowrate (1042 m*/h).
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Table 7.4 Newtonian Solution of Ceyhan Kirikkale Pipeline System obtained from
the program

Design Capacity[m™3/h] 1200
Length{km]) a7
Pipe Material API-X60
Liquid Density(kgfm"™3} 845

Kinematic viscosity[m"27s)  1.E-4

Yapour Pressure[bar] A2

» PS # |Pump Head(m)] Distancefkm} Altitute{m) Friction Factor
i 636 0 54 02
2 1170 36 443 .02

Specific Speed of Pumps 34

NP5H Available(m) 24.48
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7.3 Case II (Batman-Dortyol Pipeline System)
7.3.1 Batman-Dortyol Pipeline System

The existing Batman Dértyol pipeline system was constructed and began
operation in 1967. It has three pumping stations: Batman, Diyarbakir and Saril

pumping stations.

The diameter of a pipe is 18 inches with a wall thickness of 0.281 inches
(7.14 mm). The pipe material is made of API-SL Grade X 46. The existing pipeline
length has been extended by approximately 16 km for the Atatiirk Dam between
the Diyarbakir and Saril Station and approximately 1.5 km for the Bahge rerouting
between Saril and Dortyol. The length of the pipeline is 511 km. The pipeline ends
at the Dortyol Marine Terminal, which has a tank farm loading facilities.

At each pumping station three centrifugal pumps driven by electric motors
(two operating in series, one as stand by). After implementation of the expansion
Step I, the maximum inherent system capacity theoretically consists of

approximately 76000 b/d.

Although the system has been designed for a single crude and a fixed
flowrate through the pipeline, the number of crudes have been increased in the
course of time and now five different types of crude has been transported in two

batches. since 1984.

Batman-Dortyol is a typical example of multi-injection point batch
operation but it is modified as a simple slurry pipeline to test the program. It is
assumed that single crude and a fixed flowrate through the pipeline exist. The

characteristics of the design crude oil used in this case are as follows:
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Viscosity: 85 cst
Density: 845 kg/m’
Pipe Roughness: 0.00043 m
Design Capacity: 76.000 bbl/day
Vapor pressure: 02  bar
Pipeline Availability: 90 %

The characteristics of the slurry considered in the analysis can be described

as follows:

Table 7.5 Characteristics of Slurry
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7.3.2 Newtonian and Non-Newtonian Solutions of Batman-Dértyol Pipeline

The oil inlet temperature as considered in design is approximately 30 °C
and also soil temperature is assumed to be 10 °C along the line. The rheological
properties of the crude’s used in Case I is also applicable to this system. Similar to
this, the solutions of the line are as follows:

Figure 7.23 is the hydraulic loading of the Batman-Dértyol pipeline for
Newtonian solution. Figure 7.24 and 7.25 is the temperature distributions of the
system at normal operation and at restart after 36 h shutdown condition. If the
method described in this thesis is applied to the hydraulic calculations, the
hydraulic loading of the system for normal operation condition in Figure 7.26 and
restart operation in Figure 7.27 are obtained. At each conditions, the flow is
blocked with the application of high pour point crude oil. In contrast to previous
case study, the restart condition is much more critical than normal operation. All
the methods except for partial heating at pump stations or anywhere didn’t find any
solutions to the system. Figure 7.28 is the solutions of system for normal operation
by increasing pump head but it is not possible to satisfy such a flow in the line by
changing the amount of pump head at restart case. If the oil is heated at the
beginning of the pipeline, not at 1 pumping station, to 40 °C, it is enough to
obtain flow in the line for normal operation(Figure 7.29 for hydraulic loading,
Figure 7.30(a) temperature distribution for normal operation, Figure 7.30(b) the
effect of temperature increase at normal operation to restart case). Figure 7.31 is
the result of hydraulic loading only if the restart condition is considered
individually. The heating temperature of oil is approximately 50 °C (Figure
7.32(a)). The effects of this temperature increase on restart condition is shown in
Figure 7.32(b). All the dotted area on hydraulic loading profile represents the non-

Newtonian flow behaviour at that locations.

125



Table 7.6 Newtonian Solution of Batman-Dértyol Pipeline System obtained from
the program

Design Capacitptm™3/7h) 500

Lengthlkm) 511
Pipe Material API-X46
Liquid Density{kg/m”3) 845

Kinematic viscosity(m”2/s}  8.5E-4

Vapowr Pressurefbar] B2
PS F’ump Head([m} Distanceﬁm] Altitute{m]) Friction Factor
1 546 |0 |S576 02
330 105 868 .02
3 427 357.9 640 02

Specific Speed of Pumps 3.26

NPSH Available{m) 26,
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Figure 7.26 Hydraulic Loading of Batman-Dértyol Pipeline System due to Application of High Pour Point Crude’s (normal operation)
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CHAPTER 8

CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK

8.1 Conclusions

Generally, crude oil pipelines are designed according to the conventional
methods. However, waxy crudes are distinguished, as far as pipelines are
concerned, by the fact that they exhibit non-Nerwtonian viscosity behaviour at
temperatures below cloud point. This software is prepared to fill the gap in the
design stage of pipelines by analysing existing crude oil pipelines considering the
non-Newtonian effects. In this software, crude oil properties (crude’s rheology)
and variation of soil temperatures along the line are the key points of the analysis.
In previous analysis (Civil[32], Cakmanus[33], Karakan[44]), heat transfer from
the line does not influence the flow properties of crude oils. If non-Newtonian
effects are considered, viscosity changes with temperature and the type of flow can
change from point to point depending on the temperature of the crude oils and the
value of viscosity. Therefore, the line is divided into small segments and each

segment is analysed separately.

A non-Newtonian fluid is one whose viscosity at a given temperature is
dependent on the rate of shear. The viscosity may increase or decrease, depending
the type of flow. Non-Newtonian fluids can be classed as time-independent, and

time dependent. A non-Newtonian fluid is time-independent if the shear stress at
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any rate of shear is constant with time- that is, the properties of the fluid depend
only on the magnitude of the imposed shear stresses and not on the duration of the
stresses. A non-Newtonian fluid is said to be time-dependent if the shear stress
changes with the duration of shear —in other words, the viscosity at any time
depends on the previous shearing of the liquid. There is no straightforward method
for determining the pressure drop of time dependent non-Newtonian liquids. The
variation of viscosity with time is neglected and only temperature variation is
considered due to the difficulties encountered controlling the variation of viscosity

with time.

The rheology of crude oils is highly temperature dependent so heat transfer
is considered for normal uninterrupted operations, as well as for restarting flow
after downtime. Temperature change shows an increase during shutdown. Thus
static cooling is much more problematic than dynamic cooling during uninterrupted
flow. The worst design conditions may be non-Newtonian turbulent flow, and non-
Newtonian restarted laminar flow when flow is completely initiated at the lowest
ambient temperatures. The pour point can be considered as the critical design point
if pour point is lower than ambient temperature. Restart flow rate is the minimum
design flow rate to initiate flow after shutdown in a cold flowline full of oil. For
cold flowline, flow can be non-Newtonian and very high pressure is required to
break gel and initiate flow. Such pressures could be higher than the burst pressure
of the pipeline, thus low flow rates are required to minimise the pressure

requirements.

Temperature, and its effects on the mechanical and rheological properties,
is generally quite different from crude to crude. With each waxy crude discovery,
extensive laboratory tests should be made to determine its exact behaviour under

temperature variation.

When waxy crude oil pipeline is considered, as well as the crude

characteristics, a through understanding  of pipeline system is a requirement of
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pump selection for the mainline units. Figure 8.1 displays what can be a typical

waxy crude pump pressure versus flow curve.

Non-Newtontan Flow

| «ve—ssse Newtonian Flow }L—

>  weeee e «o o Pressure vs Flow for Nonwazy Crude 1
o Max //
g A
» -
£ Non-Newtonian Flow _Newtonian Flow yd

" e
5 N
\ 3
v .“”r
—
B ==t
=
Suin Q S
Flow

Figure 8.1 Pump pressure vs. flow curve for typical waxy crude oils

The given characteristic shows that, as flow decreases from point A, the pressure
requirements will increase, since the longer the oil in the line, the more it cools and
the more its viscosity increases. Moreover, as the flow decreases, so does the

velocity, thus decreasing the rate of shear.

As the rate of the shear decreases in non-Newtonian flow, the viscosity
increases. When the flow increase past point A, Newtonian characteristics
dominate, and pressure again increases because, increased pressure is required to

off-set the increased friction losses caused by the additional flow.,

In selecting a main pump for the system curve, the operating point Ppax,
Qumax must be met. If P,, Qua can not be met by the mainline because of
temperature restrictions at the low flow rate, or P, can be grater than Py, special

start-up/restart pumps (high pressure, low flow) pumps might be considered.
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Generally, high volume, low to moderate pressure requirements can be met
by centrifugal pumps. Positive displacement pumps handle low volume, high
pressure requirements. Flows between Qmn and Q,, if it is found that P, is grater

than Pr.., P> would be handled by positive displacement start/restart pumps.

Once the properties of the crude oils, its temperature variation along the
line and restart pressure requirements are determined mainline pump selection will
not be much different for high-pour-point crudes than it would for Newtonian

crudes.

If the flow is blocked, 6 basic modifications are performed by the program.
Some of them relate to operational parameters and rest to fluid parameters.
Different solutions must exist at the same time for two operating conditions. If the
fluid parameters are improved, one of the operating conditions is much severe with
respect to other and it can be stated as the overall solution of the problem by the
users. However, this is not true for operational parameters because these effects
the operating points of pumps and pump configurations (parallel, series, single or
stand by pumps). Existing pump configuration and capacities must satisfy flow at
each case separately. It is not possible to mention about the overall solution for
two conditions. Overall solution means that the fluid parameter or parameters are
changed once to operate system completely for normal and restart operating case.
If the users want to apply each solution separately, they can do it. Actually, the
most important consideration is to find a meaningful solutions to both operating

conditions.

If the flowrate of the pipeline is decreased, the possibility of the non-
Newtonian flow increases. Conversely, if temperature of oil at any location is
increased, non-Newtonian flow decreases. The modifications of pump head do not
have any effect on non-Newtonian flow. The chemical injection process is very
complex and decreases the frictional pressure loss but noting can be said about the

effect on the viscosity. Partial heating of  oil is more cheaper than increasing the
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oil temperature at the beginning. The combinations of operational parameters and
fluid parameters give more realistic and cheaper results with respect to cases in

which all of them are considered separately.

This program can also be used for the analysis of slurry pipeline as long as
the slurry parameters(rheological, operational) are loaded to the program.
Therefore, Batman-Dértyol pipeline is evaluated as a slurry pipeline considering

the rheological properties of hypothetical crude [17].

This thesis is one of the continuing studies made on pipelines in more.
Several studied thesis have been made on the energy optimisation of pipelines,
design optimisation, and batch operation [32,33,44]. This work brings a new
approach to liquid pipelines by considering the possibility of non-Newtonian flow
in pipes. Up to this research, viscosity is generally taken as a constant. The

constant viscosity doesn’t give meaningful results for high-pour-point liquids.

8.2 Recommendations For Future Work

In the future, this program can be upgraded to improve design and

operation condition of pipelines.

i. This program can be combined with a design optimisation program to
consider the non-Newtonian effects at the design stage of pipelines.

ii. Non-Newtonian flow behaviour was assumed to be approximately
Bingham Plastic. This work can be re-examined by using other non-
Newtonian flow model i.e, Power Law.

ili. The rheological data used in this thesis are for a hypothetical crude oil.
This study can be performed with an original data after investigating the
real characteristics of crude in a laboratory.

iv. The interactive nature of the program can be extended by converting it

into Visual Basic 5.0.
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v. Slurry considerations can be improved and a special program which is
related to all kinds of slurry can be added.

vi. The pump performance characteristics data files reads the individual
characteristics of the pumps and searches the combinations of the pumps
and combined characteristics. A sub-program which reads combined

characteristics of the pumps may be added as an another option.
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APPENDIX A

INPUT FORMS OF THE PROGRAM

bat_dortop
hat_taty.top

ceyvhan.tap
ceyhanl top

iwak.top
waktitop
iraktus.top
irakiurk.top

Figure A.1 Input form of existing land profile

25 50 75 100 125 150 175

Figure A.2 Land profile for Kirikkale-Ceyhan pipeline
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Figure A.4 Input form of design parameters
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Figure A.6 Input form of existing pump characteristics
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Figure A.7 Pump characteristic of case study

Figure A.8 Input form of new pump characteristics
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Figure A9 Input form of Newtonian solutions
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Figure A.10 Input form of insulation materials

Figure A.11 Input form of crude oil properties
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Figure A.13 Input form of field data
155



T Tem

o

Figure A.14 Input form of soil temperature variation along the pipeline
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Figure A.15 Input form of rheological properties of crude oil
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Figure A.16 Input form of viscosity variation with temperature
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APPENDIX B
EXAMPLE NON-NEWTONIAN ANALYSIS RESULTS OF THE PROGRAM

158



UETLT TS

Tuamgqiny
ueIngIny
uemngqany

azu_:a_:.z, !

URIUOIMON
URUIOIMGSN
URIUOIMD N

Lyr39°F)
K

F+39°y

uRIUOIMEN |
uRuOIMeN:

u.-u_:n_._.z

:m.:ouzﬁz

Jushging

¥ P39y

ATV
o__#mw o__

usuoIMaN '

wBIngIng

ugiuoma N’

Lt 2 4

¥+39°¥

.:o_:a.:a

Dooooocooo0
coecoocaooos|

usIngam
Y e Tl

uSINgINg
uamqin
U ETL T T

o
o
0
0
0
0
4]
0

uemnging ;-
iy &
Wanging|”
uajriging
uepngIng

uanginyi
BNy

uRumMme N’
URIUOIMI ]
:n..:.o.w..suz.m
uBIUOIMBN
T ueaoma
UBIUOIMINY
Ry
uTuoMaN
URIUOIMON
TuRuomaN
AR

URIIOIMI N
‘uRuome N

36 $*3LY
v _e+mh ¥
L¥rALY
 FrALYL
¥ ALY

¥ ey

URIUOIMON
‘usuoMa N

ueuOIMaN'
‘ueuoimapn

suonIpuo) mczﬁoao [BWION JOJ WaIsAS oazoai o_mﬁci.cﬁ%oo Jo mosm:ogoﬁgo UBIUOJMIN-UON] pue cmaogoz 1’9 9qeL

159



o 0 wemam T TTuemowmeN 25 £-ALS pr30°E G-a8°L
.0 L0 wapqm UBIUOIMAN 69°G; €-31'G p+I6E 6381
0 0 wapnqm uvumMma 89'S. €-31'S ¥+I6'E  s-ag’l
0 g sy GO T ] e i
0! 0 wangIng uBIOIMI N | 99°S! €-31°S; ¥+I6°E S-38°1L
D 0 wengIng: uUTIUIMIN | S9°G. £-AL'S. A 5-38°1L
LB LB uainqim UBILOIMON FIS €ISy GALL
.o ..o uamqm URIUOIMIN E9'S. E-AL'G ¥*I¥  G-ALL
o 0 wasnqgmny ueuowsaN 9°G. €3S ALY G327
o o wanging usuoIMoN 65'S €3S ¥+I1FY g3t
O 0 sy deioimen eas eIz st
o 0 wamqmy | uewommsNi -GS ¥+IT¥Y Gaz
o o uangn | uRlucimaN CE IS veazy | gag
D T T R e 3
o o iy B e s
- 5 Yoo artioidgli NS o hg
ok o e ~aepro T e e T pieeds
o A aropa N e
0 ] wangIng; ueOmaN | 6¥'S. €3G §-39°1L
0 o Jesmaim JueluoimaN  6FG. E-3°G p+ S-39°L
‘o 0  wepngmi T ueuoiman B¥'S €36°F ¥+3S8Y  §39°
o 0 uapngn uruOIMa N 8¢S E-A6'F F+IAGF. 5397
o o wanging. URIUGIMIN 8v'S’ £A6'¥ ¥+AGY 3 - §
‘o 0 wanging uelUOIMaN L¥'S £-36°F ¥+3IS'P. 53671
o o wanging. URUOIMON L¥'S. E-AG6F p+AGK 53571
o o wajngim: ueuomanN V'S €-36°F p+IAG¥ '6-3G6°1
.o L0 ueinqim  ueuoman J9¥'S] €36y prASY 6agtL
o 0 Thweinqing: T ueioiman 9¥'S £-36°F ¥+I9°Fseagil

(edWesois
plraiA weybuigt,

panuIUOY [ g 9[qe]

160



osocooceccoocoo]]

coccooccoooCOccoocOTocooDECOR

. u:vlla.:a
JuanqIng

:: Wisnean

" juangim
Tquapngsm

JuspnNgng

Musinginy

uamnqIm
T uemnqany’

Tuapqing

juapnqing
uenginy

T uspngamy

WBNgIng .

iy
ST uegngany
T yuapngang

uapnqIng

uBngan

TTuangqungy
Tquamaqing i’
T uagngam
wuemngqan.
wamnqany

uesoyman:
T ueuomap
BRI L
o ET
R
URIIOIMID N
uRuIMaI N
uRIUOMa N
T urluOMa N
uRIuOIMD N
uiuOImMa N
uruoIMapy’

ueIUO}MD N

URIUOIMD N
T uguoiman

URIUOIMD Iy

URIUOIMID N |
ueUOIMa N
i
T umuaman
AR
TR | i
T umuoima N
s oA g
‘ueluoIMaN

T ueluoima N
UBIUMMO N |
URIUOIMBD N

809
i
2o’s

B T
486G
S6°G

£6°S

B’S

B8’G
e, 99S
1
. ¥8'S
L e
... E®'S
o EBS
18°G6
8°G:
B8
84°G6
- A's
R VA

mmamonneonna

o
el

€-38

oo
W
i

£-3y

tiac

¢ 1

W W W W W W Wi W w
MMM MM M e B o

]

w i

--.m.m

3

»

ERCIC R

3

3

1

‘fegy)ssans
plary weybug

‘#4014 Jo add ]

mo14 jo apoy |

2 (3.Juod:
e ainjesdwa’y

P

panUBLOY | g 9jqey,

161



]

“uangingT usuoMaN |
ey aruoime N
Tt SR S
Tuepqng T uelummeN
uangm T “ueomaN
Nuamnging, T uruoman
wanginl, | uruomaN:
“ueppgim T ueuoma N
Taanging ueuomaN
Tweinginy URIOIMIN
uenqm | uviuoimeN
Twemnqini 0 ueummaN
Tywasinging 7 Tueiuowma N
- ‘aﬂﬁ-sn—_ﬂ-u e s UBIUOIMA N =
Tweinqing T ueuoman
wenginl. - usluoman
“wepnqmueluoimaN
Tweqim uewoman
wanqing | umMMIN
...... - urRIUGIME
T uPIUOIM3
T ueummaN
T

Frave
rrare
yrare
 ¥rase
 ¥rIST
y+35°C;
yrise,
p+A5°€,
¥+39°C
_ye392,

A4
¥+IAIE
| ¥+A9°C
(y3aze
 yrale

6¥ 1T
¥SLT
L. 9e
- .
LAt
e
. BTME
zoeze
Bo'zz:
s51°2¢

[t

W 0 juspngIng UBIUDIMI N 2 o 5-3°¢

. o S i - aesucimeN| bl el i

o Jquengimy TuRlumMaN peare G-1€

: e S, B ——— s e

: ol Y OO el s £t
0:
H-M

o a0

mmmmupmmmmm
R T ")

3

(%

0
0
o

. c s

,?c.
0
c .
°~
om .
c -

:..,c 3
0

.o
0
o

[

3

NAERNES DA
NaaNaNaNNNNNanN

W

L.D.(.Dh.f“-

v
¥

D010 101010

-
H
w
&
2
o
0w
W

e
[FRts)

3

NN NN

3
ocooocooscoocc00Q

BinG e

NN

nn
5

SRy
Tuapnging

- L3
)

(wadlesans
Play weybuig

: panunuo) 1 € 9IqeL

162



oast

U uepngan

wsmqing

S Jusmngin L
. wuanging

£ uangin
: o ,wicilnnah

ueInging
ueinging

e uengin |

uLnqIng

Janging

juspqging

uengmn g
uamngquny

juLInging

. wapnqing i

URIUOIMS N-UON

ueIoIMaN-UoN
URUOIMBN-UON
UCIUOIMO N-UON
UeoIMan-uoyN

URIUOIME N-UO RN
URIUOIME J-UO Iy
URIUOIME N-UO

URIUOIMD -UON
URIUDIMAN-UON

TUOIMa N-UO

URTUOIMD N-UON

oo i
‘ueHioIMa -uo N
URIUOIMS B-UO N

uRiuOIMaN-uol

URIUOIMO N-UO N

juenging

WwanqIng

uanging

R
L ary

juengin

COCCe0O0RO00000000C0C000

uLnqing

uBnNgIng

URIUOIMS N-UO N

UBRIUOIMAN-UON
SNUON

URIUOIMI N-UONH

Liueiuoimap-uon
“y " uoiqin]

URIUOIMI N-UON

URIUOIMO N-UON
juengm] | .
e

3| €388 1 are

#r39°

 ¥Fra6Z
G Fraee
8 r3e

. ¥rIE
G yrdle

| yrarE

28°s €3E°S yrase
B'G! -3’8 y+39°E

O
Wi

WOLBLED

panuuoD | g 9[qeL

163



panunuo) 1 g 9[qe],

0 L+3972 WANGIN | UBIUOIMBN-UON CE-AL'9 ¥+I°T) S6E 891
o L+3572 U9INQIN | | uRIUOIMDN-UON 1£°9 €319 ¥+ E6E Z9L
] L+35°2  u3INqIn | ueIOIMaN-UON 89'9  £-3'3 ¥+3ALT LBE 991
o L+I¥°2 ueInging uRlumma N-uoN S99  E-3'9 #+ILT. 88e| 591
o L+3E°2  UINQIN | UBIUCIMIN-UON £9°9  £-3'9 ¥+3LT 98| Al
o L+IE°Z UGN | URIUOIMIN-UON 99 £T9 w32 £8E €91
‘a 1+3£°2 uaNqIn | uBIUOIMIN-UON 629 €319 reTEZ I8E[ = 29|
] L3972 WU9INGIN | URIUOIMON-UON €' €319 y+3'T s2E[ eI
‘0 +3G6°2 WSNGIN | UBIUOIMIN-UON . ET'9 FrIZ a9/g 09t
o _L+3¥°L uUSNQIn | URIUOIMIN-UON €39 Fralz ¥LE| T BGL
] L+3¥°2  W9INqIn | URIUDIMBN-UON £-3'9 p+ALE ZLE[ 861
o L+3E°2 UGN URIUOIMBN-UON . €39 pral’T 69c| T /GL|
o L+3E°2 U3INGIN | | URIUCIMB N-UON 669 £-36'G ¥+32°C 298| 961
o L+3F°L  jueInqIn  uviuoImeN-UON 96°9 £-36°'S ¥+IAT°T §9€| - GGL
o Teary uUBNQIN | | URIL0IMI N-UON '£6°9) £-36°S ¥+3AZ°2 ZI9E[ - ¥GL
o 1+3r°2 UBINGIN | | URIUOIME N-UON S5°9. £-36°G, ¥+3IE°E D9E| - TESL]:
0 L+3¥L USNGIN || ULIUOIMIN-UON ¥'8 €-38°G ¥+3E°Z 8Ge| T ZGL
0 _LFIVTL uengIng URIUOIMEN-UON _¥Y'9 E-38°S prIvE SGE| U IGL]
0 L+3¥°Z  1UdINGIN | | URILOIM3N-UCN _W¥F'9 E-38°G p+AFT €6E| - OGL|
o CL+3F°L WSINqIn| UBIUOIMBN-UON . 8£’9 £-38’S F+APE 1S€E 61|
0. 1+3FZ  u9Inqinj  uelUOIMAN-UON _SE°9 £-32°5 ¥+35°C srel. —arL|
'8 __1#3G72  u9nqin]  uRIuOIMBN-UoN _TE'S €-AL’S p+IASTE 9¥e| 2L
o T1+36°2 7 uangIn  uviuoIMaN-UO N 62°9 £-32°G ¥+39°C EvE[ 9ri
] 1+3G°2  us|nqin | uRuoMe N-UON 92°9: £-3L°S ¥+ L¥E S¥i
0 CL*3F°4 1UIINQIN| | URIUOIMIN-UON ¥2'9, €-39°S ¥+32°T GEE[ " ¥FL
L0 T vAys wenqing uejomen-uoN igtg E- 39°s. y+aL'e 9ge| T EFL|
0 B S Lt ¢ . u9Inqin| ueloIMIN-UON 'gl'3. €-39°G F+38°Z vee
1) T wenqung .:..::S;mz “UON 91’9 £-39°G 38 N ZEE
a&:ﬁczw .00 urod-pipg funy)| oo
.nu“c.:uc.cnsc 1 [esuesilluoyseg

ST

164



GE8FLL

lwjssoq
: pesy @0y
0 [*3'6, U8Inqin | ueiuoimaN-UoN 2172 €359 #3971
o 1+36°8: WwanqIn | ueIGIMe N-uoN GL°2 £-3G79 ++39°L
0 1+36°8 WBINQIN | uRluGIMBN-UON | ¥L°Z €-3¥9 y+39°L
1] L+38°8  uAnQin]  umiuoiman-uoy ZL°Z €-3F9 ¥+397L
o 1+324°8°  u9Inqun [ ueucimaN-uoN "2, €39 #+39°1.
11} 1+32°8  U3Nqin | ueuomaN-uoN _BD°2 £-3¥°9 peas)
o C1+39°8] T wusingun § ueuoimen-uoy L4074 E-AF9 veassL
0 1+39°8. usndin ueuomeN-uoN 80°L £-3F 9 ¥+ILL)
Lo L 43678, wenqing ueuoimeN-uon YO'L. E-IV'S eal0L
2B ... BF3FEB uInqing  ueluoMaN-uoN 2U°L. €-3E ¥rIL7L
o L+3¥°8.  u9INQin | ueummoN-uoN L €-3E°9 peIL7)
0 C1+3€°8 T weingqin ] ueiuoima puoy 66°9 £-3€9 ¥+IAL°L
o L+3Z°8.  USINGIN | URIUGIMBN-UON L A6°3 £-3€°9 peagL’
‘o L+32°8°  W8INqIn | ueIUOMBN-UGN S6°9 £-3E9 ¥eag Ll
0 A+3L8: WeInqing ueluomsN-uoN | £8°3 £-3€°9 #eagL
a 138 uemn | ueisoma N uo N 6°9 £-32°9 y+agL
.o L I8 uengin | uiuoiman-uo N B8°9. €-3C°9 #+38°1L
0 L+36°2  WSINGIN | ueluCIMaN-uoN 98’9 €-32°9 ¥+a6°L
(1} T 36zl WINQIn | ueILOIMa N-UO N €8°9. £-32°9 r+36L
0 leass T weinging uewowmanuon | igg a1 peae-L
L0 ezt uemnqung uelsomanN-uon L ESILY w36
g T i L i o oy Ceare aaa

o pIA weyoulg

: —mmm_nuu:w

MOJf JO Gdd ]

 [3.)3ued-piy

panunuoy [ g 9|qe].

A 18 sinjeiodua g

165



_

o

~C+ITL

2+

6 L UBIUOIMON-UG N, Jeuiiio G-
ir o | S 25 .ol | 3671 L ueuoimaN-uoN | 1eunue Tge
Lzearl gemel e 80 ueoMEN-uON e a5
CZeal L AL -38°L L UBIID)MaN-UON MA.E:_EQ._ B &-9g°G
rarinl Ay -ag°L UBUOIMBN-UON Jeupyey: 32’
LzeAL T zearn . ,p,muN»—., ; :m_:o_!,m..zw:oz .E:.Eﬂq “aqrret
¥l 321 ueRlUOIMAN-UO N euiue]
zeary e | uetuoImaN-uoN ieuruie
S emy “laeLt ueIOMON UON et
e S Cagrh T
Z+AL°L -39°L URIUOIMIN-UON 1eulweT]
0 Z+3al’L I-357L ueluaIMaN-UON Juajngin |
0 e+dlL 1-35°1L Z-d¥" 1 UeIUOIMIN-UG N juajiqin |
0 et 367 25y | uelusimeN o N Yaeingin | - |
‘o 2 N -aw't 7 z-agt L ueiuoimay- :czw.y,:v_:e:h; i
B o LAEL 23671 URUOIMGN-UON juanqing : o
L0 EeEL 3yl zoac’L ueluomaN-UoN wWamaQinl( g1'E £avs 2
0 Z+IL L-JE"L z- m._n L :ﬂ_cst—oz-coz. uapngin | AN m mum_m £ VB
[ g Fa: ¥ -3gty T T z-agt L uelummaN- UON uamRqQIng . gl
0 le3ce R Z-agL :«.._:E!uz-:ozm..:u_:n_zh. Al
B N S T BB ol B Z-JE£° L ueuoI1ma N- UON, Wua[negn | | EL'E €32 73 qii
o L+3L°6 AL ge3gtL veuoms N-uoN ueinginy Tz geaets TGl
o 1+39°6 AL g-FT7) ueuomaN-UON wenqin g g3t ¥
e ease AT Azt ueomeN-uoN uemnqin] s e L =
0 1+3re -3 _Z-Ag°L uelowmaN-uoN wanqing . 20% g-317z Zli
0 ;.Tum m =18 zaz’L UEIUOIMON-UON Juainginy 90°€ E-31L72 L)
wluzc :auo-n_ B mnﬁ_uaunczm mmﬂ_u:.—.a:vzw | ‘ o Mol mEuuuo._ -u\N(Eu s HU u X i
piIoLy, weybulg ; v.u.> om0l joadd ] |- jo apopy poesy Msoasp v...:m-ua:.c._, uonaag|:

_ , Tt ﬂ
UMOPINYS Y 9¢ 10Ye 1e)s-0y 10§ WolsAS auifadid d[eLIN-UBYASD) JO SOUSLIOIORIRYD) URIUO

e

‘m,.,w*m—uwmw.& m .

IMIN-UON] pue :c_cotsoz T g9IqeL



S erasl
3 S =

Z-q°2 vewormaN-uoN T IeunBe ]

FEE A SN TeunmeT

E-F'Z URuoImeN-UoN | asuwe
Z-4'2 UNIUOIMBN-UON IRuILR-]

GRUOIMO NGO -

une-]
URIUOIME -0 N i
liugiuoima g uo
‘1 uRlUOIMAN-UON
'L uRIUCIMa N-UON

1eueny

239" | UBIUOYMA DZ‘COZ-ME_EMJ_

,. Cﬂmﬂﬁut—ﬂz-coz

Z-32° | ueiuoima N uoN

“ ueoImMaN UGN Ieiie
UBIUOIMON-UCN | Jeunue-];
UQIUOIMBN-UCN | feulue-]

1L uURiuUOIMe N-Uo

‘1 iuniuoimep-uon |

(URIUOIMAN-UO N
UBRIUOIMAN-UON | leunue]
* 1 UCUOIMB - UO N
uRuOIMB MUy

Liuguoime N-uoy

mupuey;:

. :ﬂm:.hwm.;.ﬁ zu.ho.z o -ﬂﬂmsml-

UBIUOIMAN-UCH  Ileunne-|

e*3l 9

167

U R s

panuuon T g 91qe L,




z-aLe
z-39T

2-39°2

N..mw N

Z-39°¢

Tzae,

eate

AUBIUOIMS ) z-:n N
urjuOIMa N-uoN
URIUOIMA N-UO

p T URUOIME P -UO N
p 2 UBIUDIMA N-UON
URUOIMa N-UO N
URIUOIME N-UO N
. :n.cogic.z-co N
uRIIo)Ma zhco N

UBIU0) DN-UON

URIUDIMON-UON

URIUOIME N-UON

S O RpiMeTE
R T S Ry
o5 GO -G
UBUOIME N-UCN

URIUOIME N-UO N

“1eunue
“1euuiey

Jeunuey

Jeuue-]
Runw]

URUOIMO N-UON
URIUOIMS N-UON

-AG°Z URUOIMB N-UCH |
s iR

JeunueTy .

Rumey
e i

1eUwme]

Tewwe]
e

:ﬂ.:cut.c N-uo| 2 ;

eunue]
“reute )
NG reuwue)
ey
.:m.:o.iuz-cczs mn ¥

-ﬂ-.—_--n.l—

" reunmey

seuuie-]

Jeupuey,

leuwe |’

[BIZ
oy 3.&00».)._0. ushcn.-.ﬁ Ak

penunuo) 7 g 91qeL,

68

1



-39°2

ISCETEAR e¥aTe €-d6 ¢ UNIUOIMSN-UCN Ieulue
4m+mm.m_" geATT 1-39°L Z-36°Z UPIUOIMIN-UON. reulue zez)’
L Z*A6°T Z+ATT -39 2-36°7 URIUOIMAN-UON  leuiweT EZ)’
cezrastz | geage 392 Z-3B°Z UeuoimaN-uoN euwe]  ggTZL
LErICT  grdT 1AL z-dBTz YewomeN-uoN.  reunwezgtzL
L 2*36°C Z+3I2°T Crars T z-3e°¢ ueuoimap-uoN. rewwe, U getz)
L2 AT zragz rAare | z-astz uewoiman-uoN eunwey
eran e 3L a6 wemoweNoN  reanuer
2*A6°T rAkra4 1-32°2 2-d6°¢ uewoeN-uoN; leunwe] gzl
2e36T  gedTZ 132 736 UBNOWMON-UON leutwe] gyz)”
2+A6C  gr3€T | LALL  2-36°Z uewolmoN-uoN .. BreL
sl geagz. 1ALz Z-36°Z UeOIMIN-UON.  Ieu sz
ZrA6C  grIET =T 2-36°¢ umuomaN-uoN  eulwe]ZgzL
Z+3ET 1-38°2  Z-36° veluowmaN-uoN, Jeunmey  pGoz)
@A -ass  z-dG'Z UeluowmaN-uoN  leuwe  9gz)
e+3agz asrl 2-36°2 urluomsN-uoN  seulwe]ggeZL
Z+AEZ Rk ) 2-36°2 URIUOIMIN-UON  Imunue-], 65°TL
2+3L°E: 1-3872 Z-36°Z UeluoimaN-uoN Jeuwe] 19°ZL:
Z+3e°2 1-38°2 Z-T'E UPUOIMBN-UON .  IeulwET £9°2L:
Z+3E°e 1-38°2 Z-J'E URIUOIMAN-UON IRunue. S9°ZL
g+Ige Lk A Z-T'E UEINOIMIN-UON Jeulme-] LF°EL
S E*I6°T, Z+3L°T L3672 Z-3'g URUOIMON-UON  leulwe]  §9°ZL
- 2*3A6°T Zvage: 1-3as’e Z-T'g ueuomaN-uoN  Jewwe 2921 o370
zr3sz | geasz 1-32°2 2-36°Z UeluoMaN-uoN . 1eunue] _
e A aez G aEE uenioMRN O | R (G L O
(rgv38°C ZrIze LIFL _2-36°¢ URiuoMaN-uoN | isuiwey

u&u_uu.:nuu..n_

. (edylssans
Pl weybulg |

egyjnbuans |

© O] 30 adE |,

(sre .5‘

ay a~.u0un.> @imnsdua |

S PIRLA

penunuon 7 g 9[qeL

69

1



erdre
Lgsale:
L.ograre:
o EX3LE

URIUOIMS -LIO N

7 UBIUOIMS N-UON;
1°Z uewoman-uoN'
URIUOIMI N-UON

URIUCIMD N-UO N

URILO)MS N-UO N

- A I
e S e i S

1) Z-38°Z weluoman-uon!
Z-38°Z uelioIMa N -uoN
T g g g enso A NuN

Z-36°Z UcIuOIME N-UoN
‘Z-36°Z ueuoma-uopy’

UeINOMa N-UoN |
URIUOIMS N-UO N
uRIUOMI N-UGN
URIUO M3 N-UO N
URIUOIMS N-UON

“reunne-y
“rieunuey
“seupmey i
" reunney
URIUOIMI N-UON
URIUOIMI N-UOH
Z-39°Z uvuommanN-uoN
| Zz-3g'C uvluomaN-uol

eunuey

Jeunve};

“reunuey
eunsey i’

|£E.E
euine]

“reupmey |
eumeyi

leupie ]

puney

eulmeTy

1euwme]

seulme !
jeueTy
seunmeTy;

panunuo) g g 9|qeL,

170



c+Ae

F2 3 4

A I

2+32

ez
z+32

Z+3ire

Ak 14
Zeale:

Z+3Le
Z+3L1'e
Z+3re
e+idl’e
Z+3l’e
e+l
Z+3L’e

grave
z+aLe

Z-aze;
MRIUOIME N-UO N

e-3L°c
Z-32°C
Z-ar'e

... gare
zare

z+ale

Z+aLe.

Z+3’e

Z-AL°¢

. | e

Z+3le

TTrave

z+are:
[A1%A

z-are

A .. ,. 2z
¢-3£°C

zarz

URIUOIMA N-UO N

URIUOIMBY-UON
‘URIUOIMA N-UO N
-7 URIUDIMI N-UON

URIUOIM@ N-UO N
URIUOIME N-UO N
URIUOIME N-UO N
URIUDIMIN-UO N
URIUOIMO N-UO N
UBIUDIMI N-UON
URIUOIMS N-UON

URIUOIMS N-UC N
URILOIMA N-UO N
UBIUOIMB N-UO N

UBIUGIMB N-UGN
URIUOIMIN-UCH
URIUOIMS N-UON |
URIUOIMS N-UON
UBIUOIMBN-UCHN
URIUDIMIN-UON

UBIUCIMAN-UON
UBIUOIMO -UO N

:E:S!n Z..:o N :
URTUOIMON-UON

URIUOIMS N-UO N

u:.Eﬂu_

reuue
Treunwue
reunwe
Treunwe

eune):

ume]
leunue
1eunme:
1eunLeT
1euwe
1eue:
reume:
eunue]

ieunue]

euwe
e
Jmumme:
Treunue”
Creuiue
Treuiwer)
RS i
I reuwwen)
1eunue-)
T euiwey

‘0 €+3¥'s
E+AFG
E+AV'G

Ev355
m... m_v. m

u..,“_u_uu.:nm.o-n_

wdMlesans
ploLy Eﬂ:m:. [:]

o c3re

?mu._:.m:cz.m, .

ol jo'addy

sz )| UL

v .ﬂ.aon.n.\r_u.:.u._ﬂn.:u 1

panunuo) 7 g 9[qe],

1

7

1



.N-meN UBIUOIMAN-UON |  Ieulwe: €+32°G

| -ag’g umuomaN-uoN - seumeT E+92G
. €AYz URUOMIN-UON  1eunuey AR ,
Z-39°Z ueluoIMaN-UON ieulweT,
T 2-39°z uewomaN-uoN eunme
...Nwm_m_»N uviuoiMaN-UoN | euwe]
- ‘2-39°z ueuomaN - uoN  1euleT
Z-39° uBlucimaN-uoN ~ieulue
. Nl...m—mu‘NA :ﬂmﬂﬂwiu z,...hovz. . .;-ﬂ:_-.-ﬂr—

... E39ZUSOIMGN-UON  ieumme
Z2-39°Z uclucMoN-UON | leunueq;

Z-79°7 uBIUOIMAN-UON | 1eunue-];
e o RO, LT,
Z2-197¢ URIUCIMa N-UON Jeulue];
2-3J9°2 UBIUOIMON-UCN  1eumue-|.
2-79°C URIUOIMIN-UCN  Jeulue-]

Z2-39°Z uelumma N-UON 1RulueT]

2-39°2 YRUOIMaN-UCN  Jeuiww]

Lo .. E39C URUOIMON-UON  reuiwer
Zz-39°¢ URUOIM3N-UON | JeumueT
2-39° ueliWMaN uoN | teuiueT

 Z-39°C uRummMaN-uoN:  Ieulwe]

Z2-J9°Z URIUMO N-UON  IRuIeR|

Z-39°Z urluomaN-uoN'  Ieujwe-]

i e i AR IR |

(edssans

pISIA Weybulg sy

u|fiz0081A [Bimetadwa)

 andul synejet] e

SRR LR L kL £

panunuo) z g 9qe

R RS

172



AIqeL

G1 €608

AN

gHimMmod
jejo]

A
ainssaidg

iag o |

Z+3'e
ze3E

v, ._..,..N+N 2

c+3e
e+A'T

FAS 14

Z2-39°2 ueluoimo N-ua N
XA .-ﬂ.:.z_.._.:wZ.:ezW
N m_w N :u.cs.soz.:cz ’
T R E UeIOIMON-ON

Z-ag ‘g uRlumaN- :oz

Cleuue)

1euwe]

deupuey
“ieunpeq

euwen

L AOLET03'0 evaee
£+3L°G

Fasie
e+a'e

N+m_ <

Tevae

e+

N...m N

Z2-39°Z :u.:a-!e N-UoN'

Z-A9°Z UM N- uop

i
Iwume)

_w.w.:..mn_.
rue
eupwe]

1eue-}

T reuwe

E+3L'S

€+3L°G

30 e+345
£+3l’s
| E+3L°S

psnunuo) N dq ®3mrﬁ

173



APPENDIX C

USER’S MANUAL

Select land profile option under data sub-menu. There are two possibility for
land profile entrance: opening a data file with an extension * top(Figure A.1),

entering directly from the screen(Figure A.3).

Under the same menu, select design parameters option. This provides the
entrance of pipe diameter, thickness, thermal conductivity of the pipe material,
pipe grade, surface roughness of the pipe, depth of burial, flowrate and its

change locations(Figure A.4).

Slurry characteristics of the crude or any slurry pipeline can be entered with

slurry characteristics option under data menu(Figure A.5).

Similar to land profile options under data sub-menu, Pump Characteristics menu
has two options: opening a data file with an extension *.pmp(Figure A.6),

entering from the screen(Figure A.8).

Select Existing Pump Station of a Pipeline menu to enter the results of
Newtonian solutions of the pipe diameter, flowrate, required pump head, speed

of pump and station locations(Figure A.9).

If the results of the Newtonian solutions don’t exist, Next menu provides to
enter second screen. The Newtonian solution is performed by this software
using the Locations of Pump Stations option under Pump Selection menu. If
Newtonian solutions are entered from the Existing Pump Station of a Pipeline,
Locations of Pump Stations option under Pump Selection menu in the second

screen becomes disabled.
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In the second screen, first select Viscosity Correlation options under Input
menu. The variation of viscosity with temperature can be entered as a empirical
correlations (Beal, Chew and Cannolly, Perry, Ajienka, Antoine) or as a direct

measurement(Figure A.16).

Then, select Thermal Properties option under Input menu. Thermal Properties
option is divided into two: Insulation Materials to enter the type of insulation
and its thickness(Figure A.10) and Crude Oil Properties(Figure A.11). Under
the Crude Oil Properties part, standard crude oil types can be selected or the

users can define their own crude’s properties(Figure A.12).

Select Field Data under Input menu. This menu procures the entrance of soil
temperature or variations along the pipeline, outside convective heat transfer
coefficient, design factors, and thermal conductivity of the soil( Figure A.13,

A14).

Finally Stress and Strength Data under Input menu is selected to finish data
input. The rheological properties of the crude are entered to program. If the
properties of hypothetical crude are used as a data, click sample options in this

screen to perform analysis mentioned in Chapter 3.

The results of the Newtonian solutions can be seen by selecting Conventional

Pipeline Design option under Analysis Results menu.

The results of the analysis performed by this program can be seen by selecting
Normal Operating Conditions and Re-start After Shut-Down Conditions

options under Analysis Results menu.

The results of the analysis in graphical form can be seen under graphics menu.

Non-Newtonian Hydraulic Grade Line Solutions and Temperature Distributions



options provides solutions for both normal operating conditions and restart after

a shutdown.

If the analysis gives unsatisfactory results for the line, the modifications are
presented in optional state in the non-Newtonian hydraulic grade line form. Any
one is selected by clicking the option and the results in the graphical form is
loaded directly by the program. Other information related to this modification
can be seen by using Analysis menu and Temperature Distributions option under

Graphics menu.
The results of pumps operating point at each station can be displayed with

Results of Pump Selection option for Newtonian solutions and Non-Newtonian

Pump Selection option for modifications related to the design parameters.
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APPENDIX D
ESTIMATING THE VISCOSITY OF CRUDE OIL SYSTEM

Viscosity of crude oils are required in various pipeline engineering
problems. In evaluation of fluid flow in a reservoir, the viscosity of the liquid is
required at various values of reservoir pressure and at reservoir temperature. There
are cases, however, when the viscosity is needed at other temperatures. The most
common situation requiring viscosities at various pressures and temperatures
occurs in the calculation of two-phase, gas liquid flowing pressure traverses.
Calculation these pressure traverses involves dividing the flow string into a number
of length increments and calculating the pressure gradient at average conditions of
temperature and pressure in the increment. Calculation of pressure gradients
requires knowledge of oil viscosity. The most popular methods used for predicting
oil viscosity are Beal[27] for dead oil and Chew and Connally [27] for live or
saturated oil. Beal correlated dead oil viscosity as a function of API gravity and
temperature. Chew and Connally presented a correlation for the effect of dissolved

gas on the oil viscosity. The correlation developed for dead oil viscosity is
Hop=10%-1 (D.1)
Where
X:__yxT-l.163

Y=10"
7=3.0324-0.02023 xy,

The correlation of the dead oil viscosity for dissolved gas is
p=Axpop” (D.2)

Where
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A=10.715x(Rs+100)*°"
B=5.44x(Rs+100) "%
Re=dissolved gas oil ratio

T= temperature

Hop= viscosity of gas-free oil at T
p=viscosity of gas saturated oil at T
Yo=oil gravity, ° API

ty=normal boiling point

v=kinematic viscosity

N. V. K. Dutt [26] developed a simple method needing the average boiling
point as the only input. This method, when tested on 15 world crude oils (and their
fractions) at 250 data points, yielded an overall deviation of 6%. The correlation of

kinematic viscosity is:

44278 +1.6451,

Inv=-3.0171+ 3

T+(239-0.19.t,) ®3)
where

ty: boiling temperature of oil

Ajienka correlation for calculation of oil viscosity [16]:

v=35.7223xexp[0.02008x(T-Tpour)]+0.03132x v, D.4)

Perry correlation [29]:

v=0.6717x102xT 0% (D.5)
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APPENDIX E
TEMPERATURE INCREASE OF OIL DUE TO FRICTIONAL PRESSURE

LOSS ALONG THE LINE

Temperature increase per km along the line due to frictional pressure loss
or viscous dissipation along the line can be calculated by balancing the loss of

internal energy of oil with frictional power.

P=mx C x AT

For Ceyhan-Kirikkale Pipeline system

P=5155 KW
p=850 kg/m’
Q=1200 m’/h
C=1884 J/kgK
L=447 km
5155x 10°W g
AT = 3 X X
12002 X 850fg X x 1884 J ) 447k
( h m’ " 3600 x s kg x K

AT=0.021 °C/ km

If this temperature change per km is compared with oil temperature
variation given in Table B1 and B2, it sometimes compensates with the
temperature decrease and sometimes it is so small with respect to temperature

decrease that it doesn’t take into consideration.
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