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ABSTRACT

Earlier studies on the options for utilization of Alaska North Slope (ANS) gas had 
indicated that it is economical to convert the gas to Gas-to-Liquid (GTL) products, 
blend it with the ANS crude oil and transport the resulting liquid through the existing 
Trans-Alaska Pipeline System (TAPS) to monetize the stranded gas. The objective of 
this study was to evaluate the effect of blending ANS crude oil with a GTL sample 
acquired from BP Alaska Inc. (BPGTL). Solid deposition phenomena and fluid 
properties of ANS crude oil, BPGTL and their blends were studied.

The blends of BPGTL and ANS crude oil would require less pumping pressure. It is 
concluded from this study that the possibility of vapor and wax formation is precluded 
during transportation of the blends, and that asphaltene deposition is a potential major 
problem in blending ANS crude oil with BPGTL.
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CHAPTER ONE 

INTRODUCTION

1.1 INTRODUCTION
The Alaska North Slope (ANS), located north of the Arctic Circle, has one of the 
largest hydrocarbon reserves in the United States. The proven and recoverable 
conventional natural gas in the developed and known undeveloped fields in the ANS 
are estimated to be about 38 trillion standard cubic feet (SCF). Additional 
undiscovered gas reserves are estimated to range from 64 trillion SCF to 142 trillion 
SCF. How best, technically and economically, to bring this gas to the world market 
has been a big challenge because the ANS is in an arctic environment. The water 
bodies there are frozen almost year round, making transportation by ships an 
impractical option. In an earlier study, Thomas et al. (1996) evaluated two ANS gas 
utilization options - a Gas-to-Liquid (GTL) option and a Liquefied Natural Gas (LNG) 
option that involves a gas pipeline from Prudhoe Bay (ANS) to Valdez, Alaska. They 
concluded that converting the ANS natural gas to a GTL product that is compatible 
with the ANS crude oil and transportable in the TAPS provides a significant economic 
advantage over the LNG option.

The throughput of ANS crude oil through the TAPS has been declining and is 
expected to continue to decline in the future. According to projections, by 2015 the 
ANS crude oil production will be so critically low that the operation of TAPS will 
become uneconomical unless more liquid is added. The GTL process to convert the 
stranded gas to liquid products is a potential source of such liquid. Hence, transporting 
GTL through the TAPS will greatly enhance the economic life of the multi-billion 
dollar pipeline in addition to eliminating the cost of constructing another multi-billion 
dollar pipeline for specifically transporting the ANS gas to the world market.
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The TAPS was originally designed for transporting ANS crude oil from the ANS to 
Valdez. The introduction of GTL to the pipeline will unavoidably pose some 
challenges to the operation of the pipeline. Anticipated challenges include:

1. Precipitation and deposition of solids (waxes and asphaltenes) leading to the 
plugging of pipes and other facilities;

2. Altered pumping pressure requirements due to altered pressure losses in the 
pipeline;

3. Possibility of gel formation during prolonged scheduled or unscheduled winter 
shut down that could make re-starting the pipeline difficult or impossible; and

4. Possibility of vapor formation in the pipeline. Presence of vapor in the 
pipeline would lead to cavitation of centrifugal pumps and other equipment 
damage.

The afore-mentioned economic importance of converting the ANS gas to GTL and 
bringing it to the world market through the TAPS triggered a comprehensive research 
study at the University of Alaska Fairbanks to investigate these operational challenges. 
The project was funded by the United States Department of Energy (USDOE).

1.2 PREVIOUS WORK ON GTL TRANSPORTATION THROUGH THE 
TAPS

Different aspects of the anticipated operational challenges of GTL transportation 
through the TAPS have been studied at the Petroleum Development Laboratory, 
University of Alaska Fairbanks. A Laporte Light GTL sample was used for the 
studies. The Laporte Light GTL sample is a direct product of the Fischer-Tropsch 
process, and is not representative of the synthetic crude oil that will likely be produced 
on the North Slope of Alaska.
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Ramakrishnan (2000) evaluated the viscosity and density (at different temperatures) of 
crude oil samples, GTL and their blends. He also performed a preliminary economic 
evaluation on the two possible modes of transporting GTL through the TAPS. The 
batch mode involves flowing batches of GTL and ANS crude oil. On the other hand, 
in the commingled flow mode, the two products are blended to form a single-phase 
fluid (liquid), which is then transported through the pipeline. He indicated that the 
batching method is economically preferable to the commingled method because the 
operating cost is less and the GTL premium is high for batching.

Akwukwaegbu (2001) comparatively evaluated these two modes of transporting GTL 
through the TAPS from a pressure and hydraulic horsepower requirements criteria and 
inferred that the better o f the two modes is the commingled flow mode.

Timmcke (2002) developed a fast cold ramp technique for measuring the gel strengths 
of the ANS crude oil, GTL and their blends. He also defined a correlation factor 
relating the results obtained from the fast cold ramp method and those obtained from 
the conventional, but very expensive, slow cold ramp technique.

Amadi (2003) studied the solid deposition problems (wax and asphaltene deposition 
problems) associated with commingling ANS crude oil with GTL products. He 
performed his studies at static conditions (atmospheric pressure) and concluded that 
GTL precipitated significant amounts of asphaltenes from the ANS crude oil. He 
further concluded that addition of GTL to the crude oil resulted in a decrease in the 
wax appearance temperature.

Sharma (2003) studied the phase behavior of the ANS crude oil samples, GTL and 
their blends as functions of temperature. The results of his study showed that the 
blends will flow through the TAPS as single-phase (compressed) liquids.
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Ejiofor (2003) and Ibironke (2004) evaluated the economics of GTL transportation 
through the TAPS. Ejiofor based his studies on the Laporte Light GTL sample and 
recommended that the batch mode of transportation of GTL through the TAPS is 
preferable to the commingled mode. On the other hand, Ibironke based her own 
studies on data from an Alaska-produced GTL sample, otherwise referred to in this 
study as BPGTL. This GTL, which was provided by BP Alaska Inc., was produced 
from gas in the Cook Inlet, Alaska. She indicated that the commingled mode showed 
lower Net Present Value (NPV) than the batch mode of transportation

Inamdar (2004) used rheological data from this present work to estimate the amount of 
energy required to transport different blends of ANS crude oil and BPGTL through the 
TAPS. He concluded that an optimum blend ratio of 28% BPGTL by volume will 
require the least amount of energy to transport through the TAPS.

1.3 OBJECTIVES OF THE STUDY
All the previous studies at UAF on the subject of GTL transportation through the 
TAPS were performed using the Laporte Light GTL samples. In this study, GTL 
samples produced from Alaska Cook Inlet fields were used to evaluate some of the 
key operational challenges in their transportation through the TAPS. The GTL 
samples are considered to be representative of actual GTL products that will be 
transported through the TAPS. Specifically, the objectives of this study were 
accomplished from the following tasks:

1. To study the physical properties of ANS crude oil, GTL, and their blends (in 
different ratios). The physical properties of interest include: density; rheological 
parameters (shear stress - shear rate relationships); vapor pressure; bubble point 
pressure; gel strength and Wax Appearance Temperature (WAT) under both static 
and dynamic (flowing) conditions. The studies under dynamic conditions are
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particularly significant because the fluids are continually moving through the 
pipeline.

2. To determine the exact amount of asphaltenes that different precipitants, 
including GTL, will precipitate from the ANS crude oil.

3. To evaluate the stability of asphaltenes in the pure undiluted ANS crude oil. This 
is because asphaltenes are considered to be stable in a crude oil if they remain 
dispersed in the crude oil. Once the stability is disrupted the asphaltenes 
precipitate out of the crude oil solution.

4. To determine the onset of asphaltene flocculation in ANS crude oil using different 
flocculants including GTL. This would indicate the minimum amount of GTL that 
could cause flocculation of asphaltenes in the crude oil.

5. To investigate the effect of pressure and flow on flocculated asphaltenes.

To accomplish these tasks, four different blends of ANS crude oil and BPGTL were 
prepared gravimetrically and studied at the Petroleum Development Laboratory 
(PDL), University of Alaska Fairbanks. The blends, in decreasing order of percentage 
of GTL content, include: 50%, 33.33%, 25%, and 20%. In order to better define 
trends for wax appearance temperatures (WATs) under static conditions and vapor 
pressures, blends with compositions outside the four described above were 
additionally prepared and studied. Pure ANS crude oil and GTL were also studied.
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CHAPTER TWO 

LITERATURE REVIEW
The topics presented below are relevant for a good understanding of the results and 
conclusions of this study.

2.1 GTL TECHNOLOGY
Gas-to-Liquids (GTL) technology is a technology employed in converting coal and 
natural gas to liquid hydrocarbon products. It involves two major steps: synthesis gas 
(syngas) production and the Fischer-Tropsch (FT) process that converts the synthesis 
gas to hydrocarbon liquids such as synthetic crude oil or syncrude.

The synthesis gas is a mixture of carbon monoxide (CO) and hydrogen (H2). It can be 
obtained from reforming of natural gas with either steam or carbon dioxide, or by 
partial (catalytic) oxidation. The most important reactions are:

Steam reforming: CH4 + H20  <----- > CO + 3H2

C 0 2 reforming: CH4 + C 0 2 <- t2CO + 2H2

Partial oxidation: CH4 + 1/20 2  > CO + 2H2

Water gas shift reaction: CO + H20  < > C 0 2 + H2

A combination of synthesis gas production processes is often used to obtain synthesis 
gas with a stoichiometric ratio of hydrogen and carbon monoxide. A syngas with a H2/ 
CO ratio of less than two is not stoichiometric for the Fischer-Tropsch reactions. If the 
H2/ CO ratio is less than two, then the water gas shift reaction changes it to two.
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The Fischer-Tropsch process was discovered by Franz Fischer and Hans Tropsch at 
the Kaiser Wilhelm Institute for Coal Research, Muellheim, Germany in 1923. It 
involves hydrogenation of CO over iron, cobalt or nickel catalysts at 180 -  250°C and 
atmospheric pressure. The product spectrum consists of a complex mixture of linear 
and branched hydrocarbons and oxygenated products. Main products are linear 
paraffins and oolefins. The overall reactions of the FT process are summarized below.

Main reactions:
1. Paraffins:
2. Olefins:
3. Water gas shift reaction:

Side reactions:
4. Alcohols:
5. Boudouard reaction:

Catalyst modifications:
6 . Catalyst oxidation/reduction: (a) H2MxOy + yH2 < = >  yH20  + xM

(b) MxOy + yCO < » yC 02 + xM

7. Bulk carbide formation: yC + xM < > MxCy

At the end of the FT process, the recovered product is an extremely pure, synthetic 
crude oil that is virtually free of contaminants such as sulfur, aromatics and metals.
This synthetic crude can then be refined into products such as diesel fuel, naphtha, 
wax and other liquid petroleum or specialty products.

2nH2 + n C O  » CnH2n+20 +  (n -  1)H20
2 C O  > C + C 0 2

(2n + 1)H2 + n C O  > CnH2n+2 + nH20
2nH2 + n C O  > CnH2n + nH20
C 0  + H20  < = >  C 0 2 + H2
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In a nutshell, the GTL process breaks the natural gas molecules apart and reassembles 
them into longer chain molecules, like those that comprise crude oil. The GTL process 
produces environmentally friendly products and, in the light of diminishing quantities 
of available conventional crude oil and abundance of natural gas, is expected to be a 
major source of energy in the near future.

2.2 RHEOLOGICAL CLASSIFICATION OF FLUIDS
Rheological classification of the ANS crude oil, BPGTL and their blends is essential 
in the determination of the energy requirements for transporting these fluids through 
the pipeline. Knowledge of the energy requirements would enable an appropriate 
conclusion as per the adequacy of TAPS pumping facilities for transporting the blends.

Viscous fluids can be classified as Newtonian or non-Newtonian depending on their 
shear stress (r) -  shear rate (7) relationship. Rheograms and the flow behavior index 
(n-factor) are broadly used in the rheological characterization of fluids. Newtonian 
fluids have their shear stress proportional to their corresponding shear rate and the 
constant of proportionality is the true or effective viscosity. Non-Newtonian fluids can 
be classified as power law (pseudoplastic, dilatant), thixotropic, rheopectic or 
Bingham plastic. The power law index factor, n can be used to characterize the 
behavior of power law fluids. For n < 1, the fluid is characterized as pseudoplastic. For 
n = 1, the fluid is characterized as Newtonian. For n > 1, the fluid is characterized as 
dilatant. The n-factor is therefore a measure of the deviation of the fluid from 
Newtonian behavior or characteristics.

A thixotropic fluid undergoes a decrease in viscosity with time when subjected to 
constant shearing. In contrast, rheopectic fluid is characterized by an increase in 
viscosity with time under a constant shear rate.
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Bingham plastic fluids require a minimum amount of stress (yield stress) to initiate 
flow through them.

Illustrations of rheograms for different types of fluids are shown in Figure 2.1, and 
Figure 2.2 illustrates thixotropic and rheopectic fluid behaviors.

Figure 2 .1: Viscous Fluids’ Rheograms
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Figure 2.2: Viscosity -  Time Relationship for Thixotropic and Rheopectic Fluids 

2.3 GEL STRENGTH
The gel strength of a fluid is a measure of the attractive forces between the particles of 
the fluid when under static (non-flowing) conditions. It depends mainly on fluid 
composition, temperature history and ageing. When a fluid in a pipeline gels, much 
pressure is required to restart the flow of the fluid. Neglecting pressure losses and the 
effect of elevation, the pressure differential (AP) required to restart flow of a gelled 
fluid can be estimated using the following equation (Perkins, 1971).

Where: ts = Gel yield strength, L = Length of pipe section, D = Pipe diameter

Since the TAPS is in an arctic environment, gel formation during a prolonged 
scheduled or unscheduled winter shutdown is unavoidable. Therefore, it is very
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important that the pumping system of TAPS is able to provide enough pressure for 
restarting the commingled flow of ANS crude oil and GTL through the pipeline after a 
prolonged winter shutdown. Timmcke (2002) developed a fast cold ramp method for 
gel strength measurements at UAF. He defined a correlation factor relating the results 
from this technique and those from the conventional slow cold ramp method. The fast 
cold ramp method was employed in this work to determine the gel strengths of ANS 
crude oil, BPGTL and their blends at 20°F, 0°F and -20°F.

2.4 PHASE BEHAVIOR
Knowledge of the bubble point pressure of a fluid is very important in the design of a 
pipeline for transporting the fluid. In addition, it enables one to know which 
parameters (temperature, pressure, etc.) to control in order to keep the fluid in the 
desired phase during transportation. Sharma (2003) in his study measured the bubble 
point pressures of blend of ANS crude oil and cuts of the Laporte light GTL sample. 
His results showed that the blends will flow through the TAPS as single phase 
(compressed) liquids. Part of this work is to measure the bubble point pressures of the 
blends of ANS crude oil and BPGTL and ascertain if they will also flow through the 
TAPS from suction to discharge as compressed liquids. Figures 2.3 and 2.4 are 
illustrations of Pressure -  Volume (PV) diagrams for a single component and a binary 
system, respectively. The PV diagram for a multi-component system is similar to that 
for the binary system.
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Figure 2.3: PV Diagram for a Single Component System

Figure 2.4: PV Diagram for a Binary System
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2.5 SOLID DEPOSITION
Waxes and asphaltenes are the solid deposition problems anticipated to be associated 
with the transportation of blends of ANS crude oil and GTL through the TAPS.

Pressure, temperature, fluid composition, flow characteristics (turbulent or laminar) 
and geometry of the flow conduit are the key factors that affect solid deposition.

Solid deposition is undesirable. It causes reduction in effective pipe diameter, which 
means reduction in the line fill of the pipeline. It also causes increased pressure losses 
in the pipeline, malfunction of pipeline instrumentation, and contamination of the 
transported fluid.

Asphaltenes are a class of compounds in crude oil that are defined as being insoluble 
in n-heptane but soluble in aromatic solvents such as toluene (Lorimer et al, 2000). 
They are large molecules consisting of polyaromatic and heterocyclic aromatic rings. 
Asphaltenes carry the bulk of the inorganic components of crude oil, including sulfur 
and nitrogen, and metals such as nickel and vanadium. They are also the components 
of crude oil that give it its black color (Lorimer et al, 2000).

Every crude oil contains a certain amount of asphaltenes (Lorimer et al, 2000). In the 
crude oil, the asphaltenes tend to attract each other to form agglomerates. It has been 
shown in literature that naturally occurring resins stabilize asphaltene particles in 
crude oils by forming repulsive layers around the asphaltene particles (Hirschberg et 
al, 1984). If the concentration of resins is insufficient to cover the surface of the 
asphaltene particles, perhaps due to a decrease in temperature, pressure or pH, then the 
asphaltenes will precipitate out of the solution.
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Changes in the composition of the crude oil, such as addiction of solvents partially 
dissolve the resin molecules that cover the surface of the asphaltenes and disrupt the 
resin-asphaltene system leading to the flocculation of asphaltenes.

The study by Hirschberg et al (1984) showed that pressure affects asphaltene 
flocculation. The study further concluded that the solubility of asphaltenes in a crude 
oil is a minimum at the bubble point pressure of the crude oil. That is, maximum 
amount of asphaltenes is deposited at the bubble point pressure of the crude oil. 
Thawer et al (1990) attributed this to the differences in the compressibilities of the 
lighter ends and the heavier components of the crude oil. As crude oil approaches its 
bubble point pressure the relative volume fraction of the lighter ends within the crude 
oil increases. This phenomenon is similar to adding a light hydrocarbon to the crude 
oil. The result is asphaltene depeptization. Above the bubble point, the low- 
molecular-weight alkanes are released from the liquid into the gas phase. The 
tendency for asphaltene depeptization in the crude oil is therefore reduced. Asphaltene 
stability/instability is illustrated in Figure 2.5.
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Figure 2.5: Graphical Illustration of Asphaltene Stability/Instability

It has also been shown that the amount of non-solvent (such as n-heptane) that is 
required for the onset of asphaltene flocculation in a crude oil is a measure of the 
stability of the asphaltenes in the crude oil (Rogel et al, 1999). The more stable the 
asphaltenes are the higher the amount of solvent required for onset of flocculation. 
Similarly, the amount of asphaltenes precipitated from a particular crude oil depends 
on how stable the asphaltenes are in the crude oil as well as the type and amount of 
precipitating agent added. According to Amadi (2003), asphaltenes are stable in the 
pure ANS crude oil. However, all the cuts of Laporte Light GTL sample used in his 
studies (at atmospheric pressure) precipitated significant amounts of asphaltenes from 
the crude oil. One of the objectives of this work is to determine the amount of 
asphaltenes BPGTL will precipitate from the ANS crude oil.

Asphaltenes dispersed in crude oil are electrically charged and have diameters of 30 -  
40 Angstroms (Escobedo and Mansoori, 1995). On the other hand, the mean size of 
asphaltene aggregates ranges from 4.5 to 291 fim (Ferwom et al, 1993).
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The molecular structure of asphaltenes is not precisely known because they are not 
crystallized and cannot be separated into individual components or narrow fractions. 
However, chemists have made propositions of their structures for some crude oils. 
One of the propositions is shown in Figure 2.6.

Figure 2.6: Molecular Structure of Asphaltene Proposed for Maya Crude (Mexico) 
(Source: http://tigger.uic.edu/~mansoori/Asphaltene.Molecule_html)

Not much is currently known of the chemical properties of asphaltenes. Asphaltenes 
are lyophilic with respect to aromatics, in which they form highly scattered colloidal 
solutions. Also, asphaltenes of low molecular weight are lyophobic with respect to 
paraffins like pentanes and petroleum crude. There is a close relationship between 
asphaltenes, resins, and high molecular weight polycyclic hydrocarbons. In nature, 
asphaltenes are theorized as being formed as a result of oxidation of natural resins. 
Contrarily, the hydrogenation of asphaltic compound products containing neutral 
resins and asphaltene produces heavy hydrocarbon oils, i.e., neutral resins and

http://tigger.uic.edu/~mansoori/Asphaltene.Molecule_html
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asphaltenes are hydrogenated into polycyclic aromatic or hydro-aromatic 
hydrocarbons. They differ, however, from polycyclic aromatic hydrocarbons by 
presence of oxygen and sulfur in varied amounts.

On heating above 300 - 400°C, asphaltenes are not melted, but decompose, forming 
carbon and volatile products. They react with sulfuric acid, forming sulfonic acids, as 
might be expected on the basis of the poly-aromatic structure of these components.

A wax is an organic, plastic substance that is solid below a certain temperature called 
the wax appearance temperature (WAT) and becomes liquid when heated above the 
WAT. Waxes are thermoplastic, combustible and insoluble in water. Wax appearance 
temperature (WAT) is the temperature at which the first smallest amount of wax is 
formed.

Although petroleum waxes are of three general categories - paraffin, microcrystalline 
and petrolatum, the major constituent is paraffin. Paraffin waxes contain 
predominantly straight-chain hydrocarbons with an average chain length of 20 to 30 
carbon atoms. However, the presence of other hydrocarbon structures in paraffin 
waxes makes it a complex mixture. Generally, paraffin waxes are non-reactive, non
toxic, and colorless. Figure 2.7 shows structures of typical paraffin waxes.

Figure 2.7: Typical Structures of Paraffin Waxes
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Pressure has a significant effect on the temperature at which wax appears in crude oils. 
The works of Weingarten et al (1988) and Brown et al (1994) showed that wax 
appearance temperature decreases as pressure increases. However, using a 
thermodynamic model, Pan et al (1996) inferred that decrease in wax appearance 
temperature is only pronounced at pressures below the bubble point pressure of the 
crude oil, and that above the bubble point pressure wax appearance temperature 
generally increases with pressure.

Wax in a petroleum pipeline adheres to the walls o f the pipe and, as a result, reduces 
the pipe flow diameter. Some of the consequences are decreased flow rate, higher- 
pressure requirements, and general equipment malfunction. According to Amadi 
(2003), wax formation during the transportation of blends of GTL cuts and ANS crude 
oil is not possible because the wax appearance temperatures of all the blends reported 
in his study are well below TAPS minimum operating temperature. Part of this work is 
to determine the wax appearance temperatures of ANS crude oil, BPGTL and their 
blends under both static and dynamic conditions. The results would lead to a 
conclusion regarding the possibility of wax formation during the transportation of the 
blends (of BPGTL and ANS crude oil) through the TAPS.

2.6 VAPOR PRESSURE
The vapor pressure of a liquid at a particular temperature is the pressure exerted on the 
liquid by its own vapor at that temperature. If the Net Positive Suction Head (NPSH) 
of a pump is less or equal to the vapor pressure of the liquid it is pumping, then the 
liquid will boil as it enters the pump. The bubbles developed collapse on the pump 
impeller resulting in cavitation damage of the impeller. As a result, it is very expedient 
that the vapor pressure of the blend of ANS crude oil and GTL that is to be transported 
through the TAPS remain below the pipeline’s operating pressures at all operating 
temperatures.
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Reid Vapor Pressure (RVP), which is the stabilized pressure exerted by a volume of 
liquid at 100°F, is related to the True Vapor Pressure (TVP) of the liquid as follows:

TVP = RVPx Exp.{A) 2.2

Where,
A = Ca( IRTEMP-  ITEMP) 2.3

C0 is a proportionality constant, the value of which depends on the value of RVP as 
shown in Table 2.1 below:

ITEMP = (555.69° R)"1 2.4
IRTEMP = ( Ts + 459.69° R)"' 2.5
Ts = The fluid temperature (°F)

Table 2.1: Values o fC 0
RVP Co RVP Co RVP Co

0 < RVP < 2 -6622.5 RVP = 5 -6186.5 RVP = 8 -6367.9
2 < RVP < 3 -6439.2 5 < RVP < 6 -6220.4 8 < RVP < 9 -6477.5
RVP = 3 -6255.9 RVP = 6 -6254.3 RVP = 9 -6587.9
3 < RVP < 4 -6212.1 6 < RVP < 7 -6182.1 9 < RVP < 10 -6910.5
4 = RVP -6169.2 RVP = 7 -6109.8 RVP = 10 -7234.0
4 < RVP < 5 -6177.9 7 < RVP < 8 -6238.9 10 < RVP 15 -8178.0

More accurate values of TVP are obtained by applying the following correction 
procedure:

TVP =  TVP +  C1 y Corrected 1 Y Calculated ^ 2.6



20

Where the correction factor, Cf is given as follows:

If RVP < 3, then CF = 0.04x RFP + 0.1 2.7
If RVP > 3, then CF = £^(2.3452061 xLog(RVP)-4.132622] 2.8

Amadi (2003) measured the vapor pressures of ANS crude oil, cuts of the Laporte 
Light GTL sample and their blends. He concluded that vapor formation during the 
transportation of the fluids through the TAPS is not possible since their vapor 
pressures are well below the minimum TAPS operating pressure. Thus, the fluids will 
successfully flow through the TAPS as single-phase (compressed) liquids. Part of this 
work is aimed at determining if vapor formation is possible during the transportation 
of the blends of BPGTL and ANS crude oil through the TAPS.
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CHAPTER THREE 

EXPERIMENTAL TECHNIQUES

Topics discussed in this chapter include: how the crude oil samples were obtained, 
stored, and re-conditioned; how the GTL samples were handled and blended with the 
crude oil; and descriptions of the experimental apparatuses and procedures. Whenever 
necessary, references are made to previous works to avoid unnecessary repetition.

3.1 SAMPLE PREPARATION
The ANS crude oil sample was taken at TAPS pipeline conditions directly into a 
Welker Constant Pressure Sample Cylinder in order to preserve its composition. The 
BPGTL samples were received from BP Exploration Alaska Inc. in sealed 1-US gallon 
cans. The BPGTL in each can was used as soon as the can was opened. This ensured 
no change in the composition of the BPGTL.

3.1.1 Welker Constant Pressure Sample Cylinder
The Welker Constant Pressure Sample Cylinder, shown in Figure 3.1 on a retort stand, 
is designed to maintain samples at pipeline conditions. It also provides for adequate 
mixing, laboratory repeatability and safe handling of the sample. The cylinder has two 
ends - the “Product Inlet” end and the “Precharge” end. An internal floating piston 
separates the two ends. The Product Inlet end accommodates the sample while the 
pressurizing fluid (usually nitrogen gas) occupies the Precharge End. Sharma (2003) 
has provided a more detailed description of the cylinder.
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Figure 3 .1: A Welker Cylinder in front of the Heating Drum

In order to obtain samples from the cylinder, the sample is re-conditioned to pipeline 
temperature (90°F) using the heating drum shown in Figure 3.1. The crude oil is 
allowed to equilibrate at this temperature for about two hours. During this period, the 
sample is mixed at least three times. Sharma (2003) has described the crude oil 
aliquoting procedure in greater detail.
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3.1.2 Procedure for Blending Samples
The BPGTL and the crude oil samples were blended gravimetric ally at room 
temperature (21°C). The procedure is described below:
Let

V = Required volume of sample (blend)
P bpg tl  = Density of BPGTL at room temperature 
p co = Density of crude oil at room temperature 
a  = Fraction of BPGTL in the required sample

Then,

Total mass of required sample, M  = ------  ------   ̂ j
a  Pco (1— ) Poti.

Mass of BPGTL in the sample, M  b p g t l  3.2 
Mass of crude oil in the sample, M co = (1 -  a)M  3.3

Using a mass balance, the masses of BPGTL and ANS crude oil calculated above were 
obtained and poured into a sample bottle. The sample bottle was closed and shaken to 
obtain the required homogeneous blend of the two fluids.

For the stability test, the test fluids were prepared to contain a certain volume of 
toluene per gram of crude oil. 5 cc of toluene was added to 10 gm of crude oil to 
produce a test fluid of 0.5 cc toluene per gm of crude oil.

Because the density of the crude oil was not measured under high pressure conditions, 
a separate volumetric blending procedure was employed for the phase behavior 
(bubble point pressure) and the wax appearance temperature studies under dynamic 
conditions. A predetermined amount of BPGTL was initially charged into the sample 
cylinder. The correct volume of pre-reconditioned crude oil was allowed to flow
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directly from the Welker cylinder into the sample cylinder to produce the required 
blend ratio. Charging the crude oil directly from the Welker cylinder into the sample 
cylinder ensured that light crude oil ends did not escape from the crude oil. Thus, the 
original composition of the crude oil was preserved.

3.2 EXPERIMENTAL APPARATUS

3.2.1 Density Measurement Apparatus
The apparatus shown in Figure 3.2 consists of a Mettler/Paar DMA-45 digital density 
meter, a Brookfield TC-500 temperature bath and 2cc — capacity plastic syringes.

Temperature
Bath

Density
Meter

De-ionized
Water

Syringe with 
needle

Figure 3.2: Density Measurement Apparatus
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The Mettler/Paar DMA-45 digital density meter shown in Figure 3.3 consists of two 
U-shaped co-axial glass tubes. The inner tube, which is housed by the outer tube, 
accommodates the sample and is excited by an electronic system. An incorporated 
quartz clock measures the period of oscillation approximately every two seconds. The 
sample tube has two ports. Samples are introduced into the meter through the lower 
port by means of syringes. Detailed descriptions of the working principles and the 
calibration procedure of the meter are contained in Amadi (2003).

Buffer for storing 
Cal. Constants

Sample
Inlet/Exhaust

Figure 3.3: The Mettler/Paar Digital Density Meter
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3.2.2 The Brookfield DV-II+ Programmable Viscometer
The LVDV-II+, the LVDV-II+CP (Cone/Plate Viscometer) and the RVDV-II+ are the 
three models of the Brookfield DV-II+ Programmable Viscometer that were used for 
different experiments in this work. WinGather software installed in each of the data 
acquisition computers facilitated input and output communication with the 
viscometers. The LVDV-II+ and the RVDV-II+ viscometers, which have maximum 
torque capacities of 673.7 dyne-cm and 7,187.0 dyne-cm respectively, were used for 
gel strength measurements. By virtue of a custom designed vane spindle and Small 
Sample Adapter, the LVDV-II+ and the RVDV-II+ viscometers can measure 
maximum gel strengths of 128.7dyne/cm2 and 1372.7 dyne/cm2, respectively 
(Timmcke, 2002). The LVDV-II+ was also used for asphaltenes flocculation onset 
titration experiment.

A plate-shaped sample holder and a cone-shaped spindle shown in Figure 3.5 
characterize the LVDV-II+CP Viscometer. The equipment was used for measuring 
rheological parameters and wax appearance temperatures under static conditions. 
Accurate measurements are possible with the cone-plate viscometer when the gap 
between the spindle and the sample cup is properly set using a micrometer screw gage 
incorporated in the equipment. The setting procedure is detailed in the equipment 
manual.

A Julabo FP50 Heating/Cooling system (also shown in Figure 3.4) controlled remotely 
by means of EasyTemp software (installed in the data acquisition computer for the 
LVDV-11+CP viscometer) facilitates temperature control of the test sample.
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Figure 3.4: The Brookfield DV11 + Programmable Viscometer System



Figure 3.5: Sample Cups and Spindles
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3.2.3 Bubble Point Pressure Measurement Apparatus
A schematic of the apparatus is shown in Figure 3.6. The major components are a 
Tenney environmental test chamber, a JEFRI positive displacement pump, a 300 cc- 
capacity JEFRI floating-piston sample cylinder and a Heise digital pressure gauge.

The Tenney environmental test chamber is incorporated with heating/cooling devices. 
Heating is achieved by circulating chamber air through open-air nichrome wire heater 
elements, while cooling is achieved by re-circulating chamber air through a 
refrigerated cooling coil in the chamber conditioning section. The equipment has a 
temperature range of-73°C to 200°C and can be programmed for ramped temperature 
profiling.

The JEFRI positive displacement pump is a piston-cylinder arrangement designed to 
dispense high pressure fluids with high degree of accuracy. It performs reliably, 
smoothly and safely to a maximum working pressure of 10,000 psi. Typical 
displacement volumes range between 5 to 1000 cc with a volume resolution of 0.0025 
cc. High pressure seals positioned firmly between the cylinder and the piston (at the 
cylinder end) facilitate perfect confinement of the fluid within the cylinder. Thus the 
displaced fluid volume is proportional to the calibrated length of piston inserted into 
the cylinder. Auxiliary control devices facilitate selection of desired fluid 
displacement rate, displacement acceleration, manual or automatic control of the 
pump, constant pressure operation, and digital display of pump displacement in 
millimeters or inches. Certified AW46 R&O hydraulic oil was used as the pressurizing 
fluid.
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The 300 cc-capacity JEFRI floating-piston sample cylinder is a stainless steel high 
pressure cylinder with a maximum working pressure of 10,000 psi. The floating piston
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separates the sample and the pressurizing fluid thereby facilitating constant 
composition compression and expansion of the test sample within the cylinder. The 
end that accommodates the sample is marked “Process End” while the other end is the 
“Displacement Fluid End”. An external pump provides the displacement pressure.

The ANS crude oil sample is directly taken from a Welker Sample Cylinder connected 
to the JEFRI floating-piston sample cylinder (see Figure 3.6). This method of 
introducing the crude oil sample ensured that its composition is preserved.

3.2.4 Apparatus for Static Asphaltene Deposition
The static asphaltene deposition apparatus is shown in Figure 3.7. It is comprised 
chiefly of a glass filtration system, a vacuum source, 0.22 /um -pore-size 90mm-
diameter cellulose acetate filter papers, and a Mettler-AE 160 mass balance with a 
resolution of 0.0001 gram.
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Figure 3.7: Static Asphaltene Deposition Test Apparatus 

3.2.5 Apparatus for Asphaltene Stability Test
The apparatus shown in Figure 3.8 principally consists of a Cannon-Fenske 
viscometer (labeled B in Figure 3.8 and also shown in Figure 3.9), a stop clock 
(labeled D in Figure 3.8), a thermometer (labeled A in Figure 3.8) and a constant 
temperature bath (labeled C in Figure 3.8).
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Figure 3.8: Apparatus for Asphaltene Stability Test
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The efflux time, t measured from the Cannon-Fenske viscometer; the viscometer 
constant, C; and viscometer coefficient, B are used to calculate fluid viscosity using 
the following equation.

jgv { c s ) - C t   3 4

Where:
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B = 3.51 2
K + 5C = —  3.6

vi and v2 are viscosities of standard fluids in centistokes, while ti and t2 are the efflux
times for Vi and v2 respectively.

3.2.6 Apparatus for Dynamic Solid Deposition Tests
Not many studies have been reported in the literature on solid deposition under 
dynamic conditions. Amadi (2003) investigated solid deposition phenomena in ANS 
crude oil, cuts of the Laporte Light GTL sample and their blends at static conditions 
(atmospheric pressure). Thus, this apparatus, custom-designed at the Petroleum 
Development Laboratory, UAF is a set-up for solid deposition studies under dynamic 
conditions. Wax appearance temperatures of the samples were measured while the 
samples were flowing under pressure. Also, the effects of pressure and flow on 
flocculated asphaltenes were investigated.

The apparatus is shown in Figures 3.10 through 3.13. It consists of a JEFRI sample 
cylinder, a Temco inline filter with either 50 micron or 5 micron pore size filter 
element, a Heise pressure gauge of 10,000 psi capacity, a Validyne differential 
pressure transducer with its signal (AP) indicator, a Prep-100 pump, and 1/8-inch OD, 
1/16-inch ID flow lines. A temperature probe and gauge were connected to the inline 
filter for instantaneous measurement of the sample temperature while it is being 
circulated.

The sample cylinder (Figure 3.13) accommodated the sample at its sample end while 
the Isco pump (Figure 3.13) provided the desired line pressure which was measured by 
the Heise gauge. Isco pump uses water as pressuring fluid. The Prep-100 pump
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continuously circulated the sample through the inline filter while the Validyne 
differential pressure transducer measured the differential pressure across the filter. As 
in the bubble point measurement apparatus, the ANS crude oil sample was introduced 
directly from a Welker cylinder to ensure that its composition is preserved (Figure 
3.13).

Figure 3.10: The Flow Loop of the Dynamic Solid Deposition Test Apparatus 
EP = Isco Pump, HG = Heise Gauge, CP = Circulating Pump (Prep-100 Pump)

The flow loop, including the inline filter and the differential pressure transducer, was 
housed in the Tenny environmental chamber while the pressure and temperature 
gauges, circulating (prep-100) pump, Isco pump and sample cylinder are outside the 
chamber. The Prep-100 pump head, as well as all the lines linking the flow loop to the
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pump and to pressure gauges were heavily insulated to avoid thermal communication 
between the circulating sample and the ambient (see Figure 3.11).

Figure 3.11: Dynamic Solid Deposition Test Apparatus showing the Prep-100 
Pump and the Temperature and Pressure Gauges

DPG = Differential Pressure Gauge (connected to the differential transducer), 
HG = Heise Gauge, CP = Circulating Pump (Prep-100 Pump),
TG = Temperature Gauge (Connected to the inline filter)

The line connecting the sample cylinder and the loop was coiled inside the 
environmental chamber (see Figure 3.12 below) to avoid thermal shock that might 
result from inflow of additional sample from the sample cylinder to the loop during
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the test. Hence, the coil served as a fluid store supplying the loop with additional fluid 
necessitated by temperature decrease during the test.

Figure 3.12: Dynamic Solid Deposition Test Apparatus showing the Inlet Coils
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Figure 3.13: Dynamic Solid Deposition Test Apparatus showing Isco Pump, Sample 
Cylinder, N2 Cylinder, Heating Drum, and Welker Cylinder



40

3.2.7 The Koehler Apparatus
The Koehler apparatus (Figure 3.14) is used to measure wax appearance temperature 
by the ASTM D3117 procedure. The major components include a thick-walled glass 
sample tube, a two-holed rubber (neoprene) stopper for sealing the top of the sample 
tube, a thermometer, a 200 mm-deep, 65 mm-intemal diameter transparent glass flask, 
a motorized stirrer assembly, a retort stand for supporting the system, dry ice (carbon 
dioxide chips), a clock for monitoring the cooling rate and isopropanol.

The motorized stirrer assembly consists of a stainless steel wire and an electric motor. 
The electric motor moves the stainless steel wire up and down at a rate of about 50 to 
60 cycles per minute. The carbon dioxide chips and the isopropanol formed the 
chilling mixture.



Retort
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Containing 
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Figure 3.14: The Koehler Apparatus
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3.2.8 Apparatus for Measuring Reid Vapor Pressure fRVPt
The RVP test was performed by Alyeska Pipeline Service Company (APSC) at Valdez 
Analytical Laboratory. Samples were prepared at the Petroleum Development 
Laboratory (PDL) and sent to APSC for analysis. The apparatus and materials (Amadi,
2003) consist o f a Herzog semiautomatic vapor pressure analyzer; ice bath for cooling 
the sample cylinder, gasoline chambers, and an n-hexane standard; a certified bath 
thermometer; turbine fuel; and 99 mole % n-hexane. Amadi (2003) described in detail 
the procedure for the test.

3 3 EXPERIMENTAL PROCEDURES 

3.3.1 Density Measurement Procedure
The calibration constants buffer was set to the values corresponding to the desired 
temperature. With the temperature bath set to the desired temperature, an appropriate 
volume of sample was introduced into the sample tube using a syringe. The sample 
inlet port was then closed with a syringe and about ten to fifteen minutes allowed for 
the sample to attain the set temperature. After the stabilized density reading was 
recorded, the syringe was removed from the sample inlet port and the sample disposed 
of by switching on the in-house pump to blow air through the sample tube. Finally, the 
sample tube was cleaned with toluene and acetone in succession, and dried with air 
stream from the in-house pump to get the system ready for another test.

3.3.2 Procedure for Measuring Rheological Parameters
The Brookfield cone/plate viscometer was used for this test. 0.5 ml of sample was 
used. After the sample temperature has stabilized, the spindle speed was set to the 
required value (RPM). The shear stress -  shear rate data were gathered from the output 
window of the WinGather software. Readings were obtained for each temperature of 
interest. Rheogram and log-log plot of shear stress against shear rate were plotted to
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obtain the appropriate rheological parameters and adequately classify the sample. The 
procedure for this measurement was discussed extensively by Ramakrishnan (2000).

3.3.3 Gel Strength Measurement Procedure
The gel strength measurement procedure used in this test is a fast cold ramp procedure 
developed at the Petroleum Development Laboratory, UAF. In this procedure, the 
sample is cooled constantly at two degrees centigrade per hour from 21°C to the 
desired measurement temperature (20°F, 0°F, or -20°F). It is different from the APSC- 
approved slow ramp procedure in which the sample is cooled slowly from the normal 
pipeline flowing temperature of 90°F to a simulated pipeline temperature of -20°F over 
a 21-day period. However, in addition to being faster, the fast cold ramp procedure is 
cheaper than the slow cold ramp procedure. Timmcke (2002) developed the fast cold 
ramp gel strength measurement procedure. He also proposed a correlation between the 
gel strength results obtained using the fast and the slow cold ramp techniques.

The Brookfield LVDV11+ and RVDV11+ Viscometers were used for the fast cold 
ramp gel strength measurements. The sample was ramped at a constant rate of 2°C/hr 
from 21°C to the desired test temperature (20°F, 0°F, or -20°F). At the end of the 
ramping period, the spindle speed was set at 0.1 RPM and the torque values recorded 
automatically as a function of time. At the end of data acquisition, a plot of torque 
percent versus time was prepared to obtain the gel strength of the sample at the 
temperature.

3.3.4 Bubble Point Pressure Measurement Procedure
The technique used in this test is constant composition expansion. The sample 
cylinder, housed in the Tenney environmental chamber, was charged with BPGTL. 
Subsequently, the floating piston of the sample cylinder was moved up by means of 
the JEFRI positive displacement pump to displace any air in the system. The volume
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of BPGTL in the cylinder was noted. The environmental chamber was set at the 
reconditioning temperature (90°F) and some time (about 20 minutes) allowed for the 
BPGTL temperature to stabilize at this value. The BPGTL was subsequently 
pressurized to about 100 psi higher than the pressure of the ANS crude oil in the 
Welker cylinder. The ANS crude oil in the Welker cylinder was also pressurized to the 
same value. The raised pressure ensured that the ANS crude oil sample did not flash 
during the transfer process. Once pressure and temperature were stabilized, the 
BPGTL and ANS crude oil samples were brought in contact and the JEFRI pump was 
moved at a slow rate in the negative direction. The slight drop in pressure that took 
place was instantaneously compensated by the nitrogen pressure that was in contact 
with the other end of the floating piston in the Welker cylinder. By this process, the 
transfer of ANS crude oil from the Welker cylinder into the bubble point measurement 
cell, at constant pressure conditions, was achieved. The negative displacement of the 
JEFRI pump was noted, from which the volume of ANS crude oil transferred, hence 
the volumetric blend ratio, was determined.

Next, the environmental chamber was set to the desired test temperature and the 
blended sample pressurized a reasonable amount. The system was allowed time to 
attain kinetic and thermodynamic equilibrium. Within this period, the pressure was 
monitored closely to ensure that it did not increase excessively in response to the 
expansion of the sample due to the temperature increase. No change in pressure for 
about 20 minutes implied that equilibrium had been achieved.

When the system had attained equilibrium, the pump was set to displace 1 cc of 
displacement fluid per hour in the negative direction. This setting facilitated gradual 
expansion of the sample. After the pump’s displacement display had been set to zero, 
the pump was started. The pressure corresponding to every 0.01 mm displacement of 
the pump was recorded. The pressure dropped rapidly when the sample was in



45

compressed liquid phase. From the bubble point, pressure did not decrease rapidly 
with increasing sample volume due to the high isothermal compressibilities of the 
evolved vapors. Thus, a break in the plot of pressure against pump displacement (PV 
curve) indicated the bubble point pressure of the sample at the temperature of interest.

The blend containing the least amount of ANS crude oil was first tested. The other 
blends were then produced, by increasing the percentage of ANS crude oil 
(reconditioned) in the sample, and tested.

3.3.5 Procedure For Separating Asphaltenes from ANS Crude Oil
The ASTM D2007-80 procedure was employed in this test. Cellulose acetate filter 
papers of 0.22 micrometer pore size and 90 mm diameter were used in all the 
filtrations. During each filtration, the filtration system was usually covered to reduce 
evaporation, and the filtration continued until the residue was very dry and formed 
cracks.

The procedure, described in greater detail by Amadi (2003), involved the addition of 
an excess amount of precipitant to the ANS crude oil. The mixture was filtered after 
two days of ageing. In order to separate the asphaltenes from the non-asphaltenic 
solids, the residue was re-dissolved in toluene since the non-asphaltenic solids do not 
dissolve in toluene. The asphaltenes, in toluene solution, were re-precipitated with an 
excess amount of the original precipitant. After filtration, the asphaltenes were left on 
a mass balance in the hood for several days to dry very well. Drying of the asphaltenes 
was over when the mass did not change more than 0.0001 gram within a twelve hour 
period. The asphaltenes content of the crude oil (expressed in g/100 ml) was then 
calculated by multiplying the mass of the dried asphaltenes by 100 and dividing by 20 
(volume of crude oil sample used).
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3-3-6 Procedure for Determining Asphaltene Stability in ANS Crude Oil
A useful way to evaluate the relative stability of asphaltenes in a crude oil is to 
determine the asphaltenes flocculation onset when adding a non-solvent to the crude 
oil (Rogel et al, 1999). The procedure of this test was discussed extensively by Amadi 
(2003). The tests were performed at atmospheric pressure. Brookfield Viscometer 
Standard Calibration Fluids 10 and 100 were used to calibrate the Cannon-Fenske 
viscometer before the actual tests were performed.

Blends of ANS crude oil and toluene were used for this test. The procedure involved 
the measurement of the effluent time required for the sample to flow freely from mark 
“C” to mark “E” of the Cannon-Fennske viscometer (Figure 3.9). 0.05 ml of n-heptane 
was titrated into the sample each time. The efflux time was measured accurately after 
properly mixing the n-heptane with the sample.

At the end of the data acquisition, a plot of square of the efflux time versus volume of 
n-heptane titrated was prepared for each of the blends (of ANS crude oil and toluene). 
Initially, the efflux time decreased linearly with increase in the volume of n-heptane 
titrated. However, at the asphaltene flocculation point, the plot deviated from the 
straight line. To finally determine the stability or otherwise of the asphaltene in ANS 
crude oil, the titrated volume of n-heptane at the onset of asphaltene flocculation was 
plotted against the concentration of toluene in the test fluid. A positive intercept of this 
plot on the ordinate indicates stability of asphaltenes in the pure ANS crude oil. 
Otherwise, the asphaltenes are unstable in the pure ANS crude oil.
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3-3 -7 Procedure for Asphaltene Flocculation Onset

This test and the asphaltenes stability test are based on the same principle - increase in 
fluid viscosity associated with the precipitation of solids in the fluid. However, since 
the aim of this test is to find out the minimum amount of precipitant that will initiate 
asphaltene flocculation in the crude oil, pure ANS crude oil was used in the test as 
opposed to the blends of crude oil and toluene that were used in the stability test.

The test was performed using the Brookfield LVDV-II+ viscometer. The sample 
holder was the Small Sample Adapter used for gel strength measurements while the 
spindle was the SC I8 Spindle (Figure 3.5). Test temperature and pressure were 
atmospheric. The spindle speed was set to give the maximum possible torque to avoid 
reduction of the torque to below 10% during the test. The WinGather software was set 
to automatically record data every 75 seconds. During each of these intervals, 0.05 cc 
of the precipitant (BPGTL, n-pentane or n-heptane) was added to the test fluid. After 
data acquisition, a plot o f sample viscosity against titrated volume of precipitant was 
prepared. Initially, the viscosity of the test fluid decreased linearly as the precipitant 
was added. However, at the asphaltene flocculation onset point, a deviation from this 
straight line started as a result of the presence of solids.

3*3-8 Procedure for Investigating the Influence of Pressure on Precipitated 
Asphaltenes in a Flowing Fluid

BPGTL was used to precipitate asphaltenes from the crude oil. The precipitation 
procedure was the same as the one described in Section 3.3.5 except that the second 
filtration performed in Section 3.3.5 was ignored in this test. The precipitated 
asphaltenes were rather left as suspensions in the BPGTL. About 100 cc of the 
solution was filtered with 0.22 micron filter paper (using the apparatus of Figure 3.7) 
to confirm the presence of asphaltenes.
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The sample was loaded in the sample end of the sample cylinder of the dynamic solid 
deposition test apparatus (Figures 3.10 -  3.13). The Isco pump provided and 
maintained the sample at the desired test pressure. In a first instance, the sample was 
circulated at room temperature since the asphaltene precipitation was at room 
temperature and the parameter of interest is pressure. The differential pressure across 
the inline filter was recorded as a function of flow time in minutes. From a plot of AP 
versus flow time, the effect of pressure on the precipitated asphaltenes in the 
circulated sample was determined. In a second instance, the sample was heated (using 
the Tenney environmental chamber) gradually up to about 40°C while being 
circulated. The aim was to evaluate the combined effect o f pressure and temperature 
on the flocculated asphaltenes. Test pressures were 50 and 500 psi, and flow was 
maintained at 3 cc/ min. in all cases.

3-3.9 Measurement of WAT under Static Condition
Two techniques were employed in this test. The Arrhenius principle for the viscosity- 
temperature relationship of Newtonian fluids is the basis of the first method, which 
was performed with the Brookfield cone/plate viscometer. The second method, ASTM 
D3117, is the standard ASTM method for determining wax appearance temperature. It 
is based on visual identification of the smallest visible wax in the sample and was 
performed with the Koehler apparatus.

The Arrhenius principle states that the viscosity of a Newtonian fluid is an exponential 
function of temperature (Hamouda and Viken, 1993). The equation is given by:

3.7
Where.

R 3.8
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p = viscosity (mPa * Sec.); A = Materials constant (mPas * Sec.);
R = Gas constant (J/mol * Kelvin); T = Absolute temperature (Kelvin)

In linear form, the equation is written as:

log// = log " r
x T ; 3.9

From Equation 3.9, it is seen that a plot of logarithm of the viscosity of a Newtonian 
fluid against the reciprocal of its absolute temperature is a straight line. A deviation 
from this straight line signifies that the fluid has become non-Newtonian. Therefore, 
for a Newtonian and waxy fluid that is cooled gradually, wax precipitation at the wax 
appearance temperature would make the fluid to become non-Newtonian and thus 
cause a deviation from the Arrhenius straight line. Note that the rheological behavior 
of a fluid with solid suspensions, such as suspensions of wax or asphaltenes, is 
generally non-Newtonian.

The viscosity-based procedure for determining WAT was adequately described by 
Amadi (2003). However, in this work the sample was cooled at 1°C per 7 minutes 
whereas it was cooled at 1°C per minute in Amadi’s work. The choice of a lower 
cooling rate was to ensure that the sample was allowed enough time to attain the 
desired temperature.

For each sample, a plot of log of viscosity and reciprocal of absolute temperature was 
prepared and the wax appearance temperature appropriately identified on the plot.

The Koehler apparatus for determining WAT by the ASTM D3117 technique was 
shown in Figure 3.14 and described in Section 3.2.7. Since the method is based on
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visual identification of the smallest visible wax in the sample, only the BPGTL sample 
was used for the test because all the other samples are opaque. Amadi (2003) 
described this test in greater detail.

3.3.10 Measurement of WAT under Dynamic Condition
The principle applied in this test is the ability of precipitated solids in a flowing fluid 
to clog a filter element of appropriate pore size installed in the flow line. A sudden rise 
in the differential pressure across the filter element results from this restriction to flow.

It has been shown in the literature (Brown et al, 1994) that the presence of light ends 
in crude oil reduces the wax appearance temperature of the crude oil. Therefore, 
preserving the composition of the ANS crude oil sample was of paramount importance 
in this test. The same volumetric blending procedure used for bubble point 
measurements was employed in preparing blends for this test. The Isco pump 
provided and maintained the sample at the desired test pressure (200 psi, 600 psi or 
1000 psi). The environmental chamber was initially set to 25°C and the system 
allowed time to attain kinetic and thermodynamic equilibrium at this temperature. 
Meanwhile, the Prep-100 pump, set at 3ml/min, continued to circulate the fluid. After 
the system had stabilized thermally, the environmental chamber was programmed for 
a temperature ramp of 1°C per seven minutes.

As the sample was simultaneously cooled and circulated, the differential pressure (AP) 
across the inline filter increased as a result of increase in fluid viscosity. Each increase 
in AP was recorded with the corresponding temperature of the sample, read from the 
temperature gauge that was connected to the inline filter (see Figure 3.11). Note that 
AP was read from the transducer’s signal indicator (see Figures 3.10 and 3.11). At the 
wax appearance point, there was a sharp rise in the gradient o f the plot of AP against 
sample temperature. The instantaneous plot of AP versus sample temperature enabled
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identification of the wax appearance temperature of the sample and gave a good 
indication as to when to terminate the test. At the end of the test at a particular 
pressure, the temperature was raised to a high value in order to melt the wax and 
return the blend to its original condition. The test pressure was raised to the next value 
and the procedure repeated.
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CHAPTER 4 

RESULTS AND DISCUSSION
This chapter focuses on the presentation and discussion of the results obtained in this 
work. The results are compared with those obtained by previous investigators at UAF 
(Amadi, 2003; Inamdar, 2004; Sharma, 2003; and Timmcke, 2002). Also, the 
consistency of the results with information in the general literature is discussed.

4.1 DENSITY
The density of each of the samples was measured at different temperatures from 0°C 

to 50 C, inclusive. As expected, the density values decreased with increasing 
temperature. Addition of BPGTL to the samples caused a reduction in density, 
because the blends contain more light ends than the pure crude oil. The results are 
shown in Table 4.1 and Figure 4.1. The trend of the results also agreed with the trend 
of the results obtained by Inamdar (2003) using the Laporte Light GTL cuts. A 
comparison of the two sets of results (Figures 4.2 -  4.5) shows that the BPGTL 
consistently had higher density than all the cuts of the Laporte Light GTL sample. The 
blends prepared with the BPGTL also had higher density than those prepared with the 
cuts of the Laporte Light GTL sample. This trend of results is not unexpected because 
the BPGTL used in this work is a syncrude, and possibly has a broader range of 
components than the cuts of the Laporte light GTL sample.
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Table 4.1: Density Results

Temp.
(°C)

Sample

BPGTL 50%
BPGTL

33.33%
BPGTL

25%
BPGTL

20%
BPGTL

ANS 
Crude Oil

Density (g/cc)
0.0 0.7655 0.8354 0.8453 0.8488 0.8584 0.8753
5.0 0.7619 0.8320 0.8416 0.8452 0.8547 0.8716
10.0 0.7582 0.8285 0.8378 0.8416 0.8511 0.8678
15.0 0.7545 0.8250 0.8343 0.8380 0.8474 0.8639
20.0 0.7510 0.8215 0.8307 0.8344 0.8439 0.8603
22.0 0.7495 0.8201 0.8292 0.8329 0.8425 0.8587
25.0 0.7473 0.8183 0.8272 0.8310 0.8406 0.8568
30.0 0.7439 0.8149 0.8239 0.8274 0.8372 0.8560
35.0 0.7421 0.8133 0.8222 0.8257 0.8356 0.8544
40.0 0.7371 0.8085 0.8173 0.8208 0.8306 0.8492
45.0 0.7332 0.8048 0.8137 0.8168 0.8269 0.8455
50.0 0.7319 0.8040 0.8127 0.8160 0.8261 0.8445
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Temperature (°C)
a  BPGTL a 50% BPGTL a  33.3% BPGTL
•  25% BPGTL ■ 20% BPGTL o ANS Crude Oil

Figure 4.1: Density vs. Temperature for BPGTL, ANS Crude Oil and their Blends

Temperature (°C)
A BPGTL □ 50% BPGTL a  33.3% BPGTL
•  25% BPGTL .  20% BPGTL o ANS Crude Oil

-  -A - -G T L 254 - -50% GTL254 - -33.3% GTL254- -o- -25% GTL 254 - -x- -20% GTL 254

Figure 4.2: Comparison of the Densities of BPGTL and GTL 254 Cut
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Temperature (°C)
▲ BPGTL p 50% BPGTL a  33.3% BPGTL
•  25% BPGTL ■ 20% BPGTL o ANS Crude Oil

- -A- -G T L 302 - - • -  -50% GTL302 - -x- -33.3% GTL302
- -o- -25% GTL 302 - -x- -20% GTL 302

Figure 4.3: Comparison of the Densities of BPGTL and GTL 302 Cut

Temperature (°C)
▲ BPGTL □ 50% BPGTL A 33.3% BPGTL• 25% BPGTL ■ 20% BPGTL o ANS Crude Oil

-  -A - - GTL 344 - -50%  GTL 344 -  -X - - 33.3% GTL 344
* -O - - 25% GTL 344 - -X- -20%  GTL 344

Figure 4.4: Comparison of the Densities of BPGTL and GTL 344 Cut
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4.2 RHEOLOGICAL PARAMETERS
Shear stress -  shear rate data were obtained for each of the samples at different 
temperatures. Rheograms and log-log plots of shear stress versus shear rate were 
prepared for each of the samples. Representations of these graphs are shown in Figure
4.5 while the rest are in Appendix A. The n- and k-values, shown in Table 4.2, were 
obtained from the log-log plots. As seen in Table 4.2, the samples exhibited diverse 
rheological characteristics at different temperatures. The hydraulic horsepower 
requirement for pumping a sample through the TAPS depends on the n- and k-values 
of the sample. It has been shown that the optimum blend contains 28% BPGTL and 
72% ANS crude oil by volume (Inamdar, 2004).

Figure 4.5: Rheogram and Log-Log Plot for 33.3% BPGTL at 0°C
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Table 4.2: Rheological classification of the samples

Sample Temp.
(°C) n k Class Sample Temp.

(°C) n k Class
ANS 50 1.07 0.06 D 20% 50 0.81 0.14 P

Crude oil 45 1.12 0.05 D BPGTL 45 0.89 0.10 P
40 1.15 0.05 D 40 0.93 0.09 P
35 1.18 0.05 D 35 1.02 0.07 D
30 1.03 0.11 D 30 1.02 0.08 D
25 1.04 0.13 D 25 1.02 0.09 D
22 1.00 0.18 N 22 1.02 0.09 D
20 1.00 0.17 N 20 0.95 0.17 P
15 1.00 0.28 N 15 1.00 0.19 N
10 0.78 0.78 P 10 0.93 0.29 P
5 0.91 0.83 P 5 0.80 0.68 P
0 1.08 0.83 D 0 0.77 0.87 P
-5 0.81 0.21 P -5 0.76 0.50 P

-10 0.18 13.49 P -10 0.55 0.17 P
-15 - - - -15 0.38 20.5 P
-20 -

'
- -20 - - -

N = Newtonian 
D = Dilatant 
P = Pseudoplastic



58

Table 4.2 continued

Sample Temp.
(°C) n k Class Sample Temp.

(°C) n k Class
25% 50 0.92 0.06 P 33.3% 50 0.86 0.08 P

BPGTL 45 0.92 0.07 P BPGTL 45 0.84 0.10 P
40 0.95 0.06 P 40 0.83 0.12 P
35 0.97 0.07 P 35 0.85 0.12 P
30 1.03 0.05 D 30 0.93 0.09 P
25 1.04 0.06 D 25 0.98 0.07 P
22 1.06 0.05 D 22 1.00 0.07 N
20 1.09 0.09 D 20 0.94 0.09 P
15 1.05 0.07 D 15 1.09 0.05 D
10 1.04 0.09 D 10 1.07 0.06 D
5 1.00 0.16 N 5 1.14 0.06 D
0 0.95 0.24 P 0 1.00 0.15 N
-5 0.97 0.30 P -5 0.89 0.30 P

-10 0.74 0.98 P -10 0.86 0.53 P
-15 0.73 0.62 P -15 0.78 0.93 P
-20 0.58 0.27 P... -20 0.77 0.54

...

P
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Table 4.2 continued

Sample Temp.
(°C) n k Class Sample Temp.

(°C) n k Class
50% 50 0.85 0.08 P BPGTL 50 1.00 0.01 N

BPGTL 45 0.86 0.08 P 45 1.00 0.01 N
40 0.90 0.07 P 40 1.07 0.01 D
35 0.89 0.08 P 35 0.88 0.03 P
30 0.93 0.08 P 30 0.86 0.04 P
25 0.97 0.07 P 25 0.87 0.04 P
22 0.94 0.08 P 22 0.82 0.05 P
20 1.01 0.06 D 20 0.75 0.08 P
15 1.06 0.05 D 15 0.66 0.17 P
10 1.04 0.07 D 10 0.71 0.14 P
5 1.00 0.12 N 5 0.68 0.18 P
0 1.00 0.20 N 0 0.70 0.17 P
-5 0.94 0.25 P -5 0.81 0.10 P

-10 1.02 0.26 D -10 0.88 0.08 P
-15 0.94 0.60 P -15 1.00 0.06 N
-20 0.89 0.87 P

.

-20 0.88 0.11 P
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4.3 GEL STRENGTH
The gel strength of the ANS crude oil, BPGTL and their blends were measured at 
three different temperatures (20°F, 0°F and -20°F) using the fast cold ramp procedure. 
Figure 4.6 is a representative graph of viscometer maximum torque capacity (VMTC) 
versus time. The other graphs are in Appendix B. The gel strength values were 
obtained by multiplying the VMTC (128.7dyne/cm2 for the LVDV-II+ viscometer 
and 1372.7 dyne/cm2 for the RVDV-II+ viscometer) by the percentage of VMTC 
observed in the test. Brookfield stipulated in the viscometer manual that only torque 
readings that are at least 10% of VMTC are acceptable. Although this rule was strictly 
adhered to in this work, whenever the readings from both viscometers were less than 
10%, the larger of the two values was recorded as the gel strength value. The results 
are shown in Table 4.3 and in Figure 4.7. It is seen from the results that the gels 
formed at higher temperatures are weaker than those formed at lower temperatures. 
Also, the gels formed by the blends are weaker than those formed by the ANS crude 
oil at the same temperature. Therefore, addition of BPGTL to the ANS crude oil 
caused a decrease in gel strength. The pressure differentials required to restart flow of 
the gelled fluids through a unit mile of TAPS were also calculated using Equation 2.3-
1. The pressure differentials were generally calculated based on a unit mile of TAPS 
because the distances between TAPS’ pump stations are not uniform. The calculations 
showed that to restart flow through a mile-long section of TAPS filled with gelled 
ANS crude oil at -20 F, a differential pressure of about 65 psi is required across the 
one-mile long section. The pressure requirement decreased as temperature increased 
because, as mentioned earlier, the gels formed at higher temperatures are weaker than 
those formed at lower temperatures.
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T ime (min)
Figure 4.6: Representative Gel Strength Curve (LV Viscometer)

Table 4.3: Gel Strength Results (Fast Cold Ramp)
Sample Temp. (°F) Viscometer % VMTC * s(dyne/cm2)

Required AP 
(psi/mile)

ANS Crude oil 20 LV 4.20 5.405 0.4280 LV >100 >128.7 _
-20 RV 60.00 823.620 65.231

20% BPGTL 20 LV 1.10 1.416 0.1120 LV 41.00 52.767 4.179-20 RV 41.00 562.807 44.574
25% BPGTL 20 LV 0.20 0.257 0.0200 LV 25.80 33.205 2.630-20 RV 18.10 248.459 19.678

33.3% BPGTL 20 LV 0.10 0.129 0.0100 LV 21.50 27.671 2.192-20 LV >100 >128.7 —

C A O / D D P T T
20 LV 0.10 0.129 0.010j U% B ro lL 0 LV 2.70 3.475 0.275-20 LV 76.00 97.812 7.747

BPGTL 20 LV 0.00 0.000 0.0000 LV 0.10 0.129 0.010-20 LV 0.30 0.386 0.031



-20F OF 20F

Figure 4.7: Gel Strength Results (Fast Cold Ramp)

The gel strength results obtained in this work and those obtained by Timmcke (2002) 
are compared in Table 4.4 and in Figures 4.8 - 4.10.



Table 4.4: Comparison of the Fast Cold Ramp Gel Strength Results for 
BPGTL and Timmcke (2002)

Sample Gel strength (dyne/cm2) at:
■ -20°F 0°F 20°F%BPGTL Content

0 823.62 5.405
20 562.807 52.767 1.416
25 248.459 33.205 0.257

33.33 27.671 0.129
50 97.812 3.475 0.129
100 0.386 0.129 0

% GTL 254 Content
0 193.5 18.8 0

25 87.8 8.5 0
50 36.7 0
100 0 0 0

% GTL 302 Content
0 193.5 18.8 0

25 581.3 36.8 0
50 831.8 27.3 0
100 >1372 0 0

% GTL 344 Content
0 193.5 18.8 0

25 >1372 201.8 0
50 805.8 9.9
100 >1372 84



Figure 4.8: Comparison of Fast Cold Ramp Gel Strength Results from 
BPGTL and GTL 254 Cut

0 20 40 60 80 100
GTL Content (%)

-* BPGTL at -20F -  -A - - GTL 302 at -20F
••----- BPGTL at OF -  - o -  -G T L  302 at OF

Figure 4.9: Comparison of Fast Cold Ramp Gel Strength Results from 
BPGTL and GTL 302 Cut
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GTL Content (%)
BPGTL at OF -  -o -  -G T L  344 at OF

*  BPGTL at 20F -  -A- - GTL 344 at 20F

Figure 4.10: Comparison of Fast Cold Ramp Gel Strength Results from 
BPGTL and GTL 344 Cut

From Table 4.4 and Figures 4.8-4.10, it is observed that while the results obtained 
from this work always showed a consistent trend, the trend of the results from 
Timmcke (2002) are not consistent. For example, gel strength increased with 
increasing amount of GTL 302 cut at -20°F. On the other hand, the result for GTL 254 
at -20 °F decreased with increasing amount of GTL content.

4.4 BUBBLE POINT PRESSURE
The bubble point pressures of the samples were measured by constant composition 
expansion procedure at different temperatures. The BPGTL and ANS crude oil blends 
were prepared volumetrically by the procedure described earlier (Section 3.3.4). A 
representative PV diagram is shown in Figure 4.11. The remaining PV diagrams are in 
Appendix C. The bubble point pressures were obtained from the breaks in the PV 
diagrams. At the bubble point, the slope of the PV diagram changed abruptly. Pressure
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- Temperature (PT) diagrams were also prepared for each of the samples. TAPS 
operating conditions were also plotted on each of the PT diagrams. A representative 
PT diagram is shown in Figure 4.12 while the rest of them are in Appendix C.

Figure 4.11: Representative PV Diagram (Pressure vs. Pump Displacement)

Temperature (°F)
Bubble Point Curve TAPS Conditions 

Figure 4.12: Representative Pressure-Temperature (P-T) Diagram
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From the results, within the TAPS average operating temperature range (116.45 -  
62.1°F, January -  October; 2004), the bubble point pressures of all the samples were 
well below the average minimum TAPS operating pressure (175.75 psi; January -  
October, 2004) implying that there is no possibility of vapor formation as the blends 
are transported through the TAPS. In other words, the blends will successfully flow 
through the TAPS as single phase (compressed) liquids and there would be no 
problem of pump cavitation. As explained earlier, pump cavitation is associated with 
the presence of vapor in a pipeline.

The bubble point pressures obtained in this work are compared in Tables 4.5 -  4.7 and 
Figures 4.13 — 4.15 with those obtained by Sharma (2003) using different cuts of the 
Laporte light GTL sample.

Table 4.5: Comparison of Bubble Point Pressure Results for BPGTL and GTL 254
Temp
(°F)

Bubble Pt. Pressure (psia) Temp
(°F)

Bubble Pt. Pressure (psia)25% BPGTL 50% BPGTL 25% GTL 254 50% GTL 254122 86.7 84.7 122 8.7 10.7167 96.7 94.7 158 13.7 13.7212 137.7 135.7 194 21.7 17.7
212 25.7 22.7
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Temp. (°F)
—•— 25% BPGTL —©— 25% GTL 254
—A— 50% BPGTL —a— 50% GTL 254

Figure 4.13: Comparison of Bubble Point Pressure Results for BPGTL and GTL 254

Table 4.6: Comparison of Bubble Point Pressure Results for BPGTL and GTL 302
Temp
(°F)

BP Press, (psia) Temp
(°F)

BP (psia) 
(25% GTL 302)

Temp
(°F)

BP (psia) 
(50% GTL 302)25%

BPGTL
50%

BPGTL
122 86.7 84.7 117.14 8.7 126.5 9.7167 96.7 94.7 153.86 13.7 167.36 19.7212 137.7 135.7 197.96 21.7 194.18 23.7
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25% BPGTL -© — 25% GTL 302
— 50% BPGTL — — 50% GTL 302

Figure 4.14: Comparison of Bubble Point Pressure Results for BPGTL and GTL 302

Table 4.7: Comparison of Bubble Point Pressure Results for BPGTL and GTL 344
Temp
(°F)

BP Press, (psia) Temp
(°F)

BP (psia) 
(25% GTL 302)

Temp
(°F)

BP (psia) 
(50% GTL 302)25%

BPGTL
50%

BPGTL
122 86.7 84.7 98.6 4.7 86.0 4.7167 96.7 94.7 138.2 6.7 123.8 6.7212 137.7 135.7 174.2 12.7 163.4 11.7208.6 16.7

203.0 20.7
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Tem p. (°F)
— 25% BPGTL - e — 25% GTL 344

50% BPGTL 50% GTL 344

Figure 4.15: Comparison of Bubble Point Pressure Results for BPGTL and GTL 344

From Tables 4.5 -  4.7 and Figures 4.13 -  4.15, it is observed that the bubble point 
pressures obtained using the BPGTL are consistently higher than those obtained using 
cuts of the Laporte Light GTL sample. This difference is due to the compositional 
differences in the fluids. The BPGTL is a syncrude and has a broader range of 
composition.
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4.5 STATIC ASPHALTENE DEPOSITION
Three precipitants (BPGTL, n-heptane and n-pentane) were used in the static 
asphaltene deposition tests. The results are shown in Table 4.8 and in Figure 4.16. 
Figure 4.17 is a picture of dried asphaltenes deposited on a 0.22 micron filter paper.

Table 4.8: Static Asphaltene Deposition Results
Precipitant Amount of Precipitated Asphaltenes 

(g/100ml)
n-Heptane 0.988
n-Pentane 1.4165
BPGTL 1.522

n-Heptane
Figure 4.16: Static Asphaltene Deposition Results



72

Figure 4.17: Dried Asphaltenes on a Filter Paper

From Table 4.8, the amount of asphaltenes precipitated by BPGTL is more than that 
precipitated by n-pentane which in turn is more than that precipitated by n-heptane. 
This means that the BPGTL has more n-alkanes that have shorter carbon chains than 
the other two precipitants, because it has been shown in the literature (Buenrostro- 
Gonzalez et al, 2004) that the amount of precipitated asphaltenes decreases as the 
carbon number of the n-alkane precipitant increases. Actually, 1.522 gm of 
precipitated asphaltenes per 100 ml (that is 2.42 kg/ bbl) o f ANS crude oil is very 
significant. However, it is necessary to understand three other related issues: if 
asphaltenes were actually stable in the pure ANS crude oil (that is, if BPGTL was 
solely responsible for the precipitation of all the asphaltenes); the amount of BPGTL 
that initiated asphaltene flocculation in the ANS crude oil; and what would happen to 
the flocculated asphaltenes when the fluid is flowing continuously under pressure.

A comparison (Table 4.9) of the results obtained from this test and those Amadi 
(2003) obtained using cuts of the Laporte Light GTL sample revealed slight 
discrepancies in the two results. These discrepancies are a result o f the fact that the 
crude oil samples used in the two studies were obtained from TAPS at different times.
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The composition, and thus properties, of a crude oil sample collected at any one time 
from TAPS depends on the relative contributions from the different reservoirs that 
feed TAPS.

Table 4.9: Comparison of Static Asphaltene Deposition Results
Precipitant Amount of Precipitated Asnhaltenes fe/l 00m It

This work Amadi (2003)n-Heptane 0.988 2.65n-Pentane 1.4165 3.7

GTL
BPGTL 1.522 -

Raw GTL 
(Laporte) - 1.9
GTL 254 - 1.65GTL 302 - 1.35

4-6 STABILITY OF ASPHALTENES IN ANS CRUDE OIL:
The stability of asphaltenes in a crude oil is a very important issue. As described 
earlier, stable asphaltenes are peptized in the crude oil by resins. Once the stability is 
disrupted, the asphaltenes will precipitate out of solution. The asphaltene stability test 
was proposed by Dandekar et al (2000) and the aim here is to determine if asphaltenes 
are actually stable in the pure ANS crude oil. If the asphaltenes were stable in the pure 
ANS crude oil, then it would be inferred that BPGTL was solely responsible for the
1.522 gm of flocculated asphaltenes per 100 ml of ANS crude oil. Figures 4.18 — 4.20 
are plots of viscosity of toluene-diluted ANS crude oil against titrated volume of n- 
heptane. As the n-heptane was gradually titrated into the solution the viscosity (efflux 
time) decreased linearly. A deviation from this straight line started at the asphaltene 
flocculation onset point. Again, this deviation is a result of the presence of solids 
(flocculated asphaltenes) in the solution.
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0.00 0.50 1.00 1.50Titrated Vol. ofn-Heptane (ce)

Figure 4.18: Asphaltene Flocculation Onset: 0.1 cc Toluene per gram of ANS Crude Oil

11.81

11.42

11.03 "d<L>
CO"fa

10.64
<N

10.25 

9.86
0-00 0.50 1.00 1.50

Titrated Vol. ofn-Heptane (cc)
Figure 4.19. Asphaltene Flocculation Onset: 0.3 cc Toluene per gram of ANS Crude Oil
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0.00 0.50 1.00 1.50
Titrated Vol. of n-Heptane (cc)

Figure 4.20: Asphaltene Flocculation Onset: 0.5 cc Toluene per gram of ANS Crude Oil

The stability test results are summarized in Table 4.10 and in Figure 4.21. Figure 4.21, 
which is a plot of titrated volume of n-heptane at asphaltene flocculation onset against 
volume of toluene per gram of crude oil in the solution, is linear with a positive 
intercept on the ordinate. What this means is that a certain amount of precipitant is 
required to initiate asphaltene flocculation in the pure undiluted ANS crude oil.
Therefore, asphaltenes are stable in the pure ANS crude oil, implying that BPGTL was 
solely responsible for the flocculated 2.42kg of asphaltenes per barrel (1.522 g / 100 
ml) of ANS crude oil.

Table 4.10: Asphaltene Stability Test Results
cc Toluene per gm of ANS 

Crude Oil Flocculation Onset Point 
(cc of n-heptane per gram of crude oil)

0.1 0.70
0.3 0.90
0.5 0.95
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Figure 4.21: Plot of Asphaltene Stability in ANS Crude Oil

Amadi (2003) also investigated the stability of asphaltenes in pure ANS crude oil and 
concluded that the ashaltenes are stable in the crude oil.

4 7 ONSET OF ASPHALTENE FLOCCULATION IN ANS CRUDE OIL
The onset of asphaltene flocculation is very important in an effort to understand the 
best blend ratio of ANS crude oil and BPGTL to be pumped through the TAPS. Figure 
4.22 is a typical graph used to obtain the onset of asphaltene flocculation in the ANS 
crude oil. The rest of the graphs are in Appendix D. As the precipitant was gradually 
added to the sample, its viscosity decreased linearly. However, deviation from this 
linear profile started at the onset of asphaltene flocculation. The change in the 
viscosity profile is a result o f the change in the rheological behavior of the fluid due to 
the presence of solids (asphaltenes).
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Titrated Vol. (cc)
Figure 4.22: Typical Asphaltene Flocculation Onset Graph 

(Test Condition = Atmospheric)

The asphaltene flocculation onset results are shown in Table 4.11 and Figure 4.23. 
Asphaltene flocculation started when 0.3 cc of BPGTL was added to 5 cc of ANS 
crude oil. This means that asphaltene flocculation will occur in a blend containing as 
little as 5.7% of BPGTL. Thus, the BPGTL is a very strong asphaltene precipitant. 
Asphaltene flocculation started when 0.40 and 0.65 cc, respectively, of n-pentane and 
n-heptane were titrated. Toluene is a solvent for asphaltenes and, as expected, did not 
precipitate any asphaltenes from the crude oil.

Table 4.11 Asphaltene Flocculation Onset Results
Flocculation Flocculation Point (cc)
Toluene Nil.
BPGTL 0.30
n-Pentane 0.40
n-Heptane 0.65
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Figure 4.23: Asphaltene Flocculation Onset Results 
(Test Condition = Atmospheric)

4.8 INFLUENCE OF PRESSURE ON PRECIPITATED ASPHALTENES IN 
A FLOWING FLUID

As mentioned in Section 4.5, it is very important to understand what would happen to 
the flocculated asphaltenes when the fluid is flowing continuously under pressure. 
This test, which hitherto has not been done, is aimed at enhancing this understanding. 
Figures 4.24 -  4.27 are the graphs recorded as the flocculated asphaltenes (in BPGTL) 
were flowing through the dynamic solid deposition test apparatus.
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In Figure 4.24, the AP continued to increase with time, while in Figures 4.25 through 
4.26 it started to decrease after some time. At the end of each test, the test fluid was 
drained into a transparent flask and visually observed. Flakes of asphaletene particles 
were identified in the fluid. Asphaltene deposits were also observed on the 5 micron 
filter element of the inline filter used for the test (Figure 4.28).

Figure 4.28: Asphaltenes Deposited on the 5 pm Filter Element

What these results (Figures 4.24 through 4.28 and visual observations) show is that 
pressure, temperature and flow did not re-establish the stability of the precipitated 
asphaltenes. In the first case, represented by Figure 4.24, the line temperature and 
pressure was maintained at 22°C and 50 psi respectively while the fluid was circulated
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at 3 ml per minute for about 80 minutes. The flocculated asphaltenes clogged the 
inline filter element creating an increase in the AP across the inline filter. In the second 
scenario (Figure 4.25), the pressure was also maintained at 50 psi but the temperature 
was increased as the fluid was circulated at 3 ml per minute. Again, the flocculated 
asphaltenes initially clogged the inline filter element causing a rise in the AP, but as 
the temperature increased further the asphaltenes broke into smaller size aggregates. 
Fluid flow became less restricted and AP started to decrease. The decrease in AP 
observed in Figures 4.25 -  4.27 also resulted from the fact that, at the test pressure of 
500 psi, some of the asphaltene aggregates started to disintegrate at about 22°C into 
smaller size aggregates. These smaller size aggregates passed through the 5 micron 
filter element of the inline filter, thereby reducing the extent of restriction to the flow 
of the fluid.

In summary, the stability of flocculated asphaltenes in samples was not re-established 
by flowing them under pressure. However, under the dynamic conditions and at a 
certain combination of pressure and temperature (about 34°C at 50 psi and about 22°C 
at 50 psi for a flow rate of about 3 ml per minute) the asphaltene aggregates broke 
down into smaller sizes.

4.9 WAX APPEARANCE TEMPERATURE
Wax appearance during the operation of TAPS is not impossible because TAPS is in 
an arctic environment. The wax appearance temperatures of the ANS crude oil,
BPGTL and their blends were accurately measured to determine the possibility of wax 
formation as these fluids are transported during normal operation of TAPS.

Figure 4.29 is one of the plots of linearized Arrhenius equation for obtaining WAT 
values under non-flowing conditions (atmospheric pressure). As explained earlier in 
Section 3.3.9, at the wax appearance temperature the plot starts to deviate from the
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Arrhenius straight line. The plots for other fluids are provided in Appendix E. The 
ANS crude oil and the BPGTL had the highest and the lowest WAT values, 
respectively, while the WAT of the blends varied linearly with percentage of BPGTL 
content (Table 4.12 and Figure 4.29).

The result of the test performed with the Koehler apparatus (ASTM D3117) showed 
that BPGTL has a WAT of-33.0°C. The same value was also obtained using the 
Brookfield viscometer (Section 3.3.7). This perfect agreement validates the accuracy 
of the WAT results obtained using the Brookfield viscometer.

Figure 4.29: Representative Plot for Obtaining Static WAT
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Sample WAT
(°C) (°F)

ANS Crude oil 12 38.67
20% BPGTL 7 35.89
25% BPGTL 3 33.67
33.3% BPGTL 0 32.00
50% BPGTL -6 28.67
66.6% BPGTL -19 21.44
75% BPGTL -20 20.89
80% BPGTL -22 19.78
BPGTL -33 13.67

<

BPGTL Content (%)

Table 4.12: Static WAT Results Fig. 4.30: Plot of Static WAT vs. BPGTL 
Content

Amadi (2003) also determined the wax appearance temperatures, at static conditions 
using the Brookfield viscometer, of cuts of Laporte light GTL sample and their blends 
with ANS crude oil. His results and those obtained from this work are compared in 
table 4.13 and figure 4.31. There is a wide deviation in the WAT values between the 
two studies. These deviations could be attributed to the compositional differences in 
the fluids used in the two studies. However, the results from the two studies are 
qualitatively similar. They show a consistent decrease in WAT with increasing 
BPGTL content in the blend.
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The static tests provided useful data on the wax appearance temperatures of the 
samples. However, fluid flow in the TAPS is a dynamic phenomenon and not a static 
one. Therefore, investigation of wax deposition in the samples under a simulated 
(dynamic) pipeline condition will provide more valuable WAT data. An 
unprecedented test was conducted to determine the WAT values of the samples under
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dynamic conditions. WAT values were determined at 200 psi, 600 psi and 1000 psi. 
Figure 4.32 is a typical graph for obtaining WAT under flowing conditions (above- 
atmospheric pressures). As the sample simultaneously cooled and flowed at a constant 
rate of 3 ml per minute, the AP across the inline filter increased linearly in response to 
the increasing fluid viscosity. However, at the wax appearance temperature the AP 
started to increase more rapidly, which allowed the determination of WAT under the 
dynamic conditions. All the other plots used to obtain the dynamic WAT values are in 
Appendix F.

Temp. (°C)

Figure 4.32: Representative Plot for Obtaining Dynamic WAT

The comprehensive WAT results are shown in Table 4.14 and Figure 4.33. It is 
evident from Figure 4.33 that the samples had significantly lower WAT values when 
they were flowing under pressure as opposed to when they were static at atmospheric 
pressure. The WAT values decreased with increase in the line pressure.
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Table 4.14: WAT Results
Line Pressure 

(psi)
WAT Value (°C) for Samp e Containing:

20% BPGTL 25% BPGTL 50% BPGTL
0 psi 7.00 3.00 -6.00

200 psi -11.2 -17 -25.5
600 psi -17.2 -23.6 -31.7
1000 psi -18.7 -25.6 -34.8

Pressure (psig)
- e — 20% BPGTL 25% BPGTL - a — 50% BPGTL

Figure 4.33: Plot of WAT Results

All the WAT values obtained in both the static and the dynamic tests are well below 
the minimum TAPS operating temperature. Thus, wax formation during the normal 
operation of TAPS is not a possibility. The trends of the WAT results are consistent 
with what other investigators have reported in the literature. Pan et al (1996) stated 
that the concentration of light components at high pressures has significant effect on 
the cloud point temperature of crude oils. This explains why the wax appearance 
temperatures of the blends are consistently lower than those of the pure ANS crude oil 
at all test conditions. The experiments of Brown et al (1994) and Weingarten et al 
(1988) revealed that wax appearance temperatures of crude oils decrease as the 
pressure increases. Although they performed their experiments at static (non-flowing)
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conditions, their conclusions are in concert with the trends observed in this work 
(Figure 4.33).

4.10 VAPOR PRESSURE
The vapor pressure of a fluid is a very important parameter to be considered in the 
transportation of the fluid. The vapor pressure of the fluid must be below the line 
pressure of the pipeline in order to avoid formation of vapors in the pipeline and the 
associated cavitation of centrifugal pumps. The RVP of the ANS crude oil, BPGTL 
and their blends were measured by Alyeska Pipeline Service Company at their Valdez 
Analytical Laboratory. The test temperature was 100°F. The RVP values were then 
converted to true vapor pressures using Equation 2.7-1. The results are shown in Table 
4.15, Figure 4.34 and Figure 4.35.

Sample
ANS Crude Oil
25% BPGTL
50% BPGTL
75% BPGTL
BPGTL

RVP
(psi)

4.63
5.13
5.45
6.03
7.87

TVP
(Psi)5.09
5.64
5.99
6.63
8.66

BPGTL Content (%)

Table 4.15: Vapor Pressure Results Fig. 4.34: Plot of True Vapor Pressure 
Results
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2 
0

Figure 4.35: 3-D Plot of True Vapor Pressure Results

BPGTL has a vapor pressure of 8.66 psi, as measured in this work. However, its 
MSDS states that it has a vapor pressure of 5.53 psi (38.1 KPa). Thus, there is a 
difference of about 19.27% between the two results. The vapor pressures of the ANS 
crude oil and all the blends are less than the vapor pressure of the BPGTL. Thus, all 
the fluids would flow through the TAPS from inception to discharge as single-phase 
(compressed) liquids since the average minimum TAPS operating pressure (Jan. -  Oct.
2004) is 175.75 psi. The possibility of vapor formation in the pipeline, and the 
associated cavitation of centrifugal pumps, is thus precluded.

Amadi (2003) also determined the vapor pressures of the different cuts of the Laporte 
Light GTL sample (GTL 254, 302 and 344) he used for his work and their blends with 
ANS crude oil. The results of his study showed that the vapor pressures were well 
below the minimum TAPS operating pressure. Thus, he also concluded that there is no 
possibility of vapor formation during the transportation of the blends through the 
TAPS.

0 25 50 66.7 100
BPGTL Content (%)
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CHAPTER 5 

CONCLUSIONS AND RECOMMENDATIONS

5.1 CONCLUSIONS
1. The addition of BPGTL to ANS crude oil had significant effect on the 

properties of the resultant fluid. It caused reduction in density, viscosity, 
gel strength, bubble point pressure, and wax appearance temperature.

2. The vapor pressure increased with the addition of BPGTL but the values 
are below the minimum TAPS operating pressure, ensuring an only-liquid 
flow of the blends. Also, the bubble point pressure results showed that the 
blends would flow through the TAPS as compressed liquids from inception 
to discharge. Therefore, vapor formation in the pipeline as the blends are 
transported is not possible.

3. The samples exhibited diverse rheological behaviors at different 
temperatures.

4. For all the samples, wax appearance temperatures are well below the 
minimum TAPS operating temperature. Flow and pressure significantly 
reduced the wax appearance temperatures. Thus, for all the samples, wax 
formation during the normal operation of TAPS is not a possibility.

5. To restart flow through a mile-long section of TAPS filled with gelled 
ANS crude oil at -20 °F, a differential pressure of about 65 psi is required 
across the one-mile long section. This pressure requirement decreased as 
temperature increased because the gels formed at higher temperatures are 
weaker than those formed at lower temperatures. Also, the gels formed by
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the blends are weaker than those formed by the crude oil at the same 
temperature.

6. Asphaltene flocculation and deposition is a potential major problem in the 
transportation of the blends through the TAPS. Asphaltenes are stable in 
the pure ANS crude oil. Addition of BPGTL caused a disruption of this 
stability and precipitation of significant amount of the asphaltenes from the 
crude oil. Asphaltene flocculation occurred in a blend containing as little as 
5.7% by volume of BPGTL.

7. Pressure, temperature and flow did not re-establish the stability of the 
asphaltenes. Instead, some of the asphaltene aggregates broke into smaller 
fragments that passed through the 5 micron filter element causing a 
reduction in the differential pressure across the inline filter. Deposits of 
asphaltenes were also visually observed on the filter element as well as in 
the drained test fluid.

8. The results obtained in this work are generally similar to those obtained by 
earlier investigators. For example, Amadi (2003) concluded that 
asphaltenes are stable in the pure ANS crude oil. He also concluded that 
vapor formation and wax precipitation are not possible during the 
transportation of the blends through the TAPS under normal operation of 
the pipeline. Although some of the gel strength results obtained by 
Timmcke (2002) had inconsistent trends, the results generally showed that 
addition of BPGTL to the ANS crude oil caused a reduction in the gel 
strength of the resultant fluid. Based on measured bubble point pressure 
values, Sharma (2003) also concluded that the blends will flow through the 
TAPS as single-phase (compressed) liquids.
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9. Blending ANS crude oil with BPGTL or with cuts of the Laporte Light 
GTL sample offered the same benefits (reduction in density, viscosity, gel 
strength, bubble point pressure, and wax appearance temperature). Both 
options also led to the precipitation of significant amount of asphaltenes 
from the crude oil.

5.2 RECOMMENDATIONS
1. The BPGTL is a very strong asphaltene precipitant and asphaltenes are 

very undesirable. Since asphaltene precipitation is not a confirmed 
reversible process, it is highly recommended that asphaltene stabilizers, 
such as dodecylbenzene sulphonic acid (DBSA), be added at pre
determined points along the TAPS during the transportation of the blends 
through the pipeline. The asphaltene stabilizers or inhibitors act in a similar 
way to the resins, peptizing the asphaltenes and keeping them in solution

2. The detailed chemical compositions of the blends need to be established 
through qualitative chemical analyses. The chemical compositions of the 
blends would be inputs for a proper evaluation of the effect of composition 
on the effectiveness of different commercial asphaltene inhibitors on the 
blends. This will enhance adequate selection of asphaltene inhibitors.
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APPENDIX A 
RHEOGRAMS AND LOG-LOG PLOTS

Figure A2: Rheogram and Log-Log Plot for ANS Crude Oil at 45°C
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Figure A3: Rheogram and Log-Log Plot for ANS Crude Oil at 40°C

Figure A4: Rheogram and Log-Log Plot for ANS Crude Oil at 35°C
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Figure A5: Rheogram and Log-Log Plot for ANS Crude Oil at 30°C

Figure A6: Rheogram and Log-Log Plot for ANS Crude Oil at 25°C
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Figure A7: Rheogram and Log-Log Plot for ANS Crude Oil at 22°C

Figure A8: Rheogram and Log-Log Plot for ANS Crude Oil at 20°C
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Figure A9: Rheogram and Log-Log Plot for ANS Crude Oil at 15°C

Figure A10: Rheogram and Log-Log Plot for ANS Crude Oil at 10°C
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Figure A l 1: Rheogram and Log-Log Plot for ANS Crude Oil at 5°C

Figure A12: Rheogram and Log-Log Plot for ANS Crude Oil at 0°C
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Figure A13: Rheogram and Log-Log Plot for ANS Crude oil at -5°C

Figure A14: Rheogram and Log-Log Plot for ANS Crude Oil at -10°C
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Figure A16: Rheogram and Log-Log Plot for 20% BPGTL at 45°C
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Figure A17: Rheogram and Log-Log Plot for 20% BPGTL at 40°C

Figure A18: Rheogram and Log-Log Plot for 20% BPGTL at 35°C
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Figure A19: Rheogram and Log-Log Plot for 20% BPGTL at 30°C

Figure A20: Rheogram and Log-Log Plot for 20% BPGTL at 25°C
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Figure A ll:  Rheogram and Log-Log Plot for 20% BPGTL at 22°C

Figure A22: Rheogram and Log-Log Plot for 20% BPGTL at 20°C
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Figure A23: Rheogram and Log-Log Plot for 20% BPGTL at 15°C

Figure A24: Rheogram and Log-Log Plot for 20% BPGTL at 10°C
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Figure A25: Rheogram and Log-Log Plot for 20% BPGTL at 5°C

Figure A26: Rheogram and Log-Log Plot for 20% BPGTL at 0°C
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Figure A27: Rheogram and Log-Log Plot for 20% BPGTL at -5°C

Figure A28: Rheogram and Log-Log Plot for 20% BPGTL at -10°C
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Figure A29: Rheogram and Log-Log Plot for 20% BPGTL at -15°C

Figure A30: Rheogram and Log-Log Plot for 25% BPGTL at 50°C
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Figure A31: Rheogram and Log-Log Plot for 25% BPGTL at 45°C

Figure A32: Rheogram and Log-Log Plot for 25% BPGTL at 40°C
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Figure A33: Rheogram and Log-Log Plot for 25% BPGTL at 35°C

Figure A34: Rheogram and Log-Log Plot for 25% BPGTL at 30°C



113

Figure A35: Rheogram and Log-Log Plot for 25% BPGTL at 25°C

Figure A36: Rheogram and Log-Log Plot for 25% BPGTL at 22°C
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Figure A37: Rheogram and Log-Log Plot for 25% BPGTL at 20°C

Figure A38: Rheogram and Log-Log Plot for 25% BPGTL at 15°C
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Figure A39: Rheogram and Log-Log Plot for 25% BPGTL at 10°C

Figure A40: Rheogram and Log-Log Plot for 25% BPGTL at 5°C
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Figure A41: Rheogram and Log-Log Plot for 25% BPGTL at 0°C

Figure A42: Rheogram and Log-Log Plot for 25% BPGTL at -5°C
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Figure A43: Rheogram and Log-Log Plot for 25% BPGTL at -10°C

Figure A44: Rheogram and Log-Log Plot for 25% BPGTL at -15°C
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Figure A45: Rheogram and Log-Log Plot for 25% BPGTL at -20°C

Figure A46: Rheogram and Log-Log Plot for 33.3% BPGTL at 50°C
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Figure A47: Rheogram and Log-Log Plot for 33.3% BPGTL at 45°C

Figure A48: Rheogram and Log-Log Plot for 33.3% BPGTL at 40°C
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Figure A49: Rheogram and Log-Log Plot for 33.3% BPGTL at 35°C

Figure A50: Rheogram and Log-Log Plot for 33.3% BPGTL at 30°C
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Figure A51: Rheogram and Log-Log Plot for 33.3% BPGTL at 25°C

Figure A52: Rheogram and Log-Log Plot for 33.3% BPGTL at 22°C
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Figure A53: Rheogram and Log-Log Plot for 33.3% BPGTL at 20°C

Figure A54: Rheogram and Log-Log Plot for 33.3% BPGTL at 15°C
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Figure A55: Rheogram and Log-Log Plot for 33.3% BPGTL at 10°C

Figure A56: Rheogram and Log-Log Plot for 33.3% BPGTL at 5°C
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Figure A57: Rheogram and Log-Log Plot for 33.3% BPGTL at 0°C

Figure A58: Rheogram and Log-Log Plot for 33.3% BPGTL at -5°C
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Figure A59: Rheogram and Log-Log Plot for 33.3% BPGTL at -10°C

Figure A60: Rheogram and Log-Log Plot for 33.3% BPGTL at -15°C
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Figure A61: Rheogram and Log-Log Plot for 33.3% BPGTL at -20°C

Figure A62: Rheogram and Log-Log Plot for 50% BPGTL at 50°C



127

Figure A63: Rheogram and Log-Log Plot for 50% BPGTL at 45°C

Figure A64: Rheogram and Log-Log Plot for 50% BPGTL at 40°C
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Figure A65: Rheogram and Log-Log Plot for 50% BPGTL at 35°C

Figure A66: Rheogram and Log-Log Plot for 50% BPGTL at 30°C
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Figure A67: Rheogram and Log-Log Plot for 50% BPGTL at 25°C

Figure A68: Rheogram and Log-Log Plot for 50% BPGTL at 22°C
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Figure A69: Rheogram and Log-Log Plot for 50% BPGTL at 20°C

Figure A70: Rheogram and Log-Log Plot for 50% BPGTL at 15°C
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Figure A71: Rheogram and Log-Log Plot for 50% BPGTL at 10°C

Figure A72: Rheogram and Log-Log Plot for 50% BPGTL at 5°C
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Figure A73: Rheogram and Log-Log Plot for 50% BPGTL at 0°C

Figure A74: Rheogram and Log-Log Plot for 50% BPGTL at -5°C
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Figure A75: Rheogram and Log-Log Plot for 50% BPGTL at -10°C

Figure A76: Rheogram and Log-Log Plot for 50% BPGTL at -15°C
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Figure A78: Rheogram and Log-Log Plot for BPGTL at 50°C
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Figure A79: Rheogram and Log-Log Plot for BPGTL at 45°C

Figure A80: Rheogram and Log-Log Plot for BPGTL at 40°C
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Figure A81: Rheogram and Log-Log Plot for BPGTL at 35°C

Figure A82: Rheogram and Log-Log Plot for BPGTL at 30°C
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Figure A83: Rheogram and Log-Log Plot for BPGTL at 25°C

Figure A84: Rheogram and Log-Log Plot for BPGTL at 22°C
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Figure A85: Rheogram and Log-Log Plot for BPGTL at 20°C

Figure A86: Rheogram and Log-Log Plot for BPGTL at 15°C
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Figure A87: Rheogram and Log-Log Plot for BPGTL at 10°C

Figure A88: Rheogram and Log-Log Plot for BPGTL at 5°C
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Figure A89: Rheogram and Log-Log Plot for BPGTL at 0°C

Figure A90: Rheogram and Log-Log Plot for BPGTL at -5°C
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Figure A91: Rheogram and Log-Log Plot for BPGTL at -10°C

Figure A92: Rheogram and Log-Log Plot for BPGTL at -15°C
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Figure A93: Rheogram and Log-Log Plot for BPGTL at -20°C
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APPENDIX B

GEL STRENGTH PLOTS
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APPENDIX C 

PV AND PT DIAGRAMS
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APPENDIX D
GRAPHS FOR ONSET OF ASPHALTENE FLOCCULATION
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APPENDIX E

GRAPHS FOR STATIC WAT
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Figure E9: Plot for Static WAT for BPGTL
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APPENDIX F

GRAPHS FOR DYNAMIC WAT

Temp. (°C) Temp. (°C)

Figure F I : Plot for Dynamic WAT for 
_________ 20% BPGTL at 200 psi

Figure F2: Plot for Dynamic WAT for 
_________ 20% BPGTL at 600 psi

Temp. (°C) Temp. (°C)

Figure F3: Plot for Dynamic WAT for 
__________ 20% BPGTL at 1000 psi

Figure F4: Plot for Dynamic WAT for 
__________25% BPGTL at 200 psi
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Temp. (°Q Temp. (°C)

Figure F5: Plot for Dynamic WAT for 
__________ 25% BPGTL at 600 psi

Figure F6: Plot for Dynamic WAT for 
__________25% BPGTL at 1000 psi

Temp. (°C)
Temp. (°Q

Figure F7: Plot for Dynamic WAT for 
__________ 50% BPGTL at 200 psi

Figure F8: Plot for Dynamic WAT for 
__________50% BPGTL at 600 psi




