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ABSTRACT

Heavy oil deposits in the West Sak and Ugnu formations are currently 

considered as potential resources to address the issue of declining oil production on 

Alaska’s North Slope (ANS). Similarly, an estimated proven and recoverable ANS gas 

reserve of 38 trillion cubic feet (TCF) can be converted to high premium Gas-to-Liquid 

products which may be commingled with Alaskan heavy oil products. These 

commingled blends of GTL and Alaska heavy oil can be transported through the Trans 

Alaska Pipeline System (TAPS). The primary operational issues that could affect the 

transportation of these fluids through TAPS are: pumpability of the heavy oil, cold 

restart following a prolonged shut down, and solid deposition in the pipeline.

Since TAPS was originally designed to carry light to medium, low viscosity 

crude oil, transporting heavy or viscous oil may cause problems with the overall 

hydraulics. In this study, ANS crude oil was distilled and the heavy fraction cuts (~18 0 

API gravity) were commingled with ANS crude oil and GTL samples for evaluation. 

Density and viscosity results showed that addition of GTL significantly reduced heavy 

oil viscosity to present TAPS conditions. However, solid deposition was observed to be 

a potential problem.
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CHAPTER 1 

INTRODUCTION

1.1 Introduction

Alaska’s North Slope (ANS) represents one of the largest, most prolific sources 

for oil and gas commercialization in North America. This region, which is located on 

the northern slope of the Brooks range along the coast of the Arctic Ocean, plays host to 

the legendary Prudhoe Bay. In 2003, oil production from ANS was estimated at 949,000 

barrels of which most of the oil output came from the Prudhoe Bay field and was 

transported through the Trans Alaska Pipeline System (TAPS) to Valdez for shipment.

In recent years, oil production from ANS has continued a steady decline since 

the State’s peak output in 1988, at 2.03 million barrels per day (Figure 1.1). In June 

2003, the production rate was at 0.97 million barrels of oil per day (bopd) and it is 

expected that oil production will decrease by 30,000 bopd in 2005 and 20,000 bopd in 

2006 (EIA, 2005). For the period of January - August 2005 alone, Alaska oil production 

averaged about 872,000 bopd (EIA, 2005), yet other sources have it that the rate may 

decline as much as 10-12% each year (Oilfield Review, 2003) until oil production 

eventually falls to about 200,000 to 400,000 bopd, which is considered the economic 

limit for the operation of TAPS (Thomas et al., 1996). Even with additional oil from 

new fields, TAPS flow will eventually fall below the minimum volume needed for 

economic operation.

TAPS ships 20% of US oil production to the market, down from 25% at peak 

production (NETL, 2005). At present, TAPS has an unutilized capacity of 1.37 million 

bopd relative to 2.2 million barrels per day at full capacity (Chukwu F., 2006). 

Consequently, the primary purpose of TAPS is threatened in the face of declining oil
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production. Thus, it becomes of critical importance to pump additional fluid volume to 

augment the throughput through TAPS.

Interestingly, ANS holds a strong potential for gas reserves with an estimated 

conventional gas reserve of 38 trillion cubic feet (TCF) in the developed and 

undeveloped fields. Of these volumes, 26TCF of recoverable natural gas is estimated to 

be available for sale (Thomas et al., 1996). Apparently, in a bid to justify the cost for 

construction of TAPS which was put at eight (8) billion dollars in 1977 (Alyeska,

2002), gas transportation through TAPS is viewed as one of the likely substitutes for 

TAPS operational purpose. But, a major constraint on gas transportation through TAPS 

would be based on the fact that TAPS was originally designed for oil transportation.

Possible gas transportation options include: chemical conversion of Gas-to- 

Liquid (GTL), a gas pipeline through Alaska and Canada to the continental US, or a 

Liquefied Natural Gas (LNG) Pipeline, from Prudhoe Bay to Valdez. But thus far, 

studies at the University of Alaska, Fairbanks (UAF) hypothesize that the chemical 

conversion of gas into fuel grade liquid may be a more promising option for 

transporting gas through TAPS. Two modes of transportation through TAPS were



investigated and fully presented by previous investigators (Ejiofor, 2003; Ibironke, 

2004). These are:

a. The Commingled mode with crude oil and GTL products blended to 

form a single phase.

b. The Batch mode which involves the transportation of Crude oil in slugs 

or batches.

Also, a significant benefit of the GTL option for transportation of gas lies in the fact 

that GTL products would enjoy the same ease of transportation as crude oil, including 

utilization of the entire existing transportation and downstream system (TAPS, tankers, 

terminal refineries and distribution system). This would potentially reduce start-up 

capital, extend the operational life of TAPS and also bring value to the remote stranded 

ANS gas.

However, one factor that makes the stated proposal odd but exciting, is the 

presence of 36 billion barrels of heavy oil in place in the Ugnu, West Sak and Schrader 

bluff formations, which is anticipated to sustain the long term viability of North Slope 

region including TAPS (Fischer, 2005). Although, production from this region is 

presently marginally economic, it is expected that with advances in drilling technology 

and enhanced oil recovery techniques, oil production from the West Sak field alone will 

increase as much as 80,000 bopd by 2010 (Ragsdale, 2005). Thus, it is conceivable that 

this may change the current dynamics in the economic utilization of TAPS and also add 

significant complexity to the entire system, based on the fact that West Sak oil would 

flow through TAPS. A huge mitigating factor in the flow of West Sak crude oil through 

TAPS would be its very high viscosity 30-30,OOOcp (DOE, 2005) and low API gravity 

(16-22 °API).

A question now arises. “ What will be the effect o f flowing West Sak heavy oil 

commingled with GTL products and ANS oil (such as conventional Prudhoe light oil) 

through TAPS?” This is the premise on which this research work is based.
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1.2 OBJECTIVE OF THE STUDY

In order to give GTL production a more attractive price tag and for the purpose 

of contingency, the effect of transporting Alaska’s West Sak heavy oil mixed with 

Alaska GTL products (AKGTL) and ANS oil through TAPS was experimentally 

determined, evaluated and analyzed. A West Sak heavy oil sample was not available. 

Therefore, experimental studies were conducted using a synthetic representation of 

West Sak heavy oil called “SynWestSak”. SynWestSak was obtained from the residual 

non-volatile heavy fraction from the distillation of ANS oil, while AKGTL and ANS 

mix were used in their pure form. The primary driver for this study is the need to bring 

worth to ANS stranded natural gas, which may be used to augment TAPS throughput. 

Consequently, the specific objectives for this research study are as follows:

1. To investigate the possibility of transporting GTL products commingled with 

heavy crude oil (SynWestSak) and ANS mix through TAPS, using three ternary 

blends of AKGTL, Synthetic West Sak heavy oil (SynWestSak) and ANS crude 

oil mix in respective blend ratios of 5:9:6, 1:2:7, 3:7:10 and two (2) binary 

blends of SynWestSak and ANS mix in respective blend ratios of 4:1 and 1:9.

2. To study the relevant physical properties such as low API gravity, rheology and 

viscosity, solid deposition phenomena and gel strength for cold restart purposes 

and their impact on measured properties of AKGTL/SynWestSak and ANS mix 

and their blends.

3. To assess the ability of TAPS to transport higher quality (upgraded) liquids even 

when the crude is heavier.

4. To determine the stability of asphaltene in Alaska’s heavy oil and also the 

quantity of asphaltene that can precipitate from Alaska’s heavy oil.

5. To evaluate the wax appearance temperature (WAT) under static and dynamic 

conditions for various blend ratios mentioned in (1) above.
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CHAPTER 2 

LITERATURE REVIEW

Gas-to-liquid (GTL) technology is on the verge o f changing the world of natural 

gas. Its numerous attributes, which include the chemical conversion of gas into high 

quality fuel grade liquid product and reduced greenhouse gas emission, indicate that an 

exciting opportunity exists.

This chapter focuses on the background of GTL technology, and also reviews 

previous work done by researchers at UAF. Viscous heavy oil development with 

emphasis on West Sak oil field is discussed. A review of pipeline transportation of 

heavy crude oil in areas where commercialization of heavy oil exists will be used to 

demonstrate potential technical barriers associated with flowability o f heavy oil mixed 

with lighter hydrocarbons. In addition, the chronology of work so far in this area of 

research will be emphasized. This will foster a greater understanding of the work 

presented.

2.1. BACKGROUND OF GTL

A lot of excitement has been generated with the re-emergence of GTL process 

technology. Energy professionals are seeking to forestall the decline in oil production 

and soaring oil prices, and environmental activists are looking for a cleaner and more 

environmentally friendly source of energy. GTL process was first achieved by Paul 

Sabatier and Jean Senderens in 1902 in the creation of methane from hydrogen. 

However, Franz Fischer and Hans Tropsch further developed the synthesis to yield 

mainly oxygenated products and liquid hydrocarbons in 1923 (Fischer, 2001). GTL, as 

Choi (2000) described it, typically refers to a set of plant processes that convert natural 

gas (primarily methane) into middle distillates (diesel, kerosene and naphtha).
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The GTL process involves synthesis gas production from natural gas. Synthesis 

gas (syngas) production includes: steam reforming, partial oxidation, or auto-thermal 

reforming of natural gas (Chukwu., 2000). Steam reforming makes it possible for 

natural gas and steam to be chemically converted to syngas, that consists of hydrogen 

and carbon monoxide (H+CO), at low temperatures. Partial oxidation (POx) involves 

the combination of natural gas and oxygen to produce syngas via exothermic and non 

catalytic reactions at high temperature. Conversely, auto-thermal reforming combines 

steam reforming and partial oxidation in one reactor to produce syngas. The difference 

in the three methods is that the reforming temperatures for auto-thermal reforming is 

higher than the temperature for steam reforming, but lower than that of partial 

oxidation.

Ideally, the most practical scenario for GTL conversion available involves the 

Fischer-Tropsch (F-T) Process. GTL process technology is an application of the basic 

F-T process, where synthesis gas (or syngas, H+CO) is reacted in the presence of an 

iron or cobalt catalyst (Fischer, 2001). Fischer-Tropsch synthesis is a polymerization 

reaction, which uses CH monomers derived from a high molecular weight hydrocarbon. 

It is conducted in the Fischer-Tropsch reactor, which includes fixed bed, fluidized bed 

and slurry bed reactors. While the fixed bed reactor is used to produce diesel, the 

fluidized bed reactor is used to produce gasoline. The F-T process primarily involves a 

three step process of converting gas to liquid (Fischer, 2001) thus:

1. Creation of synthesis gas through steam reforming or partial oxidation of 

methane, i.e., breaking a part of methane into syngas, carbon monoxide and 

hydrogen.

2. Reaction in the F-T process over a catalyst to convert the synthesis gas (re

arranging and combining its molecules) into longer chain hydrocarbons that 

make up the middle distillate (synthetic crude or syncrude production).
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3. Product upgrading and separation of side products (which are formed since step 

2 does not yield only the desired product) into marketable products. The 

synthesized hydrocarbon chain length is determined by catalyst selectivity and 

reaction conditions. Synthesis is achieved by oligomerization of the C3-C6 

olefins and hydrocracking of wax. Syncrude is produced, which may be refined 

into kerosene, naphtha, methanol, dimethyl ether, alcohols, synthetic diesel and 

gasoline with water and carbon dioxide produced as by-products.

Figure 2.1 illustrates the 3-step process stated above. Synthetic crude oil from the F-T 

synthesis is extremely pure and virtually sulfur free. This syncrude can be refined into 

premium products such as naphtha and cleaner burning diesel fuel of high cetane levels.

Figure 2.1 Fischer-Tropsch Process for Obtaining GTL Products (Fischer, 2001)

GTL technology (the F-T process) dates back to World War II when Nazi 

Germans used it to run their war machines (Fischer, 2001). However, the need for a 

reliable supply of petroleum products in South Africa during the sanction years and 

high price forecasts in the 1970’s and 1980’s prompted the country’s investment in 

developing the technology for conversion of gas to liquid using the F-T process (Young,

2003). It wasn’t until the 90’s that the appreciation of GTL technology dramatically 

improved with Sasol developing the slurry phase distillate reactor. Presently, only a few
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plants exist (Shell Bintulu Plant, Malaysia, Mossgas Plant in South Africa and Oryx 

GTL plant Qatar), mostly justified on political grounds rather than economical ones.

Several plants have since been proposed in Nigeria and the USA, with a test 

facility established by British Petroleum at Nikiski, Alaska. The promise and 

excitement surrounding GTL processing is that by converting gas to liquid, the product 

then enjoys the same ease of transportation that crude oil now has (Conaway, 1999). 

This fact drives the frontier for conversion of ANS gas to liquid using GTL technology 

thereby bringing value to the huge quantity of stranded ANS gas.

Researchers (Ejiofor, 2003; Ibironke, 2004) at UAF have been able to show, 

among other findings, that GTL process technology raises intriguing possibilities for 

stretching the economic life of TAPS. This is achievable by transporting GTL through 

TAPS in either of two transportation modes, i.e., (1) Batch or slug mode; and (2) 

Commingled or blended mode. However, these modes of transportation largely depend 

on the GTL product/crude oil mixture and the physical and chemical properties of the 

mixture.

2.2 GTL Transportation Issues

The ability to convert gas into liquid, which can be mixed with crude oil for 

transportation or shipment through the existing 800-mile-long TAPS extending from 

Prudhoe Bay to Valdez (Figure 2.2), makes a GTL project very attractive on the North 

Slope.

GTL is seen as less capital intensive when compared to LNG and does not 

require economies of scale (Conaway, 1999). This is especially true in the case of ANS 

gas transportation, by eliminating the cost of construction of new expensive 

infrastructure. This is because gas converted to liquid would utilize the entire existing 

transportation and downstream system (TAPS, tankers, terminal, refineries and 

distribution). However, operational challenges are anticipated due to the fact that TAPS
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was originally designed to carry conventional, Prudhoe Bay type relatively high API 

crude oil.

Crude oil throughput has declined from a peak output of 2.03 MMBOPD in 

1988 (Fig 1.1) to a rate of 0.83 MMBOPD in June 2006. Four of the eleven pump 

stations have been shut down as a result of decline in the TAPS throughput. In addition 

to the declining throughput, the quality of the liquid is becoming heavier. This heavier 

quality of crude may be detrimental to the TAPS operational condition and 

sustainability. Table 2.1 shows a summary of the design specification of the Trans- 

Alaska Pipeline System (TAPS) and the operational pump stations. Blending of GTL 

product (which is less viscous than crude oil) with crude oil may help in retaining the
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API (24-32 °API) of the fluid that TAPS was originally designed for and also extend its 

economic limit. Considering the points mentioned above, a detailed assessment of the 

flow hydraulics and compatibility of TAPS and the fluid it carries becomes imperative, 

in order to evaluate how addition of GTL product to the pipeline would affect the 

operation of TAPS.

Table 2.1: TAPS design specification

DESIGN SPECIFICATION
Length 800 mile (420mi. above ground, 380mi. buried)
Pipe Diameter 48"
Vertical Support Member 
(VSM) 60 ' Apart

No. of Pump Stations
11 (operational: 1,3,4,5,7,9,12; standby: 

2,6,8,10)
Wall Thickness 0.462"-0.562"
Yield Strength 60-000-70,000 psia
Maximum Pressure 832-1180psi (varies/ location)
Oil temperature 142 deg. F
Vapor Pressure 14.7 psia

In a bid to eliminate any technical barriers that may arise as a result of GTL 

transportation through TAPS, researchers (Timmcke, 2002) at UAF have been able to 

address issues like gel formation resulting from the paraffin quality of products from F- 

T based GTL product at low temperatures. This is of particular relevance because of the 

extremely cold Arctic environment. Also, in an event of an extended TAPS emergency 

shutdown during winter, the fluids inside the pipeline will gradually cool and form a 

gel. The pressure required to break the gel and restart the pipeline could be greater than 

the pump and pipeline capabilities. Thus, pipeline throughput must be tested to ensure 

that a cold restart after a shutdown is possible (Chukwu et al., 2004). Also, a weak 

solidification of pipeline fluid during a shutdown could generate adequate resistance to 

pump pressure and prevent a pipe restart. The gel strength of a hydrocarbon fluid 

quantifies the extent of this solid behavior and may be used to determine the force 

necessary to overcome it. Furthermore, the presence of GTL products may increase
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solids precipitation (wax and asphaltene) significantly within the pipeline, thus 

impeding fluid flow. Preliminary studies done to evaluate the feasibility of GTL 

transportation through TAPS by researchers at UAF considered the transportation of 

GTL and GTL/crude oil blend through TAPS in both commingled and batch flow 

models.

1. Batch Mode: - Transportation of GTL and crude oil in slugs or batches results 

in creation of an interface zone between both fluids. This interface zone is made 

up of air pockets and a mixture of both fluids. The magnitude of the interface 

zone is a function of the fluid velocity, density difference, viscosity, pipe length, 

time and composition (Baum et a l,  1998). In this type of flow, a complex two- 

phase flow is created. Chukwu et al., (2005) described three different batches 

that have been considered previously as:

■ Uncontrolled or traditional batching of products, termed batch mode A

■ Controlled batching using physical barrier such as pigs and spacers, 

termed batch mode B

■ Controlled batching using a modem batching technique, which entails 

pumping alternate slugs of GTL and crude oil, while fluid movement is 

monitored by an interface detection device to minimize the loss of 

product value.

2. Commingled Mode: - Commingled flow involves the blending of the GTL 

product and the crude oil to form a single homogenous liquid mixture prior to 

flow in the pipeline. A limitation of this method is that it may result in a higher 

contamination of GTL products by the impurities from the crude oil. Thus, an 

upgrading plant for recovering these GTL products from crude oil may be 

required.
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Apparently, the economics of GTL transportation in either of the transportation 

modes mentioned above would largely depend on the estimated purity of the product 

and a tradeoff between loss in product value due to contamination and cost o f keeping 

the product pure at the discharge terminal.

2.3 Alaska Heavy Oil Potentials

In addition to a huge stranded gas reserve (36Tcf), Alaska’s North Slope holds 

an enormous reserve of heavy oil in place in the Ugnu, West Sak and Schrader bluff 

formations (Figure 2.3). “One of the biggest potential sources of oil on the North slope 

is the less heralded heavy oil formation overlying the main producing zones at Prudhoe 

Bay and Kuparuk” (DOE, 2005). As much as 36 million barrels of original oil in place 

lie within the Ugnu, West Sak and Schrader Bluff formations more than the OOIP of 

Prudhoe and Kuparuk combined (Fischer, 2005).

Figure 2.3 Alaska’s viscous oil formations {Courtesy BP)
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West Sak oil field is estimated to have roughly 25 billion barrels o f heavy oil in 

place and Schrader Bluff some 3 billion barrels in place (Ragsdale, 2005). Apparently, 

the West Sak field, located in the Kuparuk river unit (KRU) to the west of the Prudhoe 

Bay unit, shows the most economical potential for oil production based on its size. 

Incidentally, with increased production that is projected to reach 80,000 bopd by 2010, 

the director of the Tax Division at Alaska’s Department o f Revenue in his words 

viewed West Sak heavy oil as the “SPOT” at Kuparuk (Ragsdale, 2005). West Sak field 

is characterized by its intermediate to heavy oil, i.e., 16-22 °API (Sharma, 1988), 

occurring in shallow reservoirs, from roughly 3000ft below the surface down to some 

4,500ft, and lying under some 1800ft of permafrost (Nelson, 2005). Its proximity to the 

subsurface permafrost accounts for its low API gravity and high viscosity. Viscosity 

values range between 30-3000cp (DOE, 2005). Under reservoir conditions West Sak 

field has permeability values of between 10-140 md, porosity of less than 20% 

(typically 18%) and viscosity of 34.5cp (Sharma, 1988).

Regardless of the challenges posed by these heavy oil deposits, operators have 

had some successes producing less viscous crude in the West Sak and Schrader Bluff 

formation. This is due to the use of multilateral wells, new directional drilling 

techniques, changes in sand control methods and the use of extended reach drilling. 

Also, the use of enhanced oil recovery techniques has immensely improved mobility of 

these heavy oils. Specifically, injecting slugs of water alternating with gas (WAG) into 

the reservoir, with gas acting as solvent to reduce the viscosity while a water front, 

helps sweep the reservoir, pushing the crude to producing wells (DOE, 2005). 

Consequently, production rates from a typical West Sak well have gone from a few 

hundred bopd in 1997 to more than 1,500 bopd today (Conoco, 2004). As of August 

2004, the production from the West Sak field was at about 10,000 bopd. However, 

anticipation is high that by 2007, West Sak field production should increase to 

approximately 45,000 bopd, with plans underway for one of the ConocoPhillips’ and 

BP’s largest heavy oil development programs. This program would see the expansion of
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facilities at the drill-site IE (addition of 13 West Sak wells), which is anticipated to add 

about 10,000 bopd, and expansion of drill-site 1J (addition of 31 wells) to add about 

30,000 bopd with expected peak production in 2007 (Conoco, 2004). Furthermore, 

heavy oil production is projected to increase to 80,000 bopd by 2010 (Ragsdale, 2005).

2.4 Pipeline Transportation of Heavy Oil

As the campaign, for heavy oil production intensifies around the world, one 

important factor that would pose a tremendous challenge is the transportation of these 

highly viscous crude volumes through conventional pipelines. In fact, transportation of 

heavy oil through pipelines is almost impossible without prior reduction in its viscosity. 

One operational consideration is that the simple single phase flow of heavy oil in a pipe 

will lead to very high pressure drop that would make it impossible to pump fluid even 

through larger diameter pipelines (Bensakhria et al., 2004). Therefore, it becomes 

necessary for the heavy oil to undergo additional treatments prior to flowing it through 

the pipelines. Technically, the most practical solution as suggested by Saniere et al., 

(2004) would be to reduce the viscosity (by heating, dilution, oil-in-water emulsion, 

partial upgrading) or in lowering the friction in the pipe (core annular flow).

Typically, “Dilution”, and “Partial upgrading” techniques seem to be the most 

practical methods for reducing viscosity. The dilution of heavy oil in a lighter phase is 

the most common way to reduce viscosity (Bensakhria et al., 2004). This is achievable 

by blending heavy crude oil with lighter less viscous hydrocarbons such as condensate, 

naphtha, kerosene, or light crude (Saniere et al., 2004). In Canada, condensate was used 

as a diluent to transport most of the heavy oil until the end of the 80’s. However, the 

volumes may not be sufficient to match the demand for thinners related to the present 

increase of heavy oil production. Another choice to dilute heavy oil would be to use 

light crude with API gravity in the range of 35-45 (Gateau et al., 2004). Although light 

crude oils are considered less efficient than condensate in reducing the viscosity of 

heavy oil, the limitation in both cases would be one of cost and availability of large
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volumes. However, recycling facilities for these diluents may be built, with light oil 

separated at a treatment plant and a second parallel pipe transporting it again to the field 

area (Bensakhria et al., 2004) if economical.

Partial upgrading requires heavy oil upgraded (using technologies such as 

traditional refinery hydrotreating processes) to a lighter one, like in the case of cold 

“Syncrude” in Canada. The bitumen is firstly diluted and then transported via a corridor 

pipeline to the upgrader at Scotford, where it is transformed into synthetic crude and the 

diluents sent back to the mine. Also, in the Orinoco belt (Venezuela) four extra-heavy 

oil projects are underway, with proposals that have already been submitted to the 

authorities, which include the transportation of heavy crude by pipeline through dilution 

to an upgrader on the coast of San Jose.

Other viscosity reduction techniques include “Heating ”, which reduces viscosity 

with increased temperature but raises major concerns such as expansion of the pipeline, 

the required number of pump/heating stations, and heat loss and increased corrosion 

rate of the internal pipeline, restricting the application of this technique (Table 2.2). 

Also, the “Emulsion ” method used in Venezuela involves dispersing the heavy crude oil 

in the form of droplets stabilized by surfactants, which considerably reduces the 

viscosity. But, this method is limited by the irreversibility of the process, in terms of 

breaking the emulsion to recover the crude oil, which is not currently available (Saniere 

et al., 2004). “Core Annular F low” has only two known industrial examples i.e. the 

Shell line, North Midway Sunset, and the 55 km San Diego to Budare (Venezuela) pipe. 

It takes into account the ability to transport viscous products through water lubricity. A 

water film surrounds the oil core and acts as a lubricant so that the pumping pressure 

necessary for the lubricated flow is comparable to the one for water alone (Saniere et 

al., 2004; Bensakhria, et al., 2004). However, the “Dilution” technique appears to be the 

most practical application used in the heavy oil industry.



Table 2.2 Heavy crude oil viscosity reduction techniques (Saniere et al., 2004)

2.5 Fluid Flow Properties

The approach used in this work considered the dilution of heavy oil 

(SynWestSak) as commingled blends of GTL products/SynWestSak and ANS oil mix. 

However, before this dilution/blending is considered, it is important to evaluate the 

following characteristics or fluid properties, which are reviewed below:

2.5.1 Density

Density is defined as the mass of a unit volume of a material at any given 

temperature. The significance of the density measurement is based on the following 

principles:

1. Density is the fundamental physical property that can be used in conjunction 

with other properties to characterize both the light and heavy fractions of 

petroleum and petroleum products.

2. Determination of the density or relative density (ratio of the density of a 

material at a stated temperature to the density of water at a stated temperature) 

of petroleum and its product is necessary for the conversion of measured 

volumes to volume at the standard temperature of 15 °C or 60 °F and for the 

conversion of crude mass measurement into volume units.
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2.5.2 Rheology and Viscosity

Rheology is the study of the deformation of matter. As fluids flow, there exists a 

force that tends to oppose the flow. This force is known as the “shear stress” ( r ), 

which is also the frictional force between two adjacent layers o f fluid. The relative 

velocity at which an individual layer moves with the neighboring layer is called the 

“shear rate ” (y) .  The shear stress versus the shear rate relationship describes the flow 

behavior of the fluid. A linear relationship on a Cartesian plot passing through the 

origin describes the viscosity (i.e., measure of a fluid’s resistance to flow) and indicates 

a Newtonian behavior of the fluid. Any deviation from this trend is considered non- 

Newtonian and can be characterized by the Bingham Plastic or Power-Law fluid models 

among others. Hence, rheology of a fluid is a function of the shear stress-shear rate 

relationship. Generally, fluids are classified into one of the three widely used fluid 

models. The constitutive equations for each of the fluid models are shown below fluids

1. Newtonian :

t  = ju y

2. Bingham Plastic:

T = M Pr + T „

3. Power-Law:

T = K ( r Y  (2.3)

Where: n=l for Newtonian fluid, n<l for Pseudoplastic fluid, n>l for Dilatant

In equation (2.1) and (2.2), and n p represent the absolute or true viscosity

and plastic viscosity, respectively. An increase in plastic viscosity indicates increased 

percentage of solid in the fluid. Figure 2.4 is a rheogram illustrating the different fluid 

models.

(2 .1)

(2 .2)
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Heavy crude oils are characterized by their high viscosities, e.g., West Sak crude 

oil (30-3000cp). This makes surface transportation through pipelines impossible and 

results in high pressure drop. Pressure drop in pipes must be as low as possible to limit 

pump power required to transport the crude over a long distance. Darcy’s law shows 

that for high viscosity, the flow is very weak and exploitation is not economical 

(Bensakhria et al., 2004) due to flow restriction of heavy crude oil. In the literature, 

viscosity of heavy oil has been attributed to the presence of solids. These solids 

(asphaltene) can associate and increase the viscosity (Argiller et al., 2005; Gateau et al.,

2004). The structural changes dramatically increase the viscosity of the crude oil. 

However, at elevated temperature it is observed that the viscosity reduces, as in the case 

of cold climates like Alaska where Alyeska pumps crude oil at temperatures values of 

approximately 50°C (Saniere et al., 2004). It is also demonstrated that at elevated 

temperatures, asphaltenes have enough time to re-arrange themselves and hence the 

product remains Newtonian (Pierre et al., 2004) thus reducing its viscosity. Therefore 

viscosity reduction forms an integral part in pipeline design for heavy oil transportation.
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2.5.3 Asphaltene

Saniere et al., (2004) describes heavy oil as a colloidal suspension composed of 

a solute (asphaltene) and a liquid phase (maltenes). The level of viscosity of heavy oil 

could be attributed to its large concentration of asphaltene. These asphaltenes as 

described by Eduardo et al., (2004) are fractions separated from crude oil upon addition 

o f hydrocarbon solvents such as n-heptane. They are regarded as the highest molecular 

weight, heaviest and most aromatic and polar constituents in crude oil.

Asphaltenes are dark brown to friable solids that have no melting point and 

usually foam on heating to leave a carbonaceous residue (Speight, 2004). They are 

composed of polycondensed aromatic rings carrying aliphatic chains that contain acid- 

base and polar groups at their edges (Figure 2.5). They are stabilized by actions of 

resins (which are soluble in n-pentane or n-heptane when used for separation of 

asphaltene) that act as protective bodies for asphaltene. They are soluble in aromatic 

solvents such as toluene, xylene, pyridine, but insoluble in liquefied petroleum gas, such 

as methane, ethane, and propane. They can assemble through physical interaction and, 

thus, increase the viscosity o f a medium to which they are added. It is perceived that 

one way to lower the viscosity of heavy oils is to diminish the apparent volume 

occupied by their asphaltene (Saniere et al., 2004).

Figure 2.5 Structure o f asphaltene (http://tigger.uic.edu/~mansoori/Asphaltene.Molecule)

http://tigger.uic.edu/~mansoori/Asphaltene.Molecule


20

Asphaltenes are deposited by composition changes, temperature-pressure 

reduction, destabilization factors which act upon the resins (such as introduction of 

paraffinic compounds which shifts solubility of asphaltene in bulk oil because its 

solvent power affects the interaction o f asphaltene and resins), and contact with acid, 

C 0 2 or other aliphatic solvents. But, it is believed that the effects of composition and 

pressure are stronger than any other factors. In pipelines, when crude oil is flowing, 

there are additional effects, including electrokinetic effects (Figure 2.6), that affect the 

behavior of heavy organic constituents. When an electrical potential difference 

develops, change in charges of the colloidal particles farther down the pipe could result. 

Then the heavy organics deposit and plug the conduit.

Figure 2.6 Electro kinetic deposition in an iso-thermal-single phase pipeline flow  

(http://tigger.uic.edu/~mansoori/HOD_html)

The factors influencing this effect are the electrical and thermal characteristics o f the 

polar heavy organics and colloidal particles and also, blending of the oil (Mansoori, 

1995). Technical issues arising from asphaltene deposition include: pipeline deposition 

and plugging, reduction in pipe internal diameter, reduction in volume of fluid 

transported, increase in pressure loss along the pipeline and change in fluid composition 

o f the fluid being transported.

http://tigger.uic.edu/~mansoori/HOD_html
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2.5.4 Wax

Wax in crude oil is composed primarily of paraffins. These paraffins are white, 

odorless and chemically inert compounds composed of saturated hydrocarbons. They 

are characterized by a relatively high molecular weight (C18-C70) and exist either as a 

normal straight chain (Figure 2.7.) or branched alkanes (CnH2„+2) having specific 

melting points from near room temperature to over 100°C, e.g., C18 @ 82°F to C60 @ 

215°F. Solubility also varies (Allen et al., 1993). Waxes are thermo-plastic in nature 

and, depending on the temperature and pressure, hydrocarbon waxes may vary in 

consistency from soft mush to hard brittle material. Hardness increases if long chain 

alkanes are prevalent. Paraffin can precipitate from crudes when equilibrium conditions 

change slightly, causing a loss of solubility of the paraffin in the crude. Waxes deform 

under pressure even without application of heat, due to their plastic nature. Paraffin 

waxes present in crude oils at some thermodynamic states exhibit a phenomenon called 

crystallization. Thus, they are deposited as solid especially when the temperature id 

reduced below a threshold point known as the “Cloud Point’’’’ o f a particular fluid.

The thermodynamic cloud point can be defined as the temperature at which a 

given threshold solid fraction is reached or at which crystals first begin to form (Ellison 

et al., 2000). Since temperature is a major driving force for paraffin solid- liquid phase 

equilibria resulting in separation of the two phases, the potential of a fluid to wax 

precipitation is measured by the cloud point, a.k.a Wax Appearance Temperature, o f the 

fluid (Coutinho and Daridon, 2004). The presence of wax crystals in a fluid imparts 

particular rheological behavior of the oil including yield stress, shear thinning behavior 

and time dependency under steady shear flow, and the formation of strong thermo- 

reversible gels (Lopes da Silva and Coutinho, 2004). Wax deposition may lead to gelled 

flowlines and increases in pipeline roughness and could result in an increase in pressure 

drop and a frequent pigging requirement. Therefore, wax deposition potential becomes 

a crucial consideration in pipeline design. In determining these factors that influence 

wax precipitation it is a known fact that the constituent of paraffin in oil has a dramatic
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effect on the cloud point, and the heavier the paraffin, the more difficult it will be to 

detect the true cloud point.

Coutinho and Daridon, (2004) made a surprising and counter-intuitive 

suggestion that the saturates, aromatic, resins (SARA) analysis result does not 

significantly influence the cloud point. In their work, they emphasized that asphaltene 

has not been proved to have any influence on the cloud point, besides becoming 

crystallization nuclei. The cloud point can be measured by using the crossed polar 

microscopy (CPM) method which is believed to present more conservative results when 

carefully applied (Coutinho and Daridon, 2004) than the many other experimental 

techniques. Other methods include filter plugging, viscosity, and the differential 

scanning calorimeter (DSC) in addition to cold fingers, co-axial shearing cells and pipe 

loops used to measure the tendency of oil to deposit and the rate of deposition. The 

cold finger consists of a test tube shaped metal finger cooled by flowing chilled fluid 

through the finger and a heated container for the oil sample. The co-axial shearing cell 

is quite similar, but the difference is that the finger rotates to create uniform shear on 

the surface (Ellison et al., 2000). However, the pipe loop is a pipe in pipe heat 

exchanger in which the cold fluid is pumped through the shell side and the oil is heated 

and pumped through the loop side. In all flow conditions, oil will be in laminar flow 

either throughout the pipe or at least in a thin laminar sub-layer adjacent to the pipe wall 

(Amadi, 2003).
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As the cooling of oil takes place, there exists a temperature gradient across the 

laminar sublayer. Also, there exists a decrease in the quantity o f wax dissolved in 

solution as the temperature decreases. The temperature profile near the wall therefore 

leads to concentration of dissolved wax. Deposition tendency and rate can be predicted 

by calculating the rate o f molecular diffusion of wax to the wall of the pipe (Ellison et 

al., 2000)

dm AdC .. A.
- r  = - p DmA ~ r  <2-4)dt dr

Where: p  = wax density, Dm = molecular diffusion, C= concentration of wax, A=

depositional area. However the radial concentration gradient can easily be calculated if 

broken into two components with the chain rule equation (2.5) below,

dm dC dT
Hi = -pD'AJiTr (2'5)

In addition to the molecular diffusion for prediction of deposition tendency, Burger et 

al., (1981) identified Brownian diffusion and shear deposition as mechanisms which 

contribute to lateral transport and deposition of waxes. The Brownian diffusion co

efficient for a spherical, non-interacting particle is given by:

RT
Db =  5 -  (2.6)

6njuaN

Where: R is the universal constant, Ta is absolute temperature, ju is the viscosity, a is 

the particle diameter and N  is Avogadro’s number.

2.5.5 Gel Strength Measurement (Cold Restart)

Heavy paraffin compounds in crude oil are known to produce gel-like structure 

when the crude oil is cooled below their pour point. As previously defined, cloud point 

is that temperature at which paraffin will start to crystallize. Any additional cooling 

causes more crystals to come out of solution nucleating to form agglomerates that
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develop into a network structure. This causes the crude oil to become so thick that it 

becomes difficult to pour. The temperature at which this incident occurs is known as the 

“pour point”. The pour point may be a useful value for determining if a crude oil sample 

will form gel, but it also provides vital information for calculating the strength of the gel 

that is formed (Ellison et al., 2000). Measuring the gel strength is usually problematic 

based on the rheometer calibration which is typically on the order of 50dynes/cm2 

(Ellison et al., 2000). In pipes, the crude sample does not yield to pressure uniformly. A 

pressure front will have to propagate through the oil and then flow begins, as the oil 

near the inlet yields when a line is restarted. As far as the cold restart problem is 

concerned the required parameter for the design is the pressure needed to initiate gel 

movement (Camiani and Merlini, 1996). Therefore “if it is imagined that a sample of 

gelled oil in a tube exhibits a specific yield strength, then experimentally, the pressure 

differential across the length of the tube can be increased until oil just begins to move” 

(Perkin and Turner, 1971). Hence, equation 2.7 (Perkin and Turner, 1971) may be used 

to predict the start up differential pressure.

AP = 4r — (2.7)y D

Where AP = Pressure differential, ry = Yield strength, L=Length of pipe section,

D = Pipe diameter

Equation (2.7) assumes the entire flow line is gelled and will yield simultaneously and 

that the yield stress at the wall is the appropriate parameter to consider. The data are 

necessary to determine if the pipeline could be restarted under the design basis 

requirements. This laboratory scale method may typically over-predict the restart 

pressure.
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2.6 Chronology of Alaska GTL Research

The framework for GTL study at UAF was established in fall 1998 following 

the award of a DOE grant to study “Transportation of GTL product from Alaska North 

Slope to Market” with UAF to interface with Alyeska Pipeline Company (Alyeska, 

2002).

Liu (1999) provided an exhaustive review on the potential applications of 

commercial and research GTL plants in an Alaskan GTL scenario. He discussed the 

possibilities for blending and batching and provided examples of these scenarios in 

other petroleum pipelines. Consequently, Ramakrishnan (2000) evaluated the viscosity 

and density relative to temperature o f various crude oil samples, GTL and their blends. 

In addition to this he performed a preliminary economic evaluation of the two possible 

modes of transporting GTL through TAPS. The batch mode involves flowing batches of 

GTL and ANS crude oil, while the commingled mode involves the blending of GTL 

and crude oil to form a single-phase fluid (liquid), which is then transported through the 

TAPS. He indicated that the batching method is economically preferable over the 

commingled flow method, in terms of lower operating cost and premium GTL products.

Akwukwaegbu (2001) comparatively evaluated these two modes (batch and 

commingled) of transporting GTL through TAPS from the pressure and hydraulic 

horsepower point of view, and his conclusion was that the commingled flow mode was 

a better option. His computer application may be used to ascertain the pressure gradient 

along the entire pipeline in each of these transportation modes, based on the fluid 

properties of the crude oil and GTL and their flow rates. His analysis indicates that the 

pressure gradients obtained from batch flow calculations are higher than those obtained 

from commingled flow calculation.

Timmcke (2002) developed a fast cold ramp technique for predicting the gel 

strength of various blend ratios of GTL products and crude oil and compared his results 

to the slow cold ramp gel strength performed at Westport Technology Center, Houston.
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His study indicated that the gel strength of TAPS fluid may be reduced and controlled 

by altering the final boiling point of GTL products introduced into the pipeline system.

Amadi (2003) evaluated the extent of solid (asphaltene and wax) deposition that 

is anticipated when flowing GTL commingled with crude oil. His experiments were 

done at a static condition. The conclusion from this study was that GTL precipitated a 

significant amount of asphaltene from the crude oil, and also, GTL has a high wax 

appearance temperature, which is o f great concern considering the arctic nature of the 

environment. Meanwhile Sharma (2003) studied the phase behavior of the ANS crude 

samples, GTL and their blends as a function of temperature. His finding was that the 

studied blends would flow through the TAPS as single-phase (compressed) liquids.

To establish the economic viability of transporting GTL through TAPS, Ejiofor 

(2003) embarked on an economic analysis of both batch mode and commingled flow 

using a Laporte Light GTL sample. His recommendation was that batch mode for GTL 

transportation through TAPS is preferable. Conversely, Ibironke (2004) performed the 

same economic analysis using a BP Alaska Inc. produced GTL (AKGTL) sample from 

Cook Inlet, Alaska. She indicated that the commingled mode of transportation is a 

better alternative, as it showed a lower risk factor over the batch mode.

To ensure process simplification, innovation and optimization, Inamdar (2004) 

focused on the estimation of energy required (using rheological data) to transport 

different blends of ANS crude and BPGTL through TAPS. In his analysis, using four 

blend ratios of GTL/Crude oil, 1:1, 1:2, 1:3, and 1:4 at different temperature ranges, he 

concluded that an optimal blend ratio of 1:2.5 (i.e. 28% AKGTL and 72% crude oil by 

volume) would require the least amount of energy to transport as a commingled blend 

through TAPS.
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Ijeomah (2005) studied solid deposition in both a static and dynamic condition 

using AKGTL volumes of 25%, 33.33%, 50% blended with ANS crude oil. His 

observation for asphaltene deposition under a dynamic flow condition was that pressure 

and flow did not re-establish the stability of asphaltene. Rather, some asphaltene broke 

into smaller fractions which caused a reduction in differential pressure across an inline 

filter. Additionally, his evaluated samples showed that pressure and flowrate 

significantly reduced the WAT. The implication of his observed results is that formation 

of wax during normal TAPS operating conditions is not feasible.
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CHAPTER 3 

SAMPLE PREPARATION AND EXPERIMENTAL PROCEDURES

In evaluating the operational challenges associated with transporting diverse 

blends of fluids through TAPS, it is necessary to identify and perform a detailed 

analysis of the fluid properties and their interactions under TAPS operational 

conditions. A GTL sample was obtained from BP Alaska, while ANS mix (light oil) 

was collected from the metering station at North Pole refinery. Heavy oil representing 

West Sak crude oil “SynWestSak” was simulated in the Petroleum Development 

Laboratory (PDL) of the University of Alaska, Fairbanks. The lack of availability of 

West Sak crude oil necessitated evaluating a close representation of West Sak crude oil. 

The criteria for selection of the simulated sample were based on its API gravity, which 

was determined as well as the viscosity. This chapter will discuss the procedures 

involved in obtaining the simulated SynWestSak crude oil and also the procedure for 

preparing gravimetrical blend ratios of GTL, SynWestSak, and ANS mix and their 

blends. Furthermore, the chapter includes the procedures involved in the measurement 

of the following fluid properties and their behavior: density, viscosity, static asphaltene 

deposition, flocculation onset point, asphaltene stability, wax appearance temperature 

(WAT), gel strength measurement, and dynamic WAT.

3.1 AKGTL Sample

The GTL sample (AKGTL) used was syncrude supplied by British Petroleum 

(BP) Alaska from its Nikiski GTL test facility. AKGTL samples were used in their 

original state for conducting all the experiments without any prior treatment or 

additional processing, which may jeopardize the integrity o f the samples.
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3.2 Representative West Sak Sample (SynWestSak)

In order to produce a heavy oil sample that would closely represent West Sak 

crude oil, distillation was carried out on the ANS mix (which was collected at North 

Pole refinery) at atmospheric pressure using a Herzog automatic distillation analyzer, 

HDA 627. The distillation was carried out at a temperature of 318°C and the residue 

was collected as a representation of heavy oil (West Sak crude oil). This is similar to the 

fractional distillation process in oil refineries, where crude oil separates into fractions 

based on the boiling point. The light ends vaporize and rise to the top of the tower, into 

a graduated cylindrical tube in the tower, and the heaviest fraction with the highest 

boiling point settles at the very bottom.

3.3 Distillation of ANS Mix (SynWestSak Production)

Synthetic West Sak heavy oil (SynWestSak oil) was simulated using a Herzog 

HDA 627 distillation analyzer (Figure 3.1). The Herzog distillation apparatus 

automatically controls the distillation of samples based on pre-set user selected 

program. This permits the congruent replication of distillations. The analyzer consists 

of:

1. Distillation mantle

2. Automatic fire extinguisher

3. Distillation Flask

4. Tempering system for the condenser tube and receiver

5. Alpha-numeric display

The set up includes an automatic fire extinguisher that automatically detects any 

fire in the distillation compartment, interrupts the power to different components, and 

opens up a fire extinguishing material, e.g., CO2 to extinguish the flame. There is a 

tempering system for the condenser and receiver, an alphanumeric display to show the



actual operating state of the process, with temperature and volume, and also a multiple 

processor system. The analyzer is connected to a computer programmed with test 

parameters. At the end of the test run, data are transmitted to the computer and saved in 

the program data base. The computer saves the data and prints out a comprehensive 

report, which can be saved in a permanent file in the computer. The procedure was 

adapted from Timmcke (2002) and the step-wise process applied for producing 

SynWestSak is presented here.

Figure 3.1 Herzog HDA 627/628 atmospheric distillation set-up

3.3.1 The Herzog HDA 627Automatic Distillation Operating Procedure

1. The data collection computer and Herzog HDA 627 distiller were energized and 

the distillation program installed on the data collection computer was started.
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2. The carbon dioxide cylinder was opened for fire protection and the cylinder 

pressure was verified to be above 500psi while the regulator was set to 

approximately 65psi.

3. The ANS oil mix was homogenized and 100ml of the ANS oil mix was pipetted 

into one of the distillation flasks with two or three boiling chips inserted into the 

Herzog distillation flask. It was ensured that the distillation flask’s vapor 

discharge port was pointed upward to avoid spilling sample during fluid transfer.

4. The exterior of the Herzog distillation flask was wiped clean and inserted into 

the distillation chamber with the bottom of the flask centered on the heating 

ceramic above the coil heater. The neck of the flask was required to be kept 

vertical when viewed from two perpendicular directions.

5. The vapor temperature sensor was inserted into the distillation flask and the top 

of the temperature-sensing resistor inside the vapor temperature sensor was 

aligned with the white reference mark on the neck of the distillation flask.

6. A stainless steel drip catcher was inserted into a clean graduated cylinder and 

the cylinder was placed into the receiver portion of the Herzog Distiller.

7. On the Herzog program running on the data collection computer, “Units —» 

HDA627/627/628 —» 627-1 —> Measurement” was selected sequentially. This 

initiated the distillation measurement window and the name of the sample being 

measured was entered with the description of the sample. The measurement 

program was selected depending on desired product.

8. “Transfer” was selected on the Herzog distillation program to initialize the 

distillation program to power up and set all component temperatures to initial 

values specified on the automatic distillation set-up and then “Start” was 

selected on the computer program to commence distillation.

9. At the end of the distillation, the vapor temperature sensor automatically stopped 

when it detected vapor at the specified final boiling point and then cooling 

started. The acknowledge button on the distiller was depressed when the alarm 

sounded indicating the completion of the distillation run. The distillation flask



was allowed to cool before removing the distillate in the graduated cylinder or 

handling the distillation flask.

10. The distillation run was verified as successful by noting the final vapor 

temperature on the Herzog program in the data collection computer. (This 

should correspond to the specification in the automatic distillation program). 

Whenever the apparatus aborted the distillation, the contents in both the 

distillation flask and the receiver graduated cylinder were disposed.

11. The distillation product in the graduated cylinder in the condensate receiver was 

emptied into a container and labeled or disposed in the waste drum, while 

distillation flask was cleaned with liberal quantities of toluene and acetone.

12. The residue in the Herzog distillation flask (which in this case is desired) was 

poured into an appropriate storage flask and the distillation flask and all other 

glassware was cleaned with a liberal amount of toluene and acetone in 

preparation for the next run. Steps 3-12 were repeated until the required amount 

of heavy oil sample was produced.

3.4 ANS Oil Mix Sample

Alyeska Pipeline Service Company (APSC) provided all the crude oil samples 

used for this study. The oil sample for atmospheric pressure test was obtained from the 

pipeline, while the live oil sample for dynamic WAT test was taken in constant pressure 

Welker sample cylinders. The live oil samples were reconditioned back to original 

pipeline sampling conditions before obtaining the sample from the Welker cylinder. 

This was done to ensure that the original composition of the sample was retained in all 

the test aliquots produced from the Welker cylinder sample. The procedure was adapted 

from Ramakrishnan (2000). The indicator rod has a mixing rod cap on top of it, which 

was removed by hand and can only be tightly replaced by hand. After the cap was 

removed, the mixing rod was inserted into the indicator rod and was screwed firmly into 

the mixing paddle rod, which is located inside the indicator rod. While the sample was



being heated, the mixing rod handle was held securely and the unit was stroked for at 

least eight to ten times.

3.4.1 ANS Oil Reconditioning and Aliquoting for Dynamic WA T Test 
Procedure

1. The platform feet on the Welker cylinder were first removed before heating was 

started and the Welker cylinder was immersed vertically, with the sampling end 

at the bottom, into a 5 5-gallon drum filled with water.

2. Connections were made as described in the manual and the female QC-4 was 

connected with the male counterpart on the precharge end. When connecting 

quick-connects, a “snap” sound was heard which was an indication that the 

connection was secure.

3. It was checked that the valve on the precharge end was closed, and then, the 

nitrogen supply valve in the nitrogen cylinder was opened and the pressure 

regulator adjusted to supply pressure in accordance with the original cylinder 

sampling pressure (Figure 3.2) as indicated on the tag attached to the cylinder.

4. All tubing connections were checked for gas leaks using a gas leak detecting 

liquid (Figure 3.2) and, after confirming that the connections were free from any 

gas leaks, the Whitey valve on the precharge end was opened. Some time was 

allowed for the system to equilibrate before heating of the drum was started, 

using two industrial belt heaters wrapped around the drum (Figure 3.2). The 

drum was also allowed to attain the test temperature (70°C to 80°C).

5. The thermostat was used to regulate the temperature. The drum was kept for at 

least two hours at the desired test temperature to recondition the crude oil. 

During heating and reconditioning, the sample was stirred manually using the T- 

rod at 30-minute intervals to ensure homogenization. The Welker cylinder was 

brought out of the drum immediately after reconditioning and the proper 

connections, explained in attached manual, were made.
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3.4.2 Crude Oil Transfer for Dynamic WAT Test

In order to transfer samples from the Welker cylinder to the sample cylinder, the 

female part o f QC-6 was connected to the bottom of the sample cylinder, while ensuring 

that the nitrogen supply line was opened to the precharge end of the Welker cylinder, to 

compensate the pressure in the Welker cylinder as the sample was being transferred.

With the metering valve closed, the Whitey valve at the sample end of the 

Welker cylinder was opened and the JEFRI sample cylinder (Figure FI) was placed at 

the other end o f the sampling flow line. The sample was transferred by opening the 

metering valve and the top valve on the JEFRI sample cylinder. Sample aliquots were 

directly transferred into the sample cylinder or any other sample container that was 

sealed with a pressure tight cap. Upon completion o f sampling, the Whitey valve on the 

precharge end was closed before removing the nitrogen supply.



3.5 Blending of Samples

The samples used for this study were mixed gravimetrically and blended into 

two binary compositions of SynWestSak (heavy oil) and ANS mix (less viscous crude 

oil) blends and also three (3) ternary blends of AKGTL, SynWestSak and ANS mix. 

This represents a more feasible mix for potential flow through TAPS, as suggested by 

the increase in production of heavy oil on the North Slope. However, accurate 

volumetric blending of samples can be very challenging because of the inaccuracies of 

standard laboratory measurement glassware and the fluid losses incurred because of the 

incomplete removal of fluids from the glassware during transfers. To reduce the 

occurrence of such inaccuracies, sample mixing was performed gravimetrically (by 

weight) to achieve the desired volume mixture at room temperature. Using the accurate 

density measurements of each of the sample components, the required weight of sample 

components may be easily calculated to achieve the desired blend ratios and final 

volume. Mixing samples in storage bottles of slightly larger volume minimizes the void 

space in the storage container and reduces potential evaporative losses. The following 

procedure was used to mix samples for this research.

3.5.1 Sample Mixing Procedure

Once the required quantity of sample needed to perform the desired testing is 

determined and using the density of the sample components, the weight of each 

component necessary to provide a total required volume at the desired volume blend 

ratio was determined.

For blending the binary mixture of SynWestSak heavy oil and ANS mix 

equations (3.1) and (3.2) were used, while, for the ternary blends of AKGTL/ 

SynWestSak and ANS mix, equations 3.1 and 3.2 were modified to give the equations 

(3.3) and (3.4) that were used. The calculation can be done using the correlations 

shown:
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For binary blends of SynWestSak and ANS mix:

T/ f iM ( l - a -  p ) MV = t—  + ± (3.1)
Pc\ P c i

Hence:

M   ----- -  Pf(f ClV —  (3.2)
PciP + ^ - a - P ) p c i

For the ternary blend of AKGTL, SynWestSak heavy oil and ANS Mix, the correlations 

in equation (3.1) and (3.2) were slightly modified as follows:

Where:

M  = the total mass of blend that will give the required volume 

V= the total required volume of the blend 

a  = the mass fraction of AKGTL in the blend 

P  = mass fraction of SynWestSak heavy oil in the blend

p cx = density o f SynWestSak heavy oil sample

p C2 -  density o f ANS mix

p c = density of AKGTL

Therefore with “M ” calculated, the blend can be made using either mass balance or a 

pipette.
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Using the mass balance: 

Mass of AKGTL = a M (3.4a)

(3.4b)

(3.4c)

Mass of SynWestSak heavy oil = /?M 

Mass of the ANS Mix = (l -  a  -  fi)M

Using the pipette:

Volume of AKGTL = —
P g

(3.4d)

Volume of SynWestSak
Pc\

(3.4e)

Volume of ANS oil mix (Light Crude) = ————
Pc 2

(3.4f)

3.6 Density Measurement

The density measurement for each sample is required for the accurate mixing of 

samples. The densities of AKGTL, SynWestSak heavy oil and ANS oil mix samples 

were used to prepare sample blend ratios, because samples were blended 

gravimetrically rather than volumetrically to ensure accuracy. This reduced the 

possibility of errors that could arise from calibration of beakers, test tubes or conical 

flasks, and also the viscosity of the SynWestSak crude oil restricted the use of a pipette 

for volumetric blending of samples.

The experimental set up shown in Figure 3.3 was adapted from Ramakrishnan 

(2000) but was modified slightly to enable more accurate control of bath temperature 

near room temperature. This experimental set up is in conjunction with the most current 

revision of ASTM D4052 (Density and relative density o f  liquids by Digital Density 

Meter) in analyzing density and relative density of petroleum distillates and viscous oils 

by digital densitometer. It consists mainly of an Anton-Paar digital density meter DMA 

45 and a circulating constant temperature bath (Brookfield TC-500). The bath is filled
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with ethylene glycol and water which is circulated to and from the density meter to 

maintain the sample at a desired temperature value as pre-determined by the user.

Figure 3.3 Anton-Paar density meter used for density experiments

The density meter DMA-45 determines the density of liquids and gases by 

measuring the period of oscillation electronically. The oscillator is excited by the 

electronic part of the meter. The period of oscillation is measured by a built-in quartz 

clock, approximately every two seconds. The value is transmitted to a built in processor 

which calculates density and displays the value in the digital display. The density meter 

also has a constant buffer where the values of calibration constants A and B are stored. 

Prior to the measurement of the density of each sample using the density meter DMA- 

45, calibration of the equipment is necessary. The constants A and B, time of 

oscillation, T and density values are selected in the constant buffer by using the display 

selector. After each density measurement, the samples are flushed out of the sample 

tube by giving a proper toluene wash followed by an acetone wash and drying the tube 

using air.
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3.6.1 Calibrating Procedure

To calibrate the densitometer, the desired temperature was set on the constant 

temperature bath and allowed to equilibrate. The calibration constants A and B were 

determined (by setting the display selector beneath the cover plate on top of the DMA 

45 density meter to position “T”). These values were entered into the constant buffer 

before each measurement was started. Both constants are dependent on temperature and 

must therefore be re-determined if a change in measuring temperature is encountered. 

The values of the period of oscillation “Tw” for water and “Ta” for air were displayed on 

the numerical display. The detailed calibration procedure is described by Ramkrishnan 

(2000). After recording the value for Ta and Tw for a particular temperature, the density 

of air at the set temperature was calculated by using equation (3.5a) or (3.5b):

P p a (g  / ml) = 0.001293(273.15 /T)*
760

OR

p a{g/ml )  = 0.0012930 
1 + (0.00367*/) 760

(3.5a)

(3.5b)

Where:

T=temperature (°K) 

P=barometric pressure, torr 

t=temperature (°C)

Using a sample calculation for density of air at 22 degrees Celsius and from eqn. 3.5a:

Pa
0.0012930 

1 + (0.00367*/) 760

0.0012930 
1 +(0.00367 *22)

p a = 0.001196402 g/cc
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The density of water at the various test temperatures was obtained from the table 

illustrating the density of water (refer to Laboratory Manual for standard ASTM D 

4052-96, 1996). Thus, the constants A and B in equations 3.6 and 3.7, respectively, 

were calculated from the observed T-values and reference density values for air and 

water using the following:

Example calculation:

Calibrate the densitometer and determine the constants at 22 0 by substituting the 

calculated T -values and density values into equation 3.6. Thus, constant A becomes:

(3.6)

B = Ta2 - { A * p a) (3.7)

A (0.997769-0.001196402)
(8.012902 -6 .168802)

A =26.242416

From equation 3.6:

B = Ta2 - ( A * p a)

B = 6.168802 -(26.242416*0.001196402)

5=38.022697
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3.6.2 Experimental Procedure

1. The selector switch was adjusted to position so that the equipment can

carry out density measurement. A small quantity o f sample (about 0.7cc) was 

introduced into the clean, dry sample tube of the instrument using a suitable 

syringe. The amount of sample introduced was enough to fill beyond the 

suspension point on the right-hand side.

2. The sample was allowed to equilibrate to the test temperature before proceeding 

to evaluate the test sample for the presence of unseen air or gas bubbles. The 

illumination light was switched “o ff’ immediately after verification, because the 

heat generation could affect the measurement temperature.

3. The density value on the display was recorded once the instrument displayed a 

steady reading to four significant figures for density and five for T-values, 

indicating that equilibrium density or temperature respectively had been 

attained.

4. The sample tube was flushed, dried and the density calibration checked prior to 

introducing another sample.

5. Steps 1 to 4 were repeated each time a new sample was introduced.

3.7 Viscosity and Rheologic Properties

The viscosity test was carried out using the Brookfield DV-II+ programmable 

viscometers; LVDV-II+CP (cone plate viscometer) and LVDV-II+ viscometers with 

small sample adapter. The gel strength was measured using both the LVDV-II+ with 

small sample adapter and RVDV-II+ viscometer (Figure 3.4). The measurement of the 

rheologic properties of the various samples was used to determine the viscosity values, 

which basically describe each fluid’s resistance to flow. The gel strength measurement 

was determined to give a description of the differential pressure requirement needed to 

restart pipelines in the event of a prolonged shut-down during a winter period.
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Figure 3.4 Viscometer set up for viscosity, WAT, gel strength and flocculation onset test

3.7.1 Viscosity Measurement

The experimental set up shown in Figure 3.4 includes: a Julabo FP50-HD 

refrigerated/heating circulator controlled remotely by means of EasyTemp software, 

which facilitates constant temperature for the test sample, while Wingather data 

gathering software installed in the data acquisition computers records, saves, edits, 

plots, and analyzes the test sample. An electronic cone spindle CPE-40 (Appendix E) 

was used to measure viscosity values as low as 0.2cp-3000cp along with a plate shaped 

sample holder, which accommodates a sample volume as low as 0.5ml. Viscosity values 

were taken within 10% to 100% torque, as suggested in the Brookfield operation 

manual.

The LVDV-II+ viscometer and spindle size SC4-18 were also used to validate 

the viscosity values for the various blends that had been measured on the cone plate 

viscometer, because very viscous blend ratios quickly went off range when measured



using the cone plate viscometer. Thus, the LV DV II data gave better resolution and 

provided enough data points for viscosity measurement, especially for the heavier blend 

ratios. The LVDV-II+ is similar to the cone plate, but the cone plate uses a plate shaped 

sample holder, while the LV DV-II+ uses a small sample adapter which is comprised of 

a water jacket and a sample chamber.

Procedure

1. The appropriate sample volume (the volume of sample is spindle dependent) 

was determined and the LV DV-II+ programmable viscometer was turned on 

(and the auto zeroing instruction on the viscometer was followed accordingly).

2. The LVDV-II+ data collection computer was turned on and the Wingather 

software opened.

3. The Julabo refrigerated circulating bath was also turned on and the desired test 

temperature was set using the Julabo “EasyTemp” software program installed on 

the LV DV-II+ viscometer data collection computer.

4. Communication between viscometer and the data collection computer was 

verified and when there was no communication, the “Comm Port” was checked 

to ensure that the correct port was being utilized. The option menu on the 

viscometer was also checked to ensure the PC PROG was set “on”.

5. The required sample volume was pipetted into the sample chamber (depending 

on the selected spindle), the sample chamber was inserted back into the cooling 

jacket on the viscometer, and the micro thermocouple was inserted back into the 

insulated jacket attached to the bottom of the sample chamber.

6. The “Motor O n/O ff’ key was turned on once the sample, sample chamber and 

spindle had attained the set temperature and then the “start gather” (represented 

by an icon with a viscometer plugged to a computer) on the WinGather software 

program was started.

7. The desired type o f gathering (manual or timed stop) was selected and readings 

were collected at the user specified intervals.
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8. “Stop” was selected on the WinGather program once sufficient data were 

obtained or when the maximum torque value (100%) was attained and the data 

were saved (selecting Lotus file*wks, which allowed easy inputting of data into 

Microsoft Excel).

9. The temperature of the refrigerated circulating bath was set to the next test 

temperature and steps 6 to 8 repeated.

10. At the end of the experiment, the spindle was disconnected and sample chamber 

with the waste sample was removed and waste disposed appropriately.

3.8 Static Asphaltene Deposition Test

Asphaltenes are very complex mixtures of aromatic hydrocarbons that are 

present as a solid suspension in crude oils. They dramatically affect the chemical and 

physical properties of the crude oils. They precipitate out of solution once their stability 

is disrupted and are deposited on the walls of the pipeline, which can result in plugging 

of the pipeline.

The method presented in this experiment follows ASTM recommended (ASTM 

D2007-80) procedure for separating asphaltenes from crude oil. The aim was to 

determine the amount of asphaltene present in Alaska heavy crude oil using synthetic 

West Sak heavy crude oil (SynWestSak) and also to determine if AKGTL is a potential 

precipitant of asphaltene. The set-up (Figure 3.5) is comprised of a glass filtration 

assembly, 0.22 pore size, 90mm-diameter cellulose acetate filter paper and a Mettler 

160 mass balance (resolution O.OOOlg). The procedure for determination of total 

asphaltene is described below.
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Figure 3.5 Static asphaltene deposition experimental set-up 

Procedure

1. 20ml of heavy oil sample was accurately measured into a glass flask.

2. 40 times the volume of oil in a quantity of GTL (800ml of GTL or other 

asphaltene precipitants as needed) was added to the flask and properly sealed.

3. The mixture was aged for two days at ambient conditions and the flask was 

shaken at least twice during this period.

4. After ageing, a funnel filter assembly was used to separate the precipitated 

asphaltene from oil/precipitant mixture.

5. A filter paper (0.22 jim cellulose acetate filter paper) was pre-weighed for use.



6. 450 ml o f the oil/precipitant mixture was poured into the funnel-filter assembly 

and the top covered to reduce evaporation during filtration.

7. A vacuum source was connected to the side arm of the filter assembly to begin 

filtration.

8. As long as the mixture passed through the filter, additional volume was added to 

the filter funnel-filter bottle and filtration continued until the rate became very 

slow.

9. Vacuum was applied until the deposited asphaltene dried enough to form cracks.

10. The vacuum source was turned off and the bottle-top was removed from the 

filtrate bottle.

11. The asphaltenes were re-dissolved in toluene, including materials adhering to 

filters and surfaces. More toluene was added and agitated vigorously to dilute 

the solution to a concentration low enough where asphaltene was not visible 

under 400x magnification. As a rule of thumb, a concentration of about 0.5-1.Og 

asphaltene in 100ml toluene should be adequate.

12. The toluene solution was filtered through a 0.22 pm filter.

13. The volume of toluene solution was estimated and asphaltene was re

precipitated with 40 times the original precipitant.

14. Steps 6 to 10 were repeated

15. Dried filtered asphaltene was placed on the mass balance and dried in the fume 

hood for several days.

16. The mass of the filter was checked every few hours and the asphaltene was 

“dry” when the mass change was less than 0.000 lg  over a 12-hour period.

17. The mass of the asphaltene was determined by subtracting the old mass of the 

filter from the new mass of filter + asphaltene.

18. Asphaltene content (g/100ml) = Mass of dried Asphaltene (g) X I00

Crude oil Volume (ml)
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3.9 Flocculation Onset Titration (Brookfield Viscometric Method)

This experiment was carried out to determine the minimum amount of 

precipitant that initiates flocculation of asphaltene in SynWestSak crude oil. This 

established the threshold limit at which asphaltenes begin to flocculate.

Procedure

The procedure is similar to the procedure used for viscosity measurement. The LV DV 

11+ (Figure 3.4) viscometer was used with an SC-18 spindle and 5ml of sample volume.

1. The LV DV 11+ viscometer was turned on and steps 1-5 for the viscosity 

measurement were followed.

2. The sample, sample chamber and spindle were allowed to attain the set 

temperature.

3. The motor was started by pressing the “Motor O n/O ff’ key and motor speed 

selected. It is recommended to select the speed so that the percentage torque 

will be high, since the titration reduced the torque.

4. The “Start Gather” button was selected on the WinGather program. In the 

“Start Gather” window, “Timed Stop” was selected and 1000 was input into 

the “Number of Reading” window and 01:15 into the “Timed Interval” 

window. This instructed the software to record data every 75 seconds until 

1000 data points were recorded. Then, data gathering was started by 

selecting “OK”.

5. The first datum was collected after 75 seconds, and 0.05ml of the flocculant 

e.g. n-pentane, n-heptane or AKGTL was titrated into the sample chamber.

6. The next data were collected after another 75 seconds before titrating again. 

This was repeated until the required volume of the flocculant had been 

titrated into the sample chamber.

7. Final data were collected after 75 seconds upon completion of the titration 

and the WinGather program was stopped.
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8. The data were saved in “Lotus file*wks” format (see viscosity 

measurement).

9. A plot of viscosity against volume of flocculant in solution was made using 

the saved data. The change in the trend of the curve was noted as the onset 

of asphaltene flocculation

10. The spindle was disconnected and the sample chamber removed, along with 

sample waste. Waste was disposed into a hazardous material collection 

container.

3.10 Flocculation Onset Titration (Stability Test)

This experiment was done by performing titration of a toluene/SynWestSak oil 

sample with n-heptane. The time required for a given quantity of the fluid to pass 

through the narrow channel of a Cannon-Fenske viscometer (Figure 3.7) at each 

titration point was measured. The time is related to fluid viscosity ( v ), where C is the 

viscometer constant, and B is the viscometer co-efficient. The viscosities of standard 

fluids are represented by vj and V2 in centistokes, while ti and t2 are the efflux times for 

Vi and V2, respectively.

v(cs) = C t~  — (3.8)
t

Where:

(3.9)

(3.10)

Apparatus: The set-up is comprised of a Cannon-Fenske viscometer, a Koehler constant 

temperature bath, stop clock, mass balance, pipette and a pipette bulb. Figure 3.6 shows 

the Cannon-Fenske viscometer immersed in the Koehler constant temperature bath.
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Figure 3.6 Flocculation onset (stability test) set-up 

Procedure

1. The required concentration of crude oil was dissolved in toluene and blended.

2. The viscometer immersion tube “A” (Figure 3.7) was inverted into the sample 

blend and suction was applied to “J”. This caused the sample to rise to the 

etched line “E” (figure 3.7).

3. The viscometer was turned upright and tube "A" was wiped clean.

4. The viscometer was inserted into a holder and placed in the constant temperature 

bath. Ten minutes was allowed for viscometer to reach the set temperature of the 

bath.

5. Suction was applied to tube “A” until the sample was a short distance above 

mark “C”.



6. The efflux time was measured by allowing the sample to fall freely through 

mark “C”, measuring the time for the meniscus to pass from “C” to “E”.

7. 0.05ml of n-heptane was titrated into tube “A”

8. Suction was applied to tube “J” to properly mix the sample with the n-heptane.

9. Steps 5 and 6 were repeated for each titration.

10. A plot of time against volume of n-heptane was made and the point where the

trend was observed to change was considered the onset point.

Figure 3.7 Cannon-Fenske Viscometer (courtesy: Induchem Lab Glass Co.)
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3.11 Wax Appearance Temperature (WAT) Viscometric Method

The procedure used here was adapted from Amadi (2003). The experiment was 

carried out at atmospheric pressure and readings obtained. The principle of this WAT 

experiment is governed by the traditional Arrhenius principle, which suggests that 

formation of wax crystals in suspension causes the fluid to develop a non-Newtonian 

behavior with temperature. Newtonian fluids follow an exponential temperature 

dependence o f the Arrhenius type, known as the Andrade equation 3.11. Here, the WAT 

is illustrated by a deflection from linearity on a plot o f In t j Vs 1/T (°K). The 

dependence of the viscosity on the amount o f solid in dilute suspension is given by the 

Einstein equation 3.12. The crystals are assumed to be spherical and when the volume 

fraction o f crystal is large enough for the viscosity to increase exponentially rather than 

linearly, the cloud point is determined (Coutinho and Daridon, 2004).

1. The Brookfield LV DV-II+ was turned on and steps 1-5 of the viscosity 

measurement were performed using an SC-21 spindle (Figure E l) and the 

Julabo circulating bath was set to a temperature above the expected WAT.

2. The sample, sample chamber and spindle were allowed to attain the set 

temperature and the “Motor On/Off’ key turned on to start the motor. The 

motor speed was selected based on the expected viscosity range of the 

sample. The highest speed (200RPM) gave the minimum viscosity range.

3. The Julabo refrigerated circulating bath was programmed with the desired 

cold ramp (l°C/min) using the EasyTemp software. “Edit Profile” was 

selected on the EasyTemp program and the desired final temperature was

(3.11)

77 = TJf ( 1 + 2.50) (3.12)

Procedure



input in degrees Celsius (°C), followed by a space and the required chilling 

time. For example : To cool a sample from 15°C to -30°C at a cooling rate of 

1°C /minute, input -30.00 00:45 where -30.00 is the desired final 

temperature, and 00:45 is the time (45 minutes) it will take to cool from 

15°C to 30°C. (Ensure you put the space between the input values.)

4. “Use Profile” was selected followed by “Start Profile” when prompted.

5. “Start Gather” was chosen on the Wingather program, followed by “Timed 

Stop”. 1000 was inputted into the “Number of Reading” window with 01:00 

entered into the “Timed Interval” window. This allowed the software to 

record data every 60 seconds until 1000 data points were recorded.

6. “OK” was selected to start the data gathering and the torque value on the 

viscometer was monitored. Wingather was stopped when the torque value 

reached 100% (The viscometer displayed “EEEE”, indicating the viscometer 

had reached its maximum torque potential).

7. The data were saved by selecting “Lotus file*wks” when prompted, to allow

easy input of data into Microsoft Excel. The set temperature of the 

circulating bath was raised to 40°C, to melt the wax for easy cleaning.

8. A plot of In r] Vs 1/T (°K) was made, and the point of deviation from

linearity determined the wax appearance temperature.

9. The spindle and the sample chamber were detached and sample waste was 

disposed appropriately to prepare for the next run.

3.12 Dynamic WAT Test

The dynamic wax appearance test has not been investigated nor discussed by 

many researchers. The experiment, which was adapted from Ijeomah (2005), involved 

the continuous monitoring of the pressure drop across an inline filter as crude oil was 

circulated through a temperature controlled flow loop (Figure 3.8). This set-up is 

similar to the filter plugging experiment discussed by Coutinho and Daridon, 2004. 

Their experiment description suggests that “using the Carman-Kozeny equation to



describe the flow in porous media, it is possible to show that pressure drop, AP , across 

a filter is proportional to the cube of the inverse of porosity, £ l , and thus the cube of 

the solids concentration, w3s ” (Coutinho and Daridon, 2004)

AP a  s “3 a  wl (3.13)

Coutinho and Daridon (2004) further described that the experiment is dependent on 

flowrate used, because the higher the flowrate, the more difficult it will be for large 

particles to form and to deposit in the filter, since shear stress produced by the flow will 

contribute to reduce the size of the particle. That increases the quantity o f solid required 

to plug the filter and reduces the measured cloud point. The flowrate used is usually 

around 0.2 to 0.5 cc/min (Leontritis and Leontritis, 2003).

Figure 3.8 Flow-loop for dynamic WAT experiment



The set-up (Appendix F) was custom designed at the Petroleum Engineering 

Department, UAF, to determine the effect of pressure on wax formation. It is comprised 

of: an ISCO pump producing the inlet/line pressure, and a Prep-100 pump that 

continuously circulated the fluid in the flow loop at a constant flow rate of lcc/min 

while the Validyne pressure transducer measured the differential pressure across 5pm 

filter. The Tenney environment chamber was programmed to ramp down from a 

temperature considered to be higher than the cloud point of the crude oil at a 

predetermined rate of l°C/6mins. Upon completion of each run and after the differential 

pressure data had been gathered on the computer, a plot of AP versus the crude oil 

temperature was made to determine the wax appearance temperature (Figure 4.15).

Operating Procedure

1. The ISCO pump was refilled by depressing the “Refill” button on the pump, 

which was allowed to fill until the cylinder displayed “Cylinder Full”

2. “Constant Pressure” was input by pushing the “Constant Pressure” button.

3. The “A” button was depressed and the desired pressure value, e.g., 200psi was 

entered by using the alphanumeric keys on the pump

4. The “Enter” button was depressed to use the desired pressure.

5. Inlet pressure was applied to the system by depressing the “Run” key on the 

pump.

6. Valves; #1, #2 and #3 (Figure F2) were opened to allow the flow of fluids.

7. The Prep 100 pump was switched on and the flow was started by depressing the 

run button. This provided fluid circulation to the loop.

8. The differential pressure was taken from the display on the CD-23 modulator.

9. The Tenney environment chamber was turned “On” and the desired start up 

temperature was entered.

10. The system was allowed for an hour to achieve the set temperature.

11. The “Mode” key was selected and the step type (StYP) was entered when 

prompted. The default is “End”.

54
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12. The UP/DOWN key was used to select “StPt” (set point) and the “Mode” was 

entered whenever it was not already displayed by default.

13. Table 4 (page 38) in the “WATLOW Series 942 User Manual 1/4 DIN 

Microprocessor-Based Ramping Control” was used to enter the corresponding 

parameters and values.

14. The profile was started by pressing the “Hold/Run” key.

15. The “RUN LED” was observed to flash. The upper display showed the 

beginning step, and the bottom display showed the StEP parameter.

16. The profile was started by depressing the HOLD/RUN key again (i.e., for this 

experiment, ramping down). Otherwise the “RUN” procedure would abort after 

1 minute.

17. The AP value on the transducer modulator corresponding to the 1°C drop in 

temperature on the display was recorded.

18. The Prep 100 pump and ISCO pump were stopped at the end of the experiment.

19. The sample cylinder valve was shut off, the line pressure in the loop was bled 

off and the Tenney environment Chamber was turned off.

3.13 Gel Strength Determination

The technique presented in this experimental study was used for measuring the 

gel strength of TAPS fluid after shutdown. The method was adapted from the Timmcke 

(2002) fast cold ramp technique, which is comparable to the Westport Technology 

Centre (WTC) slow cold ramp technique. The samples are mixed and cooled using the 

Brookfield viscometer LV DV 11+ and RV DV II, with a custom designed vane type 

spindle, under conditions similar to real TAPS operating conditions. In order to 

represent pipeline conditions, samples were slowly cooled from the normal flowing 

temperature of 90°F to simulate a pipeline temperature of -20°F over a 21 day period. 

During cooling the vane type spindle must remain motionless (Timmcke, 2002). The 

samples for the fast cold ramp gel strength measurement at UAF were chilled at a rate 

of 2°C/hour from room temperature to the temperature of interest. This method is shown



to be faster than the WTC cold ramp technique and allows for a quicker collection of 

data. However, the experiment is also subject to the same, traditional problem of 

limitation of viscometer capacity.

Procedure

Preparation o f Sample

1. The Brookfield LV DVII+ and RV DVII+ Viscometers were energized and the 

auto-zeroing instruction was performed.

2. Custom vane spindles were installed on both viscometers, as illustrated on the 

schematic in Figure 3.9. The data collection computers were turned on also, and 

the Brookfield WinGather software program was opened on each computer.

3. Communication between the viscometers and the data collection computers was 

verified and the Julabo refrigerated circulating bath temperature was set to 21°C 

using the Julabo EasyTemp software program installed on the LV DVII+ 

viscometer data collection computer.

4. 15 ml o f sample was pipetted into each sample cup and the sample cups were 

replaced in the small sample adapters (SSA) on each viscometer, with the 

sample covers carefully placed over the SSA’s (avoiding contact with the vane 

spindle).

5. The sample cup thermocouple cables were attached, checking that the correct 

temperatures were displayed on the viscometer LCDs and the data collection 

computers. A 0.01 rpm motor speed was selected on the LV and RV viscometers 

and the speed was set. The display returned to OFF RPM within a few seconds, 

indicating the spindle was not turning.

6. The Julabo refrigerated circulating bath was programmed with the desired cold 

ramp utilizing the EasyTemp Software. To program the circulating bath, “Edit 

Profile” was selected and the desired temperature in degrees Celsius was input, 

followed by a space and the required chilling time. For example, -28.89 24:57 

and then “Use Profile” was selected at the prompt.
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7. “Start Profile” was selected and the bath temperature was observed to slowly 

fall. The gel strength measurement was carried out at the end of the cold ramp. 

Timmcke (2002) showed a detailed procedure for measuring the gel strength.

8. With the readings noted, and selecting “Start Gather” on the Wingather software 

(refer to Timmcke, 2002) the torque values on the viscometers were monitored 

until one of the following three scenarios was observed:

a. No Gel Strength: Torque remained at or very near 0.0%

b. Gel Failure: Torque continued to rise until the gel failed and allowed the 

spindle to relax, resulting in a significant drop in torque values.

c. Gel strength out of viscometer range: Torque continued to rise to 100% 

and then displays “EEEE” was displayed.

9. Upon the observation of one the scenarios above, data gathering on the 

Wingather software was terminated and the data saved as illustrated in the 

procedure for measuring viscosity. Then, a plot of %VMTC (viscometer 

maximum torque capacity) versus time in minutes was made (see Figure 4.18).

Figure 3.9 Schematic illustration o f gel strength experimental set up showing the 
vane type spindle. (Timmcke, 2002)
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CHAPTER 4 

RESULTS AND DISCUSSION

The current trend of oil production on Alaska’s North Slope suggests that a 

decline in oil throughput through TAPS is inevitable. The most practical option to 

reverse this situation is to seek ways to introduce additional liquid that will increase 

TAPS throughput. Addition of GTL products to the TAPS stream seems to be very 

promising, but it is only at a conceptual stage. Similarly, increased production of heavy 

oil on the North Slope shows strong potential to alleviate this situation, but viscosity 

considerations work against this. The experiments herein present a prima facie case of 

two possible flow scenarios for increasing TAPS throughput:

1. Ternary blend of GTL products commingled with heavy oil from the West Sak

oil field and ANS oil mix with characteristics typical o f Prudhoe Bay light oil.

2. Binary blend of heavy oil (SynWestSak oil) commingled with ANS oil mix.

The results discussed in this chapter illustrate the possible dilution effect in each 

of the above mentioned case scenario, and incorporate the observations from previous 

researchers to introduce a third scenarios of GTL products blended with ANS mix. 

Also, results to show potential asphaltene deposition under a static condition and wax 

deposition in both static and dynamic conditions are presented. This illustrates the 

anticipated fluid flow situation in any of the three cases and is used to draw logical 

inferences for the observed trends in results gathered from the experimental procedures.

4.1 Density

The density for each sample was measured at different temperatures ranging 

from 0°C to 50 °C. It was observed from the trend of the results in Table 4.1 that the 

density values of each sample decreased with increasing temperature, which is 

expected. Similarly, the density of the samples decreased with addition of AKGTL,
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indicating that the samples are sensitive to both temperature and volume of diluent 

(lighter hydrocarbon). An interesting observation is that the density of the SynWestSak 

crude reduced significantly, to a value very close to presently flowing ANS crude oil 

density upon addition of AKGTL mixed with ANS crude of varying quantities as shown 

in Table 4.1. The introduction of a significant quantity of ANS crude to a small quantity 

of SynWestSak heavy oil (10% SynWestSak mixed with 90% ANS i.e. blend ratio 1:9) 

reduced the density of the SynWestSak crude oil considerably, but not as much as the 

ternary blend of AKGTL, ANS Mix and SynWestSak. From the trend of the results, it is 

observed that the combination of 25% AKGTL, 45% SynWestSak crude and 30% ANS 

mix (5:9:6) reduced the density values to slightly lower than the density of currently 

flowing ANS mix, which is very encouraging. This experimental determination 

illustrates the dilution effect of AKGTL, indicating that the API gravity of SynWestSak 

may be increased to the present operational condition of TAPS.

Table 4.1: Density results of the various tested samples

Density (g/cc)

Temp
(€)

GTL/ GTL/ GTL/ Syn Syn
Syn Syn Syn WestSak WestSak
WestSak/ WestSak/ WestSak/ 100% /ANS | /ANS 100% j 100%
ANS Mix ANS Mix ANS Mix Syn Mix Mix ANS AKGTL
blend blend blend WestSak blend blend 1 1
ratio ratio ratio ratio 4:1 ratio 1:9 1 I
3:7:10 5:9:6 1:2:7

fo 0.8852 0.8739 0.8808 0.9697 0.9477 0.8806 0.8753 T o !7555— |
f5 ... 0.8809 0.8707 0.8775 ! 0.9660 0.9440 ! 0.8770 0.8716 0.7619
[1 0 0.8767 0.8667 0.8740 0.9622 0.9404 0.8735 I 0.8678 0.7582
I 15 0.8722 0.8627 0.8707 0.9587 0.9369 0.8702 0.8639 6.7545
j 20 0.8680 0.8587 0.8676 0.9551 0.9336 0.8670 0.8603 0.7510
: 22 0.8661 0.8566 0.8662 0.9538 0.9324 0.8656 f 0.8587 0.7495

25 0.8618 0.8559 0.8622 0.9494 0.9281 0.8616 0.8568 j 0.7473
| 30 0.8583 0.8526 0.8595 0.9469 0.9256 0.8589 0.8560 0.7439 I
1 35 0.8539 0.8482 0.8557 0.9430 0.9218 0.8550 0.8544 I 0.7421 |
I 40 0.8492 0.8437 0.8521 0.9395 0.9183 0.8513 0.8492 "I 0.7371
| 45 0.8449 0.8396 0.8490 0.9368 0.9154 0.8482 0.8455 0.7332

50 0.8429 0.8378 0.8486 0.9370 0.9155 0.8477 [ 0.8445 0.7319
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Therefore, if a reduction in density depends on the volume of lighter 

hydrocarbon added, it may be imperative to establish an estimated blend ratio that 

would give the desired reduction. Even more important, the observations help in 

establishing a laboratory scale representation of the expected trend in density changes 

due to temperature variations encountered from Pump Station 1 all the way to Valdez, 

for each scenario of ternary blend of AKGTL/SynWestSak/ANS mix or binary blend of 

SynWestSak/ANS mix.

In a comparative analysis of density results observed in this work and those of 

previous research work, it can be seen that the trend observed in Table 4.1 follows the 

same pattern as witnessed by Ijeomah (2005), who also concluded that density changes 

with temperature. On a plot of density values versus temperature values (Figure 4.1), it 

can be seen that in all cases, density decreased with increased temperature as expected. 

However, Ijeomah (2005) considered only binary blends o f BPGTL, a.k.a. AKGTL, and 

light ANS oil mix in the order of 50% AKGTL, 33.33% AKGTL and 25% AKGTL 

mixed with 50%, 66.67% and 75% ANS oil mix, respectively. This research work 

considered ternary blends of AKGTL, heavy oil (SynWestSak) and ANS mix, in blend 

ratios of 1:2:7, 3:7:10, 5:9:6 and, also, binary blends of SynWestSak and ANS mix, in 

blend ratios of 4:1 and 1:9. The trends (Figure 4.1) indicate that Ijeomah’s (2005) 

blends of 50%, 33.33%, and 25% GTL mixed with ANS mix gave a much lower density 

with respect to temperature when compared to the results presented in this work. This 

indicates that a binary blend of GTL and crude oil would yield a better product value for 

flow through TAPS in terms of API gravity. However, this gives a sensitivity analysis 

of what is obtainable in any three case scenario of AKGTL commingled with ANS 

crude, AKGTL commingled with heavy oil (SynWestSak) and ANS mix or just a blend 

of ANS mix commingled with heavy oil.
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Temperature (deg.C)

—*— AKGT L/Sy n West Sak/AN S Mix of blend ratio 3:7:10 
" AKGTlVSy n West Sak/AN S M ix of blend ratio 1:2:7 
—*— Sy nWestSak/ANS M ix of blend ratio 1:9 
—4—  100% ANS Mix
—*— 50% AKGTL/50% ANS Mix (Ijeomah, 2005)
—♦— 25% AKGTL/75% ANS M ix (Ijeomah. 2005)

—■— AKGTL/Sy nWestSak/ANS Mix of blend ratio 5:9:6 
—X— Sy nWestSak/ANS Mix of blend ratio 4:1 
—• — 100% SynWestSak 
—©— 100% AKGTL
—♦— 33.3% AKGTL/66.6% ANS M ix (Ijeomah, 2005)

Figure 4.1 Composite plot showing the density o f AKGTL/SynWestSak/ANS Mix 
and their blends in comparison to Ijeomah’s (2005) results.

High densities lead to corresponding high viscosities. This makes it difficult to 

transport various heavy crude types. Consequently, it is suggested that in order to attain 

acceptable limits for transportation of heavy oil, a fraction as high as 30% in volume of 

diluent is necessary, and this requires large pipeline capacity (Saniere et al., 2004). 

Lowered density was observed for all the blends which had a diluent (AKGTL plus 

ANS mix) volume of greater than 30%, with the exception of SynWestSak/ANS mix 

ratio of 4:1, which had a very high density with only a minimal reduction from the 

density of 100% SynWestSak crude oil.
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4.2 Viscosity

The viscosity values measured in this work are included in Appendix A. 

However, for discussion purposes sample results are presented here. The trend shows 

that at elevated temperatures, viscosity of SynWestSak heavy crude oil was reduced 

considerably (Figure 4.2). This is expected and the implication of the observed result is 

that the viscosity of 100% heavy oil is very high and may pose significant operational 

problems if flowed without dilution. Thus it must be diluted before flowing through 

TAPS. Figure 4.4 shows the viscosity values for both binary and ternary blends at 

various temperatures on a plot of log of viscosity versus temperature. This was used to 

give a better resolution since the viscosity values of 100% SynWestSak heavy oil were 

far higher than those for the blend ratios. However, the protrusion (bump) observed on 

the viscosity trend line for pure AKGTL (Figure 4.3) could be attributed to the low 

viscosity of AKGTL samples, which hindered them from attaining a minimum torque 

requirement >10% (Brookfield standard) for measuring with the viscometer. This may 

have introduced uncertainties that affected the accurate measurement o f AKGTL 

samples. The rheograms and log-log plots for each of the ternary blends are presented in 

Appendix A.

Temperature (deg. C)

Figure 4.2 Plot o f  viscosity versus temperature for 100% SynWestSak crude oil
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In a similar manner, it can be seen from the composite plot o f viscosity (Figure 

4.3) that less than 30% of diluent (blend ratio 4:1) did not have a significant effect on 

the viscosity even at elevated temperatures. Apparently, it is acknowledged that the 

lower the viscosity of the diluent the lower the corresponding viscosity o f diluted crude 

(Gateau et al., 2004). Accordingly, it is conjectured that the greater the volume of 

diluents (in this case GTL and ANS mix) used in blending the heavy oil, the lower the 

resultant viscosity.

10000

1000

~  100 

3
10

i

0.1

20 25 30 35 40 45 50

Temperature (deg.C)

—♦—  AKGTL/SynWe s tSak/ANS Mix 1:2:7 —■— 100% SynW estSak
AKGTL/Sy nW estSak/ANS Mix blend ratio 3:7:10 *  AKGTL/SynWestSak/ANS Mix blend ratio 5:9:6

— — SynW estSak/ANS Mix blend ratio 1:9 —• — SynW estSak/ANS .Mix blend ratio 4:1
— 1— 100% ANS Mix — -— 100% AKGTL

Figure 4.3 Composite plot o f  viscosity vs temperature for each blend ratio

It is conceivable that if a volume of pure AKGTL is used as a diluent and is 

compared with the same volume of a diluent composed of AKGTL/ANS mix for 

dilution of heavy oil, the former would reduce the viscosity better than the later. Also, it 

has been suggested in literature that light oil is less efficient in reducing viscosity o f 

heavy oil when a compared to sample composed of a much lighter hydrocarbon. An



64

example that validates this is evident in the use of condensates, which were traditionally 

used until the end of the 80’s due to limitations of availability and of compatibility with 

asphaltenes. Thus, the potential alternative for dilution of heavy oil as suggested 

becomes a lighter based hydrocarbon with high API gravity and possible compatibility 

with asphaltenes such as naphtha (Argiller et al., 2005). More so, the light crude oil is in 

high demand and the purpose of the study is to forestall its decline rather than using it 

for dilution purposes. This is an indication that a huge potential exists for GTL products 

in terms of viscosity reduction for heavy oil transportation.

4.3 Static Asphaltene Deposition

The procedure used in this study is in compliance with the ASTM D2007-80 

adapted from the Petroleum Resources Research Centre (PPRC) standard procedure for 

separating asphaltene from crude oil. The observation from the result suggests that 

AKGTL is a potentially strong precipitant of asphaltene. This is attributable to the 

presence of more light ends, which causes the asphaltene to precipitate out of solution.

Asphaltene
content

(g/lOOml)

n-Heptane n-Pentane GTL

Seriesl 3.7445 4.99 8.16

Figure 4.4 Mass o f asphaltene separated from SynWestSak heavy oil
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Asphaltenes are fractions easily separated from crude oil or petroleum products 

upon addition of hydrocarbon solvents (precipitants) such as n-heptane (or n-pentane). 

The structure and stability of petroleum depends on the interaction of its asphaltene and 

resin constituents. Hence, any disturbance of these interactions will break up the 

balance of attraction between the absorbed resin molecules and asphaltene particles, 

resulting in formation and deposition of asphaltenic materials (Speight, 2004; Saad et 

al., 2005). Consequently, solid particles suspended in the crude oil may stick to the 

walls of the pipeline. The presence of asphaltene in crude oil is described by the 

toughness of the precipitate. To investigate this, a solution of n-pentane, n-heptane, 

GTL and deasphalted oil were filtered using a vacuum system with 0.22pm filter paper, 

which was re-precipitated, dried and weighed for each case.

Using the result presented in Figure 4.4, it is observed that the quantity of 

asphaltene precipitated (8.16g/100ml of crude) using AKGTL as precipitant was 

significantly higher than the quantity (4.99g/100ml and 3.745g/ml) deposited by n- 

pentane and n-heptane, respectively. A possible explanation for this occurrence could 

be based on the fact that the quantity of asphaltene deposited depends on the 

precipitating agent (Pierre et al., 2004). In addition, resins play an important role in 

stability of petroleum products and prevent separation of asphaltene constituents as a 

separate phase (Speight, 2004). In an experiment to illustrate the influence of resin 

content on the rheological behavior of heavy oil , Pierre et al. (2004) proved that short 

alkanes ( n-pentane) yield a high amount of asphaltenes that are rich in resins, while 

longer alkanes precipitate a lower amount of asphaltenes that are poorer in resins, using 

nonane as the longer alkane. Similarly, quoting Hirschberg, (1984), Eduardo et al., 

(2004) described in their work that a common occurrence in most investigations in the 

literature is that the amount of asphaltene precipitated decreases as the carbon number 

of the n-alkane solvent increases. This validates the result observed in this experiment 

and suggests that AKGTL has a high propensity to precipitate asphaltene.
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Figure 4.5 compares the results obtained by various researchers at UAF on the solid 

deposition phenomenon. The trend from Table 4.2 affirms the aforementioned claim 

that the lower the carbon numbers the more asphaltenes are precipitated. However, the 

trend in the amount of asphaltene precipitated by Laporte light GTL (Amadi, 2003) may 

be attributed to laboratory errors, or the components of the representative GTL fraction 

that were used as opposed to the pure AKGTL product used in the other two case 

scenarios. Amadi (2003) and Ijeomah (2005) evaluated asphaltene deposition 

phenomena using ANS crude oil samples while this work examines the same 

phenomenon using a simulation of an Alaska heavy oil sample (SynWestSak).

Table 4.2 Comparison o f UAF static asphaltene deposition test results

Precipitant
(Amadi., 2003) 
g/100ml ANS 

Mix

(Ijeomah., 2003) 
g/100ml ANS 

Mix

(Present study) 
g/100ml ' 

SynWestSak Oil
n-Heptane 2.65 0.988 3.744
n-Pentane 3.7 1.4165

_ ——_——-----——------- 1
4.99

GTL 1.9(100% Laporte 
Light GTL)

1.522 8.16

g /100  ml of
g/lOOml ANS SynW estSak
crude Mix Heavy O il

9 

8

j-7 
6

asphaltene 
content 

4 (g/lOOml) 
-3

-2
1
0

A m adi(2003) Ijeomah (2005 ) P resen t Study

^ J i -h e p ta n e ^ B ji-p e n ta n e ^ n ^

Figure 4.5 Comparative analysis o f observed trend o f static asphaltene deposition



4.4 Flocculation Onset (Viscometric Method)

According to Leontritis and Leontritis, 2003 asphaltenes exhibit a behavior at 

some thermodynamic state called flocculation. If oil has flocculation point then the 

asphaltenes are stable at pressures between the flocculation point and just below the 

bubble point (Ellison et al., 2000). The principal causes of flocculation are Van der 

Waals attractive forces between the particles. Resins act as peptizing agents, accounting 

for the stabilization of asphaltenes, and they dissociate asphaltene by diminishing both 

size and molecular mass of asphaltene (Speight, 2004) They exhibit an aggregating 

effect once their concentration as a peptizing agent drops below the point at which the 

adsorbed amount is not high enough to cover the entire surface of the heavy organic 

particles. This causes flocculation of heavy organic particles (Mansoori, 1995). 

Previously, it was demonstrated from the static asphaltene test that addition of n- 

heptane, n-pentane and AKGTL precipitated asphaltene from SynWestSak crude oil. 

Additionally, the extent to which these solvents precipitate asphaltene was verified 

using the flocculation onset test (viscometric method). At the flocculation point, there 

was a change in the slope o f a plot of viscosity versus the volume of flocculant (Amadi, 

2003).

Figure 4.6 Plot showing flocculation onset point per 5cc o f SynWestSak crude oil



From the results shown in Figure 4.6, it was observed that AKGTL was capable of 

flocculating asphaltene when blended with SynWestSak. AKGTL flocculated 

asphaltene with volume as small as 0.35cc, when titrated into a 5cc of SynWestSak. 

This shows the tendency of AKGTL to flocculate asphaltene.

4.5 Stability Test

Asphaltene fractions are defined as dispersed colloids in the oil phase and are 

stabilized to some extent by the resins that act as peptizing/protective bodies for the 

asphaltene particles (Saad et a l, 2005). Once stability is disrupted, the asphaltenes will 

precipitate out of solution. They are deposited by temperature, pressure reduction and 

destabilization factors that act upon the resins such as contact with C 0 2 or aliphatic 

solvents. Destabilization of colloidal asphaltene in an oil production system principally 

depends on breaking up the balance of attractive forces between the adsorbed resin 

molecules and asphaltene particles. The principal causes of flocculation are Van der 

Waals attraction forces.

The stability test was proposed by Dandekar (2000) with the aim of determining if 

asphaltenes are stable in pure ANS crude oil. This was used for the heavy oil sample in 

this study. The implication is that if asphaltenes are stable in the heavy oil sample 

(SynWestSak), then AKGTL, which was observed to flocculate a significant amount of 

asphaltenes per 100ml of heavy oil in the static deposition test, is solely responsible for 

flocculation of asphaltene in TAPS. Asphaltene stability is analyzed by the titration of 

toluene solution of heavy oil sample (since asphaltene is soluble in aromatic solvents 

such as toluene) with a non-solvent or precipitant, i.e., n-heptane (since asphaltenes are 

insoluble in n-heptane). This is shown on a final plot of the toluene/heavy oil 

suspension versus the volume of the precipitant (Figure 4.7-4.9), where the viscosity of 

the solution (represented by the efflux time) is observed to decrease linearly with



addition of an increased volume of precipitant. However, a deviation from linearity 

indicates the flocculation onset point.

Volume of n-Heptane (cc)

Figure 4.7 Plot of efflux time vs. volume of n-heptane for toluene of 5cc/g of SynWestSak

Volume of n-Heptane (cc)

Figure 4.8 Plot of efflux time vs. volume of n-heptane for toluene of 3cc/g of SynWestSak oil
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Volume of n-Heptane (cc)

Figure 4.9 Plot o f efflux time vs. volume o f n-heptane for toluene o f lcc/g o f SynWestSak oil

To further validate the stability of asphaltenes in solution, a plot of precipitant per 

mass of heavy oil (flocculation point) versus the solvent per mass of heavy oil will plot 

linearly (Figure 4.10), revealing the stability of asphaltene in neat undiluted oil. The 

slope of the plot is related to the asphaltene properties as a solute, and the intercept on 

the ordinate is a measure of the solvent power o f the oil phase towards asphaltene. In 

this case, stability is indicated by a positive intercept.

Table 4.3 Asphaltene stability test results

Toluene concentration 
cc/gram 

of SynWestSak heavy oil Flocculation point

1 0.1

3 0.15

5 0.2
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Figure 4.10 Plot o f flocculation point vs. toluene concentration

4.6 Wax Appearance Temperature

Wax is an inevitable occurrence in the operation of TAPS due to the fact that the 

arctic environment is conducive to its occurrence. Wax crystals change the flow 

behavior of crude oil from Newtonian to non-Newtonian, thus increasing the viscosity 

(Leonatritis and Leontritis, 2003). In determining the wax appearance temperature 

(WAT) through the viscosity change due to the formation of crystals in suspension, a 

non-Newtonian behavior with temperature is observed based on the Arrhenius principle 

(Coutinho et al and Daridon, 2004 ) for obtaining WAT under a static condition. The 

WAT is indicated by a deviation from linearity on a plot of log of viscosity (In t|) versus 

the inverse o f temperature in Kelvin (1/T). This method was verified by measuring the 

WAT of ANS crude mix (Figure 4.11) as a benchmark. The WAT was observed to 

occur at a temperature of 21,7°C. This conforms to the WAT results for ANS crude mix 

determined at Alyeska Pipeline Service Company (Table 4.4). Also, Richard Roehner 

(2002) observed a similar plot (Figure 4.12)



Tem perature (1/K)

Figure 4 .1 1 WAT for 100% ANS crude oil

8 -I

7 -

0.002 0.0025 0.003 0.0035 0.004 0.0045

Temperature (1/K)

Figure 4.12 TAPS Mix crude oil- Arrhenius fit o f viscosity and temperature data 

(Roehner, 2002)
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Table 4.4 WAT results from Alyeska Pipeline Company (Chukwu, F., 2006)

| Year 2003 2004 2005
I WAT (°C) 22.22 21.73 19.53

However, the trend of WAT observed for both binary and ternary samples 

(Figure 4.13) implies that the composition of fluid has a significant influence on the 

WAT. GTL products can be classified as saturates (long chain paraffins), which 

encourages the wax appearance (Chukwu F., 2006) because the paraffin content of a 

hydrocarbon determines the wax forming tendency of a fluid (www.hw'.ac.uk). From 

the results, it is noticeable that for all tested samples, a higher concentration of AKGTL 

products in the ternary blends increased the WAT (Figure 4.13). Also, the highest WAT 

values were observed in a very high concentration of SynWestSak crude (100% 

SynWestSak and SynWestSak/ANS mix blend 4:1). This implies that AKGTL has a 

strong tendency for wax deposition, and thus, AKGTL will potentially encourage wax 

deposition when mixed with another fluid of defined characteristics. However, a 

detailed compositional analysis should be done on GTL to verify the WAT results.

In comparison with previous research work, a plot was constructed to show the 

relationship between results observed in this work and those of previous researchers. On 

the plot (Figure 4.14) a huge disparity was noticed in the results. Wax nucleation and 

growth is acknowledged to be surface occurrence problem in pipelines (www.hw.ac.uk) 

and the wax appearance temperature is “the temperature at which the first crystal of wax 

is observed” (Coutinho and Daridon, 2004; Leontiritis and Leontritis, 2003) or the 

“temperature at which a crystal begins to form a cloud” (Ellison et al., 2000). Therefore, 

the very low WAT observed by previous researchers (Figure 4.14) is quite contentious. 

A possible explanation for their observations could be based on spindle selection for the 

viscometer used. It was observed that previous works were done using the SC-18 as 

compared to the SC-21 spindle in this research. Brookfield standards recommend the

http://www.hw.ac.uk
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use of a spindle that gives a torque >10%. The nature of the experiment, which depends 

on the subjective judgment of the researcher, could also lead to varied results.

Figure 4.14 Plot comparing WAT values observed by various UAF researchers
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To further verify the wax appearance temperature results obtained in this study, 

an investigation of the WAT of AKGTL was carried out by observing the period of 

oscillation on an Anton-Paar density meter at varying temperatures (0 °C to 40 °C), as 

proposed by Dandekar (2006), at a temperature reduction rate of 2°C The result was 

similar to that observed when measuring the WAT using the Brookfield viscometer. On 

a plot of the period of oscillation versus temperature (Figure 4.15), a deviation from 

linearity seems to occur around 20-25 °C which is indicative of a phase change 

occurring in the fluid. This means that appearance of wax perhaps takes place within the 

observed temperature range, which is near the WAT of 28 °C determined from the 

viscometric method. This validates the measured WAT for AKGTL.

Temperature (deg.C)

Figure 4.15 Plot o f oscillation period versus temperature to verify WAT o f AKGTL

It is quite likely that the disparity observed in the results presented by previous 

researchers in relation to the results presented in this work may have been due to 

compositional changes that took place in the AKGTL sample. The AKGTL sample used 

in this work is over two years old and has been handled by many researchers; several
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aliquots have been drawn over this period of time which may have played a role in the 

loss of light ends. Additionally, factors such as subjective judgment of the researcher 

may have contributed to the differences in results.

4.7 Dynamic Wax Appearance Test

It has been suggested in the literature that wax precipitation does not occur 

while oil is flowing because the intermolecular structure is destroyed by shear force as it 

is formed (Ellison et al., 2000). This is believed to happen because waxes are soluble in 

most liquid petroleum fractions and they are not considered a threat as long as they are 

in liquid form. However, their solubility decreases with increased molecular weight or 

as flowing wax particles start to interact, forming a network structure that gives rise to a 

gel structure when the wax is out of solution. Due to the plastic nature of waxes it is 

possible that waxes deform under pressure even without application of heat. To 

investigate this, a dynamic test was carried out based on constant monitoring of the 

pressure drop across an inline filter (5 microns) while oil was flowing through a 

temperature controlled flow-loop housed in a Tenney environment chamber.

The experiment is based on the theory that an appreciable quantity o f crystal 

larger than the 5 micron filter must develop before the filter plugs. On a plot of pressure 

drop versus temperature it is observed that as temperature decreases, the pressure drop 

increases linearly until a point where there is a sharp deflection from the linear trend, 

supposedly because the pressure drop increases dramatically as wax larger than 5 

microns plugs the filter. Furthermore, using the same sample (blend 5:9:6) the 

experiment demonstrated that the WAT decreased from 33.7°C (Figure 4.13) to 12 °C 

(Figure 4.16) compared with a previous test carried out under a static condition, upon 

application o f lOOOpsi. Also the WAT was further increased upon application of lower 

pressure ratings, i.e., 200psi and 600psi with WAT of 17 °C and 13 °C respectively. 

Therefore, it can be conclusively stated that waxes deform under pressure. Figure 4.16
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represents the dynamic WAT of GTL/SynWestSak /ANS mix blend ratio 5:9:6 under 

pressure (lOOOpsi).

In dynamic WAT tests, higher flow rate tend to reduce the potential wax 

deposition over the filter as discussed by (Coutinho and Daridon, 2004; Leontiritis and 

Leontritis, 2003). In Figure 4.18 a possible explanation for the observed trend could be 

based on the fact that in the previous work, carried out on lighter hydrocarbon blends 

the flow rate used was 3cc/min. However, this work was done using lcc/min to avoid 

flushing of solid that clogged the filter under pressure.

Temperature (deg. C)

Figure 4.16 Plot showing WAT of blend ratio 5:9:6 under dynamic condition lOOOpsi

Negative differential pressure was witnessed during the dynamic WAT test as 

shown in Figure 4.16 and Figure C2. This may have been caused by the transducer. It 

was noticed during trial runs and during the runs presented in this work that the 

transducer measured differential pressures that increased with decreasing temperature, 

but in negative values for both the DP 15-50 and DP360-60 transducers. Variables such 

as faulty transducers or undetected pressure loss in the flow loop could account for the



observed trends. Further investigation in this area was restricted by the time required for 

manufacturing a new transducer.

 200psi ■ ♦  600psi —A — lOOOpsi

Figure 4.17 Comparison of WAT under dynamic conditions

4.8 Gel Strength

Pour point measurement can be useful as a criterion for an early evaluation of 

the restart problem of crude oil (Camiani et al., 1996). It is necessary to ensure that the 

pipeline is not over-pressured. In the case of TAPS it is important to ensure that the 

pipeline can be restarted at temperatures below 40 °C under the design basis 

requirement o f 21 days shut down (Krenzelok et al., 2001). Thus knowledge of the gel 

strength would proffer a solution to the TAPS restart problem. However, the gel 

strength measurement was carried out at UAF using the LV DV 11+ and RV-II 

Brookfield viscometers with viscometer maximum torque capacities of 128.7dynes/cm2 

and 1372.7 dynes/cm2, respectively. The experiment was faced with the same problem 

based on rheometer calibration. The acceptable Brookfield stipulated standard is to use 

readings >10% VMTC. Figure 4.19 illustrates a trend of results obtained from the gel
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by Timmcke (2002) and Ijeomah (2005), the trend also shows that gel strength is 

sensitive to the volume of light ends.

Table 4.5 Table showing % VMTC values for each blend ratio.

Sample
Temperature

(deg.F) %VMTC
o..

T s
(dynes/cm2) Viscometer

100% ANS Mix 20 0

I 0
_ _ _

3.0888 LV

1 -20 66.7 85.8429 LV
100% AKGTL 20 0 0 LV/RV

0 o . LV/RV
-20 0.1 0.1287 r  LV/RV

100% SynWestSak heavy 
oil

20 55.3 759.1031 RV

[ 0 >100
i..................................................

-20 >100 - RV/LV

AKGTL/SynWestSak/ 20 0.1 0.1287 r .....l v
ANS Mix Blend ratio 0 56.6 72.8442 LV! {

1:2:7 -20 >100 LV
AKGTL/SynWestSak/ ..20... 24.9 32.0463 LV
ANS Mix Blend ratio 0 0 0 LV

3:7:10 -20 >100 LV
[ AKGTL/SynWestsak/ 20 0 0 LV

ANS Mix Blend ratio 0 0.1 0.1287 LV
5:9:6 -20 9.8 12.6126 i LV

SynWestSak/ANS Mix 20 0 o LV
Blend ratio 1:9 0 0 0 LV

-20 1.6 2.0592 LV

[ SynWestSak/ANS Mix 20 0 j 0..............L . .... , . 1 LV
Blend ratio 4:1 0 26.4 | 362.3928 RV

-20 83.2 f  H42.0864 RV



81

In each case, the researcher observed lower gel strength at increased 

concentrations of GTL samples. This consistent trend is validated as discussed. Pure 

SynWestSak heavy oil exhibited very high gel strength, but the limited capacity of the 

viscometer hindered generation of effective gel strength values. The summary from this 

test is that the gel behavior of Alaska’s heavy oil sample (SynWestSak) is ‘thixotropic”.

In all the experiments discussed in this chapter, the results obtained were within 

acceptable accuracy limits for the purpose of repeatability. The Anton-Paar density 

meter exhibited an accuracy of +/-1 * 10’4g/cc while the Brookfield viscometers which 

were used for most o f the experiments (viscosity and rheology measurement, 

flocculation onset titration, static WAT measurement and gel strength determination) 

were within +/-1% degree of accuracy. It is also worth mentioning that the results 

presented in this study are based on the laboratory scale and are subject to uncertainties 

resulting from concerns such as temperature variation, expansion of a pipeline, number 

of pump stations, heat loss, corrosion of the internal diameter of a pipeline and 

composition changes resulting from these variables, especially with regards to 

asphaltene and wax deposition.
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CHAPTER 5 

CONCLUSIONS AND RECOMMENDATIONS

5.1 Summary and Conclusions

An intensified development of heavy oil provides an enthusiastic argument in 

favor of an Alaskan GTL plant. A detailed experimental study of the relevant 

parameters required to eliminate potential technical barriers has been made. The density 

results indicate that AKGTL exhibits a strong potential for diluting Alaska’s heavy oil 

and will significantly increase the API gravity upon addition of lighter crude samples in 

a volume fraction of 30% or more. Also, rheology and viscosity results reveal a 

significant reduction in the viscosity of heavy oil and will constitute a guide for 

calculating pressure drop and hydraulic pump power required to flow heavy oil through 

TAPS.

Solid deposition is anticipated because the observations from the solid 

deposition tests indicate that AKGTL will flocculate a significant amount o f asphaltene. 

Similarly, wax deposition is inherent based on the WAT results obtained for the various 

blends, but can be mitigated using the conventional methods such as pigging, inhibitors, 

solvents and depressants. However, the gel strength of Alaska’s heavy oil exhibits a 

thixotropic behavior. Thus, the pressure required for restarting the pipeline after 

prolonged shutdown can be estimated from the observed results.

Finally, an Alaska GTL plant would inadvertently bolster the economics of 

transporting heavy crude oil through TAPS in its potential as thinner. The resultant 

effect of establishing a GTL plant when combined with an increased production of 

heavy oil would prevent a further decline in throughput through TAPS.



5.2 Recommendations

For future studies, the following recommendations are hereby presented for 

consideration:

1. An appraisal of the same parameters studied in this research work should be 

carried out using true representative heavy oil samples from Alaska’s North 

Slope.

2. Investigation of a wide range of blend ratios should be made to determine the 

optimum blend ratio that would considerably reduce viscosity, and pressure drop 

calculations should be made from the results obtained.

3. Additional dynamic wax deposition tests with a wide range of samples should be 

carried out to effectively determine organic deposition potentials under dynamic 

conditions.

4. A detailed compositional analysis should be conducted on AKGTL to give a 

better representation of the wax appearance temperature.

5. Finally, AKGTL’s compatibility with real samples of Alaska heavy oil must be 

carefully examined.
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APPENDIX A 
VISCOSITY AND RHEOLOGY RESULTS

Table A1 Rheology and viscosity results for ternary blends and 100% AKGTL

Temp

AKGTL/SynWestSak 
ANS Mix 

blend 1:2:7

AKGTL/SynWestSak 
ANS Mix 

blend 3:7:10

AKGTL/SynWestSak 
ANS Mix 

blend 5:9:6 100% AKGTL
(°C) H(cp) n k Fluid H(cp) n k Fluid H(cp) n k Fluid H(cp) n k Fluid

22 13.89 1.0030 0.136 D 16.296 0.9890 0.1533 P 30.5 0.9949 0.2977 P 1.59 1.044 0.0112 D

25 12.96 0.9902 0.136 P 15.168 1.0060 0.1551 D 26.38 0.9940 0.2554 P 1.4 1.013 0.0131 D

30 11.12 1.0086 0.106 D 13.3 0.9970 0.1296 P 20.85 0.9980 0.2055 P 1.1 0.856 0.0255 P

35 9.7 1.0173 0.088 D 11.23 0.9996 0.1117 P 16.66 0.9923 0.1603 P 0.98 0.836 0.0258 P

40 8.59 1.0170 0.078 D 10.202 0.9860 0.0944 P 13.68 1.0020 0.137 D 1.2 1.020 0.0102 D

45 7.47 1.0160 0.068 D 8.702 1.0070 0.0903 D 10.96 0.9867 0.1017 P 0.92 0.903 0.0165 P

50 6.66 1.0132 0.061 D 7.621 1.0080 0.0789 D 8.22 0.9888 0.0764 P 0.94 0.907 0.0166 P

Table A2 Rheology and viscosity results for binary blends, 100% SynWestSak heavy oil and 100% ANS Mix

Temp

SynWestSak/ANS Mix 
blend 1:9

SynWestSak/ANS Mix 
blend 4:1

100% SynWestsak heavy Oil 100% ANS Mix

(°C) H(cp) n k Fluid H(cp) n k Fluid H(cp) n k Fluid M(q>) N k Fluid
22 12.49 1.0067 0.121 D 439.15 1.031 4.1515 D 2770 1.0091 27.561 D 7.06 0.997 0.0718 P
25 11.76 1.0128 0.11 D 347.56 1.0046 3.469 D 2026.5 0.9953 20.394 P 6.73 0.997 0.0683 P
30 10.32 1.0201 0.092 D 228.4 0.9884 2.3105 P 1234.3 0.9065 13.146 P 6.23 0.987 0.0666 P
35 9.06 1.0131 0.084 D 158.28 0.9908 1.6323 P 786.14 1.0241 7.6243 D 5.67 0.995 0.0584 P
40 8.03 1.0167 0.073 D 114.4 0.9883 1.1882 P 498.18 1.014 4.8719 P 5.11 0.986 0.0559 P
45 7.12 0.9946 0.073 P 86.91 0.9925 1.1169 P 343.15 1.000 1.000 N 4.51 0.951 0.0605 P
50 6.5 1.0056 0.062 D 67.98 0.9925 1.4086 P 246.27 1.023 2.3356 D 4.07 0.935 0.0599 P

N=Newtonian Fluid, Pseudo Plastic Fluids, D = Dilatants



92

Shear Rate(l/sec)

Figure A l Rheogram for AKGTL/ SynWestSak/ ANS Oil Mix 5:9:6@ 22°C

Log Shear Rate

Figure A2 Log-log plot for AKGTL/ SynWestSak/ ANS Oil Mix 5:9:6@ 22°C
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Figure A3 Rheogram for AKGTL/ SynWestSak/ ANS Oil Mix 5:9:6@ 25°C

Log Shear rate

Figure A4 Log-log plot for AKGTL/ SynWestSak/ ANS Oil Mix 5:9:6@ 25°C
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Figure A5 Rheogram for AKGTL/ SynWestSak/ ANS Oil Mix 5:9:6@ 30°C

Log Shear rate

Figure A6 Log-log plot for AKGTL/ SynWestSak/ ANS Oil Mix 5:9:6@ 30°C



Shear rate(l/sec)

Figure A 7 Rheogram for AKGTL/ SynWestSak/ ANS Oil Mix 5:9:6@ 35°C

Log Shear rate

Figure A8 Log-log plot for AKGTL/ SynWestSak/ ANS Oil Mix 5:9:6@ 35°C
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shear rate(l/sec)

Figure A9 Rheogram for AKGTL/ SynWestSak/ ANS Oil Mix 5:9:6@ 40°C

Log Shear rate

Figure A 10 Log-log plot for AKGTL/ SynWestSak/ ANS Oil Mix 5:9:6@ 40°C
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Shear rate(l/sec)

Figure A l 1 Rheogram for AKGTL/ SynWestSak/ ANS Oil Mix 5:9:6@ 45°C

Figure A12 Log-log plot for AKGTL/ SynWestSak/ ANS Oil Mix 5:9:6@ 45°C
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Shear Rate(l/sec)

Figure A13 Rheogram for AKGTL/ SynWestSak/ ANS Oil Mix 5:9:6@ 50°C

Log Shear rate

Figure A14 Log-log plot for AKGTL/ SynWestSak/ ANS Oil Mix 5:9:6@ 50°C
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Figure A15 Rheogram for AKGTL/ SynWestSak/ ANS Oil Mix 3:7:10 @ 22°C

Log shear rate

Figure A16 Log-log plot for AKGTL/ SynWestSak/ ANS Oil Mix 3:7:10 @ 22°C
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Shear Rate(l/sec)

Figure A17 Rheogram for AKGTL/ SynWestSak/ ANS Oil Mix 3:7:10 @ 30°C

Log Shear rate

Figure A18 Log-log plot for AKGTL/ SynWestSak/ ANS Oil Mix 3:7:10 @ 30°C
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Figure A19 Rheogram for AKGTL/ SynWestSak/ ANS Oil Mix 3:7:10 @  40°C

Figure A20 Log-log plot for AKGTL/ SynWestSak/ ANS Oil Mix 3:7:10 @ 40°C
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Figure A21 Rheogram for AKGTL/ SynWestSak/ ANS Oil Mix 3:7:10 @ 50°C

Figure A22 Log-log plot for AKGTL/ SynWestSak/ ANS Oil Mix 3:7:10 @ 50 °C
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Shear rate (1/sec)

Figure A23 Rheogram for AKGTL/ SynWestSak/ ANS Oil Mix 1:2:7 @ 22°C

1 1.5

Log Shear rate

Figure A24 Log-log plot for AKGTL/ SynWestSak/ ANS Oil Mix 1:2:7 @ 22 °C
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Figure A25 Rheogram for AKGTL/ SynWestSak/ ANS Oil Mix 1:2:7 @ 30°C

Log Shear rate

Figure A26 Log-log plot for AKGTL/ SynWestSak/ ANS Oil Mix 1:2:7 @ 30 °C
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Figure A27 Rheogram for AKGTL/ SynWestSak/ ANS Oil Mix 1:2:7 @ 40°C

Log Shear rate

Figure A28 Log-log plot for AKGTL/ SynWestSak/ ANS Oil Mix 1:2:7 @ 40 °C
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Figure A29 Rheogram for AKGTL/ SynWestSak/ ANS Oil Mix 1:2:7 @ 50°C

Log Shear rate

Figure A30 Log-log plot for AKGTL/ SynWestSak/ ANS Oil Mix 1:2:7 @ 50 °C



APPENDIX B 
STATIC WAX APPEARANCE TEST RESULTS

Temperature (1/K)

Figure B1 WAT for AKGTL/SynWestSak oil/ANS Mix blend ratio 5:9:6

Temperature (1/K)

Figure B2 WAT for AKGTL/SynWestSak oil/ANS Mix blend ratio 3:7:10
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Temperature (1/K)

Figure B3 WAT for AKGTL/SynWestSak oil/ANS Mix blend ratio 1:2:7

Temperature (1/K)

Figure B4 WAT for SynWestSak oil/ANS Mix blend ratiol:9



Temperature (1/K)

Figure B5 WAT for SynWestSak oil/ANS Mix blend ratio 4:1

Temperature (1/IQ

Figure B6 WAT for 100% SynWestSak heavy oil
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Temperature (deg.C)

Figure B6 WAT for 100% AKGTL



APPENDIX C 
RESULTS FOR DYNAMIC WAT MEASURMENTS

Temperature (deg. Q

Figure C l Dynamic WAT result for AKGTL/SynWestSak oil/ANS Mix blend 
ratio 5:9:6 @ 600psi

Temperature (deg.Q

Figure C2 Dynamic WAT result for AKGTL/SynWestSak oil/ANS Mix blend
ratio 5:9:6 @ 200psi
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APPENDIX D 
PLOTS FOR GEL STRENGTH MEASUREMENTS

Figure D1 Gel strength curve for AKGTL/SynWestSak heavy oil/ANS mix 
blend ratio 1:2:7@ 0°F

Figure D2 Gel strength curve for AKGTL/SynWestSak heavy oil/ANS mix
blend ratio 1:2:7@20°F
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24.9% VMTC

Time (mins)

Figure D3 Gel strength curve for AKGTL/SynWestSak heavy oil/ANS mix 
blend ratio 3:7:10 @ 20°F

9.8% VMTC

Time (mins)

Figure D4 Gel strength curve for AKGTL/SynWestSak heavy oil/ANS mix
blend ratio 5:9:6 @-20°F
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Time (Mins)

Figure D5 Gel strength curve for AKGTL/SynWestSak heavy oil/ANS mix 
blend ratio 5:9:6 @ 0°F

Figure D6 Gel strength curve for SynWestSak heavy oil/ANS mix
blend ratio 1:9 @-20°F



83.2% VMTC

Time (Mins)

Figure D7 Gel strength curve for SynWestSak heavy oil/ANS mix 
blend ratio 4:1 @-20°F

26.4% VMTC

Time (mins)

Figure D8 Gel strength curve for SynWestSak heavy oil/ANS mix
blend ratio 4:1 @ 0°F



116

Figure D9 Gel Strength curve for 100% ANS crude oil @ 0°F

Time (Mins)

Figure DIO Gel Strength curve for 100% ANS crude oil @ -20°F



55.3% VMTC

Time (mins)

Figure D 1 1 Gel strength Curve for 100% SynWestSak heavy oil @ 20°F



Table D l: Comparison o f gel strength results

Sample -20 °F j u*
I 

0
 0

20 °F |

Ijeomah ANS 823.62 5.405

20% GTL 562.807 52.767 1.416

25% GTL 248.459 33.205 0.257

33.33% GTL 27.671 0.129 !

50% GTL 97.812 3.475 0.129

100% GTL 0.386 0.129 0

I i
Timmcke ANS 193.5 18.8 0

25 % 254 cut 87.8 8.5 0[ I
| 50% 254 cut 36.7 0

100% 254 cut 0 0 0
i;

25% 302 cut 581.3 36.8 0

50% 302 cut 831.8 27.3 0

| 100% 302 cut | >1372 0 0

I I

| 25% 344 cut >1372 L  201*8 0

50% 344 cut
5 ’... 805.8 9.9

100% 344 cut 1 >1372 8.4

ANS 1 0 2.4 66.7

Present
Study

AKGTL/SynWestsak/ANS 
5:9:6

12.6126
\

j 0.12871 0
i

AKGTL/Syn Westsak/ANS 
1:2:7

>100 I 72.8442 0.1287

AKGTL/Syn Westsak/AN S 
3:7:10

>100 32.0463 I

100% AKGTL
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ILLUSTRATION OF SPINDLE TYPES USED FOR VISCOSITY. WAT. GEL 
STRENGTH MEASUREMENT AND FLOCULATION ONSET TEST

APPENDIX E

SC-21 Spindle

SC-18 Spindle
Cone Plate CPE-40 
Spindle

Vane Type Spindle

Figure E l: Viscometer Spindles: SC-21, SC -18 and Cone Plate Spindle CPE-40
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APPENDIX F
DYNAMIC WAX APPEARANCE TEST EXPERIMENT SET-UP

Ramping Control

Tenney
Environment
chamber

JEFRI Sample 
cylinder

Figure FI: Set up for Dynamic WAT Test
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Isco pump (Line
pressure source)

VaNe #3
To flow 

» loopNitrogen gas 
(Pressure regulator)

From
Welkar
cylinder

Valve #1

VSWeWi

To vacuum 
source

Hralker sample 
cylinder

Figure F2: Illustration of sample end for introducing fluid to the flow loop
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Figure F3: Illustration o f measuring end for monitoring the flow loop.


