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ABSTRACT

A prolonged winter shutdown of the Trans-Alaska Pipeline System (TAPS) could 

cause the fluid in the pipeline to form a gel with sufficient strength to prevent restart. 

With the economic viability of a North Slope Gas-To-Liquid (GTL) plant improving, 

understanding the effect the addition of GTL products to TAPS will have on the gel 

strength of pipeline fluids is essential to quantify the risk of such a project. This study 

presents the development of a fast cold ramp technique to predict the gel strength of 

TAPS fluids. The gel strength of various blend ratios of GTL and crude oil are 

determined using this fast cold ramp technique and are compared to slow cold ramp gel 

strength tests performed at Westport Technology Center, Houston. The study found that 

the gel strength of TAPS fluids may be reduced and controlled by altering the final 

boiling point of GTL products introduced into the pipeline system.
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CHAPTER 1 

INTRODUCTION

1.1 Background

The vast natural gas reserves of the Alaskan North Slope offer excellent economic 

potential for the state of Alaska and oilfield leaseholders. The estimated proved and 

recoverable reserves of natural gas in known oil and gas reservoirs near current Alaska 

North Slope (ANS) infrastructure is 38 trillion standard cubic feet (TCF). Estimates of 

yet undiscovered natural gas on the North Slope range from 64 to 142 TCF. Currently, 

ANS natural gas is produced incidentally with crude oil and relatively small quantities of 

it are used to power oil production facilities and Enhanced Oil Recovery (EOR) projects. 

Most of the gas is reinjected into the oil reservoirs to maintain the reservoir pressure. A 

majority of the gas may remain unused upon depletion of North Slope recoverable oil and 

will thus be stranded unless a means of transporting it to market as a useable product is 

developed. This is a challenging and expensive engineering task for which many 

transportation scenarios have been presented. Proposals include, for example, a 

conventional natural gas pipeline from the North Slope to existing distribution 

infrastructure in Canada or a shorter Liquefied Natural Gas (LNG) pipeline to Valdez, 

Alaska bringing the gas to market by ships. A novel concept is to convert the natural gas 

to a stable liquid and to transport it through the existing Trans-Alaskan Pipeline System 

(TAPS).

The conversion of gas to a stable liquid, commonly referred to as Gas-To-Liquid 

(GTL) or synthetic crude oil, has been known for nearly a century. The conversion is 

accomplished by producing carbon monoxide and hydrogen from the natural gas and air. 

These intermediate products, referred to as synthesis gas, are converted to liquid 

hydrocarbons by the Fischer-Tropsch (FT) process. The liquid hydrocarbon product of 

the FT process may be used to produce a wide range of useful products from vehicle fuels 

to specialty waxes. A significant advantage of the FT process is the high purity of the
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hydrocarbon product. Unlike crude oil which contains significant quantities of sulfur 

compounds, aromatics, and other toxic substances, GTL is free of these impurities and 

thus may be used to produce cleaner burning fuels to meet stringent pollution standards. 

As chemical processing technology continues to develop, the economic viability of a 

North Slope GTL facility will continue to improve. Building a GTL facility on the North 

Slope will require significant capital expenditure that may provide a greater net present 

value to resource developers than building a new pipeline. Alternately, economic 

analysis may indicate that no method of bringing the gas to market would be profitable 

and the natural gas may remain stranded.

An important consideration in determining the feasibility of a North Slope GTL 

facility project is understanding how the addition of GTL products into the pipeline will 

affect operations. In addition to quantifying the effects during normal flowing 

operations, understanding the effect during planned or unplanned pipeline shutdowns is 

important to assess any increased operating risk. Even a weak solidification of the 

pipeline fluid during a shutdown could generate adequate resistance to pump pressure and 

prevent a pipeline 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. The 

measurement of gel strength in the petroleum industry in order to assess the effect it will 

have on production and pipeline operations has been very limited, because few oilfield 

developments occur in locations with ambient temperatures low enough to generate such 

a problem. As exploration and development continue to move to more remote and 

challenging environments, understanding how this fluid property affects the viability of 

operations is important.

The production of oil provides significant input into the Alaskan economy. The 

future production of natural gas will help to prolong the economic value of North Slope 

resource development as oil production continues to decline. Developing an 

understanding of the gel strength of crude oil and GTL products and assessing means to 

control it and reduce pipeline operating challenges is essential in determining the viability 

of a North Slope GTL development. This thesis presents a fast cold ramp technique to
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predict the gel strength of crude oil and GTL mixtures in the TAPS. Also, this research 

demonstrated that by altering the final boiling point of the GTL, the gel strength of GTL 

and crude oil mixtures may be controlled and even significantly reduced.

1.2 Gel Strength Theory and Impact on Pipeline Operations

The gel strength of petroleum fluids is not a commonly reported property, because 

not many problems are associated with gel strength in petroleum production. However, 

the study of gel strengths of drilling mud has been more fully developed. The formation 

of gels in drilling mud is essential to suspend drilled cuttings in the mud during quiescent 

periods in drilling. Traditionally, gel strengths are measured using concentric cylinder 

rheology. A critical assumption of gel strength measurement with this method is that 

there is no slip between the fluid and the walls of the cylinders. This assumption cannot 

be applied when measuring gel strengths of petroleum fluids, because of the significantly 

higher lubricity of petroleum fluids compared to drilling muds. To eliminate this 

problem, the cylindrical spindle in the viscometer is replaced with a four vaned spindle, 

Figure 1.1, which by the nature of its geometry does not permit wall slip.

Figure 1.1 Four Vaned Viscometer Spindle
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In order to test the gel strength of a sample, the vane spindle must be suspended in 

the fluid of interest at an elevated temperature where the fluid does not exhibit any gelled 

behavior. The sample, the spindle, and the container are subjected to temperatures, 

which exactly track the temperature reduction the fluid would undergo if flow were to 

stop in the pipeline. This temperature profile, known as a cold ramp, may be determine 

experimentally or based on well-defined thermodynamic models.

Once the fluid is at the desired temperature for testing, the gel strength is 

measured in a viscometer by slowly rotating the vane spindle and observing the torque 

generated by the fluid to resist the rotation of the vane. When the gel fails and the fluid 

begins to flow, the torque on the vane drops significantly. From the torque at gel failure, 

the strength of the gel is determined by applying a shear model of the failure around the 

extents of the vane spindle.

Using the gel strength determined with a vane spindle viscometer the restart 

potential of the pipeline may be assessed. To determine if flow in the pipeline can be 

initiated, a simple shear model of the section of the pipe between pump stations is used. 

The maximum force that the pump station may apply to a gel in the pipeline is the 

maximum pump pressure multiplied by the cross-sectional area of the pipe. This force 

must be sufficient to cause a shear failure of the gel around the inner circumference of the 

pipe along the entire length of pipeline to the next pump station. Even a very weak gel 

may generate sufficient resistance to the force generated by the pump at the pump station 

to prevent initiation of flow. If flow cannot be initiated in the pipeline, the fluid would 

need to be heated to reduce the gel strength. This would likely not be possible until warm 

weather sets in. A pipeline shutdown under this condition would be economically 

devastating.

1.3 Thixotropy and Viscosity of Gelled Hydrocarbons

Thixotropy is the decrease of apparent viscosity under constant shear rate 

followed by a gradual recovery when the shear stress is removed. Understanding this



5

behavior is needed to prepare a flow model of the TAPS when the gel is broken and the 

TAPS fluid begins to flow. GTL and crude oil blends exhibit a thixotropic behavior 

when flow is initiated. However, it is unlikely that the viscosity will recover if the fluid 

is returned to a non-shear condition without reheating the fluid and subjecting it to 

another cold ramp. This irreversible thixotropy is likely the result of the continuous 

breakdown of the gel structure as shear rate remains constant. In this work, preliminary 

observations of this behavior were made by chilling samples in a cone-plate viscometer 

simultaneously with the fast cold ramp gel strength apparatus. The Brookfield DVII+ CP 

Cone/Plate viscometer was placed in the refrigerated circulator loop with the gel strength 

viscometers and the tests were performed simultaneously with the same samples. The 

cone-plate viscometer has a wide measurement range, but was only able to observe the 

complete thixotropic behavior of a few samples. These examples are presented to 

facilitate the development of a better method to characterize the “irreversible” thixotropic 

behavior of GTL and crude oil blends.

In addition to attempting to observe thixotropic behavior, the Cone/Plate 

viscometer may be used to develop shear stress versus shear rate rheograms for fluids. 

After the gel is broken and the thixotropic effect is complete, the shear rate may be varied 

and the shear stress recorded to determine absolute viscosity. The appropriate fluid 

model may be then determined from the shape of rheogram curve. Again however, the 

inability of the Cone/Plate viscometer to measure high absolute viscosities at higher shear 

rates limited the development of full fluid models to all but the thinnest of samples. The 

GTL used in this work exhibited a linear relationship between shear stress and shear rate 

that fit the Bingham Plastic Model well.

1.4 Objectives and Scope of Work

Alaska has a keen interest in understanding how extreme climate will affect the 

future of oil and gas production. Developing methods to reduce operating challenges and 

to enhance the economics of future projects will provide significant economic benefit to
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the State of Alaska. The conversion of North Slope natural gas using the Fischer- 

Tropsch process to produce GTL offers to extend the economic viability of Alaskan 

North Slope hydrocarbon development. In addition to bringing the stranded natural gas 

to market, GTL production will extend the production of conventional liquid 

hydrocarbons by maintaining the Trans Alaskan Pipeline throughput above the economic 

limit of -300,000 bbl / day. The restart potential of the pipeline is a key factor in 

determining the feasibility of moving GTL products through TAPS in cold winter 

months. A cold restart is dependent on the gel strength of the pipeline fluid, ambient 

conditions, pipeline geometry, and pump station capabilities. Since geometry and 

pumping capability are fixed, the gel strength of the fluid and ambient conditions are the 

primary factors controlling the time following a shutdown until pipeline restart is not 

possible. Presently, no significant synthetic product is transported through the pipeline 

and, thus, little may be done to control the gel strength of fluids transported. If a GTL 

facility is constructed on the North Slope and GTL products become a significant portion 

of the TAPS fluid, the option to vary GTL fluid properties to control the gel strength of 

TAPS fluid will become an attractive method of reducing operating risk. Based on the 

current speculated design of a North Slope GTL facility, the primary fluid property that 

may be varied to control gel strength is final boiling point.

In this project, the gel strength of various GTL and GTL-crude oil blends are 

measured using a custom vane viscometer at the University of Alaska, Fairbanks (UAF) 

and the results were independently verified by Westport Technology Center (WTC) in 

Houston, Texas. Traditional gel strength testing of pipeline fluids involves chilling a 

fluid sample at a slow rate to exactly simulate the cool down of the pipeline after a 

shutdown. The long test periods and resulting high equipment and labor cost limit the 

number of data points that may be collected to characterize the gel strength of TAPS 

fluids in a GTL production scenario. Additionally, many samples yield no quantifiable 

results, because the sample gel strength are outside of the narrow measurement window 

of WTC’s gel strength viscometers. This further adds to the difficulty of 

characterization.
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Gel Strength experiments at UAF were performed on the samples of interest at a 

greatly increased cold ramp speed. Based on the results of these tests a gel strength test 

scheme was developed for WTC to perform using traditional slow cold ramp techniques. 

Performing tests on the fluids using a fast cold ramp worked as a screening tool, which 

permitted the development of a slow cold ramp test schedule with a greatly reduced 

number of samples requiring testing. The fast cold ramp testing identified samples, 

which would obviously be outside of WTC’s measurement window. The test scheme 

developed, resulted in a greatly increased data collection success rate, compared to 

previous testing on GTL-crude oil blends. Using both sets of data, a correlation between 

fast and slow cold ramps was determined.

In summary, the objectives of this study are:

1. To develop a low cost predictive method to determine gel strength of TAPS fluids 

using a fast cold ramp.

2. To determine a simple relationship between fast and slow cold ramp gel strengths 

in order to facilitate the development of better slow cold ramp test plans to fully 

characterize the effect North Slope GTL production will have on TAPS 

operations.

3. To ascertain the potential of varying GTL fluid properties to limit or reduce gel 

strength problems in TAPS when batched or commingled with crude oil.

4. To develop preliminary techniques to quantify other GTL fluid properties, such as 

fluid thixotropy and fluid flow model.

This work is limited in scope to the development and evaluation of predictive gel 

strength measurement techniques and the initial characterization of effects North Slope 

GTL production will have on TAPS operations. Further research will be needed to fully 

characterize the gel strength and other fluid properties of GTL and crude oil blends under 

broad possible production scenarios.
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CHAPTER 2 

LITERATURE REVIEW

This chapter reviews the literature concerning topics related to the work presented 

in this study. A thorough survey of previous work in this field is essential in 

understanding the developments leading to the methods presented in this study and in 

assessing alternate techniques that may be used to acquire the gel strength of hydrocarbon 

fluids.

2.1 Gas-To-Liquid (GTL) Technology

The planned commercialization of stranded natural gas resources using GTL 

technology has received much attention from both the government and private industry. 

As new GTL technologies have improved and matured, energy companies continue to 

invest significant money to move improved GTL technologies from small pilot facilities 

to commercial developments (Aucoin, 2002). British Petroleum Exploration Alaska 

(BPXA) has completed construction of a pilot GTL facility in Nikiski, Alaska to 

demonstrate a new synthesis gas generation technology and assess challenges of GTL 

production in a cold climate. Lessons learned from this facility may be applied to a 

possible commercial GTL facility on the ANS.

The production of GTL products is a complex multistage process involving the 

generation of synthesis gas from feed natural gas, steam, and atmospheric oxygen. The 

feed natural gas is treated to remove trace quantities of sulfur compounds and other 

associated gases that may be present and could interfere with the proper operation of 

chemical reactors in the process. The natural gas, steam, and atmospheric oxygen are 

converted to carbon monoxide and hydrogen in a reformer. This synthesis gas generation 

process is a major component of the capital expense of any GTL facility (Aucoin, 2002). 

The primary focus of recent GTL research, by the major energy companies, is reducing 

the size and expense and increasing the efficiency of this part of the GTL process. The
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synthesis gas, or syngas, is cooled and fed to the Fischer-Tropsch (FT) Reactor where it 

is converted to hydrocarbons and carbon dioxide. The primary hydrocarbon products are 

straight chain paraffins and some olefins (alkenes) and alcohols depending on the catalyst 

used in the FT reactor. The basic chemical reaction occurring in the reactor is:

nCO + 2nH2 (CH.2)n + Y1H2O

During the process, hydrocarbons are generated in the full range molecular 

weights. Carbon chains range from a single carbon atom, methane, to extremely long 

chains with more than 45 carbon atoms. The carbon number range and chemical 

composition are dependent on reactor conditions and the catalyst used. Generally, a 

cobalt-based catalyst produces mostly normal paraffins and iso-paraffins. Alternatively, 

an iron-based catalyst produces a mixture of normal paraffins, olefins (alkenes), and 

alcohols, such as hexonal or deconal. Significant research is ongoing to develop new and 

better performing catalyst that can increase reaction efficiency, minimize unreacted pass 

through of syngas, and reduce the amount of extremely long chain hydrocarbons. The 

reactor products include a mixture of vapor products, liquid products, unreacted syngas 

and reaction-produced water. The vapor product is cooled to condense light hydrocarbon 

liquids. Uncondensed gases are returned to the reactor vessel. The liquid product from 

the FT Reactor is generally a solid wax at standard conditions and may either be 

processed further and sold as a specialty product or undergo hydrocraking to be 

combined with the light hydrocarbon liquids and shipped as syncrude.

Converting natural gas to a liquid hydrocarbon requires significant chemical 

conversion and considerable processing at high temperatures and pressures. During the 

production of GTL, nearly 40% of the energy of the feed natural gas is lost, primarily 

because the energy in 2 of the 4 moles of hydrogen in methane is removed from the final 

hydrocarbon products. Additionally, significant energy losses are incurred because of the 

high pressure and temperature multiple-step processing. This high energy loss is the 

primary reason GTL projects are not wide spread. The natural gas has greater market
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value than the synthetic crude oil that may be generated from it during the GTL 

production process. A typical GTL plant operates with a feed to product ratio of 1 

million standard cubic feet per day (1 MMSCF / day) of natural gas to 100 bbl per day 

(bbl / day) of GTL.

South Africa has the most online GTL production capability. Motivated by 

national desire to maintain energy independence and to tap large coal gas reserves, South 

Africa’s Sasol Corporation has GTL production capabilities in excess of 200,000 bbl / 

day, according to the companies website, www.sasol.com. Shell operates a 12,000+ bbl / 

day GTL facility in Bintulu, Malaysia to generate ultra-clean motor fuels and to produce 

specialty wax products. GTL shows significant promise in locations where abundant 

natural gas has inadequate market, such as in the Middle East. Numerous companies, 

including ExxonMobil, Syntroleum, and ConocoPhillips, have plans with the nation of 

Qatar to build commercial GTL facilities to produce synthetic petroleum products from 

the North Field natural gas reservoir, the largest and purest natural gas reservoir in the 

world with 900 trillion cubic feet (TCF) of reserves (Aucoin, 2002). GTL also offers 

promise in locations where gas reserves cannot be delivered to market because of a lack 

of natural gas infrastructure, such as the North Slope of Alaska. The United States 

Department of Energy (DOE) predicts that 24.8 TCF of natural gas will be available for 

sale from the Prudhoe Bay reservoir (Robertson, 1999). Additional natural gas reserves 

are available in other producing reservoirs and more is likely to be added as exploration 

for natural gas expands on the North Slope. Exploration efforts will include finding new 

conventional gas reservoirs and may lead to the exploration for and development of 

unconventional sources of natural gas such as gas hydrates trapped below the permafrost.

2.2 Previous Work on GTL Transportation in the TAPS

The University of Alaska Fairbanks (UAF) has been involved in research to 

determine the feasibility of transporting Alaskan North Slope produced GTL products 

through the TAPS for several years. Liu (1999) provided an exhaustive review of

http://www.sasol.com
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commercial and research GTL plants and their potential application in an Alaskan GTL 

production scenario. He also discussed possibilities for blending and batching and 

provided practical examples of these scenarios in other petroleum pipelines. 

Additionally, computer simulated fluid properties of GTL products were determined 

using compositional data and the WINPROP PVT simulator program. Ramakrishnan 

(2000) continued this research by evaluating the fluid properties, viscosity and density 

relative to temperature, of various GTL and crude oil samples provided to UAF by the 

DOE and Alyeska Pipeline Service Company (APSC). Ramakrishnan, also, presented a 

preliminary economic analysis indicating batching as the more economically preferable 

method to transport GTL through TAPS. Akwukwaegbu (2001) evaluated TAPS flow 

models of batched and commingled GTL transportation modes. His computer application 

may be used to ascertain the pressure gradients along the entire pipeline during either 

transportation mode based on fluid properties of the crude oil and GTL and their flow 

rates.

Robertson (1999) presented a thorough review of the economics of a variety of 

North Slope natural gas utilization scenarios, including a Liquefied Natural Gas (LNG) 

pipeline and various GTL production scenarios. He evaluated the cumulative economics 

of capital expense, resource value, and impact on oil production and TAPS life. A slow

paced North Slope GTL production scenario yielded the highest Rate of Return on 

Investment (ROI > 10%). He recommended the incremental construction of GTL 

facilities on the North Slope, applying the lessons learned from each facility to the next to 

capture capital cost savings and avoid the additional construction premium of a massive 

single facility.

2.3 Developments in the Application of Vane Rheology

Traditional measurement of gel strength is accomplished using a concentric 

cylinder rheometer. The fluid to be tested is placed in a cylindrical sample cup and a 

cylindrical bob is inserted into the fluid. Either the bob or the sample cup is rotated and
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the other component is held stationary. The torque transmitted through the fluid from the 

rotating component to the stationary component is measured and the gel strength is 

determined from the maximum torque observed upon initiation of rotation. The method 

is effective for fluid without high lubricity, such as drilling mud and most pumpable food 

products. Concentric cylinder rheology generally fails to yield good results for slippery 

fluids, such as crude oil and fracturing fluid. The high lubricity of these fluids causes 

slippage between the wall of the sample cup or the bob and the semi-solid gel. Replacing 

the cylindrical bob with a vane spindle eliminates this problem and permits the 

measurement of gel strength in these high lubricity fluids.

Keentok et al. (1985) modeled the fracture zone (or shear surface) around four- 

bladed vane spindles in a variety of fluids. Their computer models and laboratory 

experiments indicated that the fracture zone diameter, Dc, was very close to the diameter 

of the vane spindle, D. An illustration of this concept is presented in Figure 2.1. Values 

of Dc / D = 1.00 -  1.05 for bingham plastic lubricants were routinely measured in their 

study. This confirms that the application of a simple shear model around the extents of 

the vane is valid for determining the strength of gelled fluids with high lubricity.

Vane Spindle 

Sample Fluid 

Sample Cup

Figure 2.1 Fracture Zone (Shear Area) Concept Presented by Keentok et al.
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Alderman et al. (1991) described the use of vane spindles to quantify the yield 

strength of a series of bentonite clay suspensions. In their study, they compared results 

for yields stress with those obtained using concentric cylinder viscometers. They 

validated the use of a simple shear model for a vane spindle rheometers. The yield 

strength (gel strength) may be determined from the following formula presented in their 

paper:

2 [ d  3)  sel

Where,

Tm -  Maximum observed torque on the spindle 

D = Diameter of vane spindle 

H  = Height of vane spindle 

t  gei = Yield strength (gel strength)

This formula was used to determine gel strength in the fast cold ramp testing performed 

at UAF.

The use of vane rheometers has been limited to specific applications and 

generally, custom apparatuses have been built to meet these specialized requirements. 

Brookfield Engineering in the summer of 2002 introduced a complete series of vane 

rheometers for measuring yield strength and viscosity of gels, pastes, and other 

liquid/semi-solids with suspended particles (Blanco, 2002). This apparatus was designed 

for use in the food and cosmetic industries, but may have application in measuring crude 

oil gel strengths. However, in the Brookfield’s system, the vane spindle is inserted into 

the formed gel, potentially causing significant disruption of the gel structure. This is 

particularly likely in very weak gels such as presented in this work. This feature of the 

system will potentially introduce unacceptable errors when precise measurement of low 

gel strength is needed. The system has a measurement range of 64 - 40,400 dyne / cm , 

using a variety of different range viscometers and different size vane spindles.
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Measurement windows for each configuration of viscometer and spindle are limited to 

one order of magnitude, thus several viscometers and spindles would be required to 

quantify gel strength across the measurement range presented in this work.

2.4 Alternative Techniques for Measuring Hydrocarbon Gel Strength

Hsu et al. (1994) presented a method to determine the gel strength, or Break- 

Away Yield Strength (BAYS), of crude oils by chilling samples in a pipe section and 

determining the differential pressure across the pipe section needed to initiate flow. 

Based on the differential pressure and geometry of the pipe section, the gel strength of the 

fluid may be determined. This method was developed to quantify very high gel strength 

crude oils produced from offshore platforms with subsea pipelines exposed to ocean 

temperatures approaching freezing. Williams et al. (1996) expanded on Hsu’s research 

and provided more practical field examples of the application of this method. An 

evaluation of the method for low gel strength fluids anticipated in TAPS operations is 

needed to assess the possibility of using this method for evaluating restart potential in 

TAPS. The method presented in these papers may offer several benefits over the vane 

spindle rheological method currently in use. Benefits include a large gel strength 

measurement window of several orders of magnitude and replication of the axial cylinder 

shear failure scheme the pipeline would likely experience during a cold restart.

2.5 Practical Examples of Pipeline Operations with Crude Oil Blends

El-Emam et al. (1993) analyzed various methods of improving pipeline flow by 

diluting waxy crude oils with gasoline or kerosene in ratios of 5, 10, 15, and 20 percent 

by volume. Additionally, they determined the effectiveness of heating the fluid and 

adding chemical flow enhancers. They found that diluting with light distillates or heating 

the pipeline fluid provided the most benefit. Also, they determined that chemical flow 

enhancers did provide some benefits in two of the three waxy crude oils tested. This
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indicates that the addition of lighter GTL products into the TAPS may provide improved 

flow characteristics. This will likely be an even more positive effect in the future as more 

viscous and waxy oils are produced from smaller fields on the North Slope. The final 

boiling point of kerosene is generally 288°C, which is comparable to the slightly lighter 

254GTL and the slightly heavier 302GTL used in this work.

Additionally, increasing the temperature of the fluid flowing through the pipeline 

will enhance flow characteristics and increase the time it takes the fluid to cool down to a 

problematic temperature in the event of a pipeline shutdown. GTL products produced on 

the North Slope should be introduced into the pipeline at the highest possible, yet safe, 

temperature. This will increase the cumulative temperature of the commingled TAPS 

fluid and enhance flow characteristics. The lower specific gravity and higher temperature 

of the TAPS fluid in a GTL production scenario should enhance flow properties and 

reduce the risk of a prolonged winter shutdown by increasing the time to cool the fluid 

from the high operating temperature to a lower temperature at which excessive gel 

strengths are developed.
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CHAPTER 3 

SAM PLE PREPARATIO N

The greatest unknowns in the evaluation of operational challenges in GTL 

transportation through TAPS are the fluid properties of the GTL products that will be 

produced on the Alaska North Slope (ANS). There are currently no plans to build such a 

facility and there is no preliminary design. The composition and properties of the GTL 

that may be transported through TAPS are thus unknown. Also, the production capacity 

of any future ANS GTL facility is yet unspecified. This lack of available information 

requires an evaluation of the most likely GTL product that will be produced on the ANS 

and in what quantities. This chapter will discuss reasoning for selection of GTL products 

for testing in this work and at what blend ratios with crude oil the samples were mixed. 

Also, the procedures for production of the GTL product, measurement of density, and 

sample mixing are presented.

3.1 Representative GTL Samples

To determine the most representative GTL sample for this work, primary 

consideration was given to using a sample which best represents a product generated by 

the lowest cost GTL facility that could be constructed on the North Slope. The economic 

feasibility of a North Slope GTL project will be based on initial facilities cost, including 

the construction premium incurred because of the North Slope’s remote location. Thus, 

the GTL samples used in this study must represent the least processed form of GTL that 

may be effectively produced on the North Slope and transported through TAPS to 

existing refineries. The Fischer-Tropsch (FT) process generates two product streams, a 

liquid light hydrocarbon product and a solid wax heavy hydrocarbon product. Both 

products consist primarily of normal paraffins and iso-paraffins, with some alcohols and 

olefins. The wax product is not currently a marketable product and would have to be 

disposed of if only the FT portion of a typical GTL facility is installed on the ANS.
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Disposal on the North Slope is not practical and the wax product may be reprocessed into 

a useful liquid product by cracking these long chain paraffins into lighter liquid products. 

Also, the light GTL product has a significant quantity of long chain paraffins in solution, 

which will complicate pipeline and facilities operations by increasing gel strength and 

solids deposition problems. A GTL facility on the North Slope would have to address 

these issues and minimize capital expenditure. The facility in Figure 3.1, adapted from 

the GTL facility presented by Choi et al (2001), solves a majority of these problems with 

the addition of conventional distillation and hydrocracking facilities.

Figure 3.1 Speculated Alaskan North Slope GTL Facility (modified from Choi, 2001)

In this facility the heavy hydrocarbon product of the FT process is reprocessed in 

a hydro-cracker and the resulting lighter hydrocarbon product is sent to a distillation 

facility. In the distillation facility, the light GTL product and the product of the 

hydrocracking facility are distilled into two fractions. The light product of the distillation 

process is sent to the TAPS for transportation to market as synthetic crude oil. The heavy
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hydrocarbon waste product of the distillation process is reprocessed into a useful product 

in the hydrocracking facility. If this facility were built on the North Slope, the product 

entering the TAPS would have a set final boiling point and would be free of extremely 

heavy hydrocarbons. The absence of heavy hydrocarbons reduces the gel strength and 

wax deposition properties of the fluid. Additionally, the other waste streams of the 

process may be easily disposed of by injecting them into North Slope oil reservoirs as 

part of an Enhanced Oil Recovery (EOR) scheme.

The two Laporte GTL samples received by UAF from the DOE are the direct 

products of the Fischer Tropsch (FT) process and are thus not representative of the 

synthetic crude that will likely be produced on the North Slope of Alaska. Distilling the 

Light GTL product of the Laporte process will generate a more representative GTL 

sample. The final boiling point of samples may be altered to simulate different possible 

operating conditions of the GTL facility on the ANS.

The Bintulu, Malaysia FT-Diesel sample provided by the DOE is also not 

representative of the anticipated Alaskan North Slope GTL product. It is a refined 

product consisting only of a narrow band of paraffmic hydrocarbons (C l2 to C22) 

suitable for vehicle use. It lacks hydrocarbon light ends, which are the primary product 

of the FT process. To generate a similar product on the North Slope would require the 

construction of significant refining facilities on the Slope. These additional facilities 

would duplicate existing refining capacities on the West Coast of the United States. It is 

likely that if a diesel product was produced on the North Slope and transported through 

the TAPS batched with crude, it would require additional processing prior to sale to 

remove crude oil contamination pickup in the pipeline.

The GTL distillate cuts for this work were determined based on the freezing point 

of the normal paraffins at the end of the distillation and when these would likely begin to 

have an overwhelming effect on the gel strength of the fluid. Three final boiling points 

were determined to provide measurements across the range expected to begin generating 

high gel strengths (Table 3.1). During atmospheric distillation, molecules of higher 

carbon number pass through the distillation process as liquid mist. The amount of
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hydrocarbons with a boiling point higher than that stated in the final boiling point 

specification is generally less than 10% by weight.

Table 3.1 Laporte Light GTL Distillate Cuts

Laporte Light GTL Distillate Cuts

Final Boiling Point
Carbon Number 

(theoretical maximum)

% Fraction of 

Light GTL Product

344°C nC20 92%

302°C nC17 86%

254°C nC14 73%

Several methods have been proposed for transporting the GTL product through 

the TAPS. Batching involves sending crude oil and GTL product as slugs. Blending 

requires mixing the GTL product and the crude oil together and sending them 

commingled through the pipeline. The resulting mixed product would be refined 

conventionally as a synthetically enriched crude oil. The ratio of GTL product to crude 

oil will depend on the GTL facility capacity and crude oil production. Based on the oil 

production forecasts for the North Slope available from the State of Alaska, a GTL and 

oil production scenario, as shown in Figure 3.2, is likely. To best represent the wide 

range of crude oil to GTL ratios possible in this scenario and to limit the number of 

samples tested during this preliminary work, two blend ratios were chosen for testing; 3:1 

and 1:1 Crude Oil to GTL. Additionally, the gel strength of each GTL alone was tested 

to identify potential problems if the product is sent through the pipeline batched. The 

samples tested and their specific and API gravities are presented in Table 3.2.
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North Slope Oil Production Forecast 
State of Alaska, Division of Oil and Gas

Year

—♦ — Oil Production GTL Production ;

Figure 3.2 Forecasted Crude and GTL Production Scenario

Table 3.2 Samples Tested

Sample

Number

Sample Name Specific

Gravity

API

Gravity

1 100% Crude Oil 0.862 33

2 3:1 Crude Oil to 254GTL 0.826 40

3 1:1 Crude Oil to 254GTL 0.789 48

4 100% 254GTL 0.717 66

5 3:1 Crude Oil to 302GTL 0.828 39

6 1:1 Crude Oil to 302GTL 0.793 47

7 100% 302GTL 0.724 64

8 I3:1 Crude Oil to 344GTL 0.829 39

9 1:1 Crude Oilto344GTL 0.796 46

0 100% 344GTL 0.730 62
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3.2 GTL Composition

The GTL test facility at Laporte, Texas used an iron-based catalyst in the FT 

process and thus was expected to consist of primarily normal paraffins, olefins (alkenes), 

and alcohols. This was confirmed during compositional testing of the samples at UAF 

using the Petroleum Development Laboratory’s GCMS (Gas Chromatograph Mass 

Spectrometer). The Total Ion Chromatograph (TIC) of the Laporte Light GTL product, 

presented as Figure 3.3, shows each of the chemical components of the GTL as a peak. 

The numerous peaks in the chromatograph indicate the chemically complex nature of the 

fluid. Specifying the weight percent composition of every compound in the fluid does 

not yield significant useful information. The result of the compositional analysis is best 

presented with all compounds of the same carbon number grouped together. The 

compositional analysis of the Light GTL distillations yielded a weight percent carbon 

number distribution presented in Table 3.3. These samples contained on average, 67 wt% 

normal paraffins, 28 wt% olefins, and 5 wt% alcohols. Figure 3.4 shows a graphic 

representation of the three GTL distillation cut’s weight percent carbon number 

distribution. The compositional distribution shifts to the left with lower final boiling 

point, confirming the reduction in higher molecular weight hydrocarbons that contribute 

to higher gel strengths in hydrocarbon mixtures.
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Figure 3.3 Total Ion Chromatograph of Laporte Light GTL



Table 3.3 GTL Weight Percent Carbon Number Distribution

254GTL 
weight %

302GTL 
weight %

344GTL 
weight %Carbon #

< or = 5 3.94% 3.38% 3.15%
6 7.50% t _  7 -02% 6.16%
7 8.28% 7.28% 6.50%
8 9.74% 7.85% 7.15%
9 11.41% 8.68% 7.85%
10 11.47% 8.98% 8.44%
11 11.76% 9.04% 8.49%
12 10.15% 8.66% 7.77%
13 7.97% 8.03% 7.47%
14 6.18% 7.20% 6.77%
15 4.00% 6.15% 5.93%
16 2.87% 5.18% 5.21%
17 2.00% 3.77% 4.22%
18 1.34% 2.76% 3.45%
19 0.86% 2.22% 2.92%
20 0.54% u _ _  1'45% 2.25%
21 0.00% 1.01% 1.84%
22 0.00% 0.67% 1.45%
23 0.00% 0.42% 1.09%
24 0.00% 0.25% 0.73%
25 0.00% 0.00% 0.49%
26 0.00% 0.00% 0.45%
27 0.00% 0.00% 0.22%
28 0.00% 0.00% 0.00%

> or = 29 0.00% 0.00% 0.00%
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Figure 3.4 GTL Distillate Cut Carbon Number Distribution

3.3 Sample Preparation Technique

Careful preparation of samples is absolutely necessary to ensure consistency in 

laboratory measurements and accuracy of obtained data. Samples were obtained and 

prepared for gel strength testing according to the following procedure:

1. The Laporte Light GTL was distilled at atmospheric pressure to the final boiling 

points previously determined.

2. The density of all fluids used in sample mixing was measured and tabulated.

3. The GTL and crude oil blends were precisely mixed in adequate quantities for all 

the anticipated testing.

4. The samples were properly stored to prevent evaporative losses.

Prior to the preparation of samples an estimate of the final quantity of mixed samples 

was determined. Using these quantity estimates the amount of each of the sample 

components was determined. The Laporte sample has some suspended wax solids that
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may settle out over long stationary storage. To ensure the homogeneity of the sample, 

the drum containing the GTL was warmed to room temperature and agitated before the 

transfer of the required quantity for laboratory tests. The sample was transported from 

the UAF chemical storage facility to the laboratory in an airtight glass storage jug.

3.4 GTL Distillation

The compositional analysis of the GTL sample provided by the DOE indicated 

that the liquid contained paraffins of carbon number 40 and higher. These high carbon 

number paraffins will likely not be present in a synthetic crude oil generated on the North 

Slope. To generate a sample representative of the anticipated product of a North Slope 

GTL facility, the light GTL was distilled at atmospheric pressure in a Herzog HDA 627 

Automatic Distillation Apparatus shown in Figure 3.5. The detailed operating 

instructions for distilling Laporte Light GTL are provided below. The automatic 

distillation programs which specify heater temperatures, distillation rates, condenser 

temperature, receiver temperature, etc. are provided in Table 3.4.

3.4.1 Herzog HDA 627 Automatic Distillation Apparatus Operating Procedure

Note: Consult Herzog Operating Manuals for complete information on operating the 

distillation apparatus.

1. Energize the data collection computer and Herzog HAD 627 distiller.

2. Start the Herzog distillation program installed on the data collection computer. 

When prompted for a password, select OK. There is no password.

3. Open the Carbon Dioxide cylinder for the fire protection system. Verify cylinder 

is pressured above 500psi and set regulator to approximately 65psi.

4. Shake the Light GTL product to homogenize the product.
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Figure 3.5 Herzog HDA 627 Atmospheric Distillation Apparatus
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5. Collect two Herzog lOOmL graduated cylinders and one custom Herzog 

distillation flask.

6. Pipette lOOmL of sample into one of the graduated cylinder. Ensure the bottom 

of meniscus is at lOOmL level mark. When using pipette, proceed slowly and 

avoid agitating sample or applying excessive vacuum. This can cause the light 

ends to come out of solution.

7. Insert two or three boiling chips into the Herzog distillation flask. Pour the 

contents of the lOOmL graduated cylinder in to the Herzog distillation flask. 

Ensure the vapor discharge port of the distillation flask is pointed upward to avoid 

spilling sample while transferring the fluid.

8. Wipe the exterior of Herzog distillation flask clean to reduce the possibility of fire 

or smoke during the distillation run.

9. Insert the Herzog distillation flask into distillation chamber. Ensure the bottom of 

flask is centered in the heating ceramic above the coil heater. The neck of the 

flask should be vertical to the eye when viewed from two perpendicular 

directions.

10. Insert the vapor temperature sensor into top of distillation flask. Caution: The 

vapor temperature sensor is extremely delicate. Ensure the top of the 

temperature-sensing resistor inside the vapor temperature sensor is aligned with 

the white reference mark on the neck of the distillation flask. Refer to the Herzog 

Distiller Operating Manual for an illustration of this alignment.

11. Install the remaining clean graduated cylinder into the receiver portion of the 

Herzog Distiller. Install the stainless steel drip catcher and ensure the bottom 

edge of the catcher is in contact with the edge of the graduated cylinder.

12. In the Herzog program running on the data collection computer, select Units —> 

HDA627/627/628 —> 627-1 —► Measurement. This will initiate the distillation 

measurement window.

13. Type the following into the measurement window:

Number: 254LTgtll (Name will vary with each distillation)
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Description: 254C GTL Distillate Production

14. Select the measurement program: LTGTL254 (or LTGTL302, LTGTL344,

depending on desired product). These are the names of the automatic distillation 

methods presented in section 3.4.2 and Table 3.4.

15. Select “Transfer” in the Herzog Distillation program. This will initialize the 

distillation program and cause the Herzog Distiller to power up and set all 

component temperatures to initial values specified in the automatic distillation 

method.

16. While waiting for the condenser and receiver temperatures of the Herzog Distiller 

to stabilize. Verify all components, including the Herzog distillation flask and 

graduated cylinder are safely installed ready for the start of distillation.

17. Select “Start” in the computer program. Observe the commencement of 

distillation. The fluid level optics in the condensate receiver will move to the 

bottom of the graduated cylinder.

18. Continue to observe as the GTL sample begins to boil in the distillation flask.

19. When the vapor temperature sensor detects vapor at the specified final boiling 

point, the Herzog distiller will automatically stop the distillation and commence 

cooling the sample. Depress the acknowledge button on the distiller when the 

alarm sounds indicating the completion of the distillation run. Wait for the 

distillation flask to cool before removing the distillate in the graduated cylinder or 

the handling the distillation flask.

20. Verify the distillation run was successful by noting the final vapor temperature in 

the Herzog program on the data collection computer. The final vapor temperature 

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

apparatus aborted the distillation for any reason, dispose of the contents in both 

the distillation flask and the receiver graduated cylinder.

21. Empty the wax waste product from the Herzog distillation flask into the 

hazardous waste disposal drum and clean the distillation flask with liberal 

quantities of Toluene and Acetone.
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22. Pour the distillation product in the graduated cylinder in the condensate receiver 

into the appropriate GTL sample storage flask.

23. In the Herzog program on the data collection computer, select Units —> Database 

—» Database Set number ->|. This will display the data on the latest distillation 

run. Verify name the name is correct. Select Print. Retain printout in binder as 

record of the distillation.

24. Clean all glassware and the distiller condenser, in accordance with Herzog 

manual instructions.

25. Repeat procedure until the required amount of GTL distillate is produced.

3.4.2 Distillation Automated Procedures

The Herzog distillation apparatus automatically controls the distillation of 

samples according to a user-inputted program. This permits the congruent replication of 

distillations. The production of identical samples during each distillation run is necessary 

to ensure the consistency of the final quantity of distillate required for sample mixing. 

The program used for each distillation is designed to ensure that the Light GTL is 

distilled at a constant rate and all vapors are condensed and caught in the graduated 

cylinder in the receiver. Additionally, the program alters the condenser temperature to 

prevent excessive solidification of distillate in the condenser during the final fractions of 

the distillation. Any solidification of condensate in the condenser is easily pushed into 

the receiver with the metal wire swab provided with the distillation apparatus. Solid 

waxes pushed into the condensate receiver rapidly dissolved into lighter fractions already 

in the receiver. Table 3.4 details the distillation programs utilized to generate each the 

GTL distillate samples.
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Table 3.4 Herzog Automated Distillation Programs

-— —_______SampIe 254GTL 302GTL 344GTL

Condenser Start Temp 10 °C 10 °C 10 °C

Condenser End Temp 10°C 25 °C 40 °C

Receiver Start Temp 15 °C 15 °C 15 °C

Receiver End Temp 15 °C 25 °C 25 °C

Temperature Delta1 OK 180 K 200 K

Distillation Rate 6.0 ml/min 4.5 ml/min 4.0 ml/min

Initial Heater Temp 500 °C 500 °C 500 °C

Initial Heat Switch Time2 240 sec 240 sec 240 sec

Distillation Stop 
Vapor Temperature

254 °C 302 °C 344 °C

Notes: 1. Temperature Delta indicates the amount of temperature increase following the 

detection of initial boiling point when the apparatus initiates the change from 

start to end for the condenser and receiver temperatures.

2. Initial Heat Switch Time indicates the maximum time the apparatus will heat 

the sample without detecting the initial boiling point before shutting down.

3.5 Density Measurement

The measurement of density is needed for accurate mixing of samples. An Anton 

Paar’s Digital Density Meter DMA 45 shown in figure 3.6 was used to measure the 

density of the 254GTL, 302GTL, 344GTL, and the TAPS crude oil sample supplied by 

Alyeska Pipeline Service Company (APSC). The procedure used to obtain the density 

measurements was adapted from Ramakrishnan (2000). The density meter setup was 

modified slightly to enable more accurate control of bath temperature near room 

temperature. A refrigerated circulating bath was connected to the circulating constant- 

temperature bath described by Ramakrishnan. The refrigerated circulating bath 

circulated cooled water through a heat exchanger submersed in the mineral oil in the
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constant-temperature bath. This cooled the constant-temperature bath below room 

temperature and permitted the accurate control of mineral oil temperature by the 

constant-temperature bath at the density measurement temperature of 21°C. This is the 

storage temperature of the sample components and the temperature at which the samples 

were mixed. The procedure in the next section is a modification of that presented by 

Ramakrishnan (2000). Text in italics indicates the procedure modifications.

Figure 3.6 Anton Paar’s Density Meter Laboratory Setup

3.5.1 Modified Anton Paar’s Density Meter Procedure

3.5.1.1 Preparation of Apparatus

1. The density meter is connected to the constant-temperature circulating bath.
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2. The water filled refrigerated circulating bath is connected to the spare heat 

exchanger coil submersed in the constant-temperature mineral oil bath. The 

refrigerated circulator is energized and set to provide a continuous circulation o f  

40°F water to the constant-temperature bath.

3. The temperature selector on the constant-temperature bath is adjusted so that the 

desired test temperature is established and maintained in the sample compartment 

of the analyzer.

4. The temperature should be measured with a calibrated thermometer and checked 

from time to time to ensure that it can be reproduced accurately.

5. The constant-temperature bath thermostat should be in operation for some time 

before measurement is started in order to guarantee complete temperature 

equilibrium.

6. The instrument is calibrated at the same temperature at which the density of the 

samples are to be measured. Note: Caution -  Precise setting and control of the 

test temperature in the sample tube is extremely important. An error of

0.1°C can result in a change in density of one in the fourth decimal.

3.5.1.2 Procedure for Calibration of Apparatus

1. After a stable temperature has been reached, the calibration constants A and B 

must be determined and entered into the constant buffer before measurement is 

started. Both constants are dependent on temperature and must therefore be re

determined, if a change in measuring temperature occurs.

2. To calculate the calibration constants, the display selector (under the cover plate 

on top of the DMA 45 meter) is set to position T; the value of the period of 

oscillation “T” is then shown on the numerical display.

3. The illumination light is turned on to observe the sample through the observation 

window. Now, a small volume (about 0.7 cc) of de-ionized water is introduced
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into the sample tube from the bottom opening using a suitable syringe. This can 

be observed through the observation window with the light being switched on.

4. Filling is complete when the liquid has exceeded the upper of two thickenings on 

the oscillator.

5. The syringe is left in the lower filling inlet and the light is switched off to 

maintain temperature stability. The temperature is allowed to reach an 

equilibrium value; this is indicated by a stable value on the display.

6. The reading is taken for the period of water and recorded. This value Tw

corresponds to the period for the water-filled oscillator. For this first

measurement, the water should be left in the oscillator for approximately 15 

minutes, checking that no variation in the Tw value occurs during this time. If the 

value of Tw varies by a maximum of one unit in the last significant digit, ths is an 

indication that the temperature control is working efficiently.

7. Next, the water is washed out of the measuring cell using alcohol.

8. The air outlet is connected to the upper filling inlet using a piece of tubing.

9. The pump is switched on and dry air is blown through the tubing into the sample 

tube until the displayed values remain constant for some time.

10. The pump is switched off and the dry air in the U-tube is allowed to come to 

thermal equilibrium with the test temperature.

11. The value for the period of air, Ta is recorded.

12. The density of air at the temperature of test is calculated using the following 

equation:

da, g/ml = 0.001293 [273.15 / 7] * / 760] (or)

Where,

T= temperature, K 

P = barometric pressure, torr

760
da, g/ml =

0.0012930 
1 + (0.00367*/)
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t = temperature, °C

13. The density of water, dw at the test temperature o f 21°C 0.997991. For density 

o f water at other temperature refer to the DMA 45 operating manual or 

Ramakrishnan (2000).

14. Using the observed T-values and the reference density values for water and air, 

the values of the constants A and B are calculated using the following equations:

A = V l - T» W . - d , ]

B = T] ~ (A * d a) 

where,

Tw = observed period of oscillation for cell containing water,

Ta -  observed period of oscillation for cell containing air, 

dw = density of water at test temperature, 

da -  density of air at test temperature

Alternatively, the “T” and “d” values for the other reference liquid, if one is used, 

should be incorporated in the above equation to determine A and B.

15. The values (A and B) and the corresponding measuring temperature should be

noted down in pencil on the panel situated at the back of the cover of the constant

buffer. The constants are stored in the buffer by adjusting the corresponding 

switches with a small screwdriver.

16. The correct settings of the switches can be checked once more by adjusting the 

display selector (by checking the values of A, B separately).

17. If the selector switch is set at position “p”, then the equipment may carry out 

measurement.

18. To calibrate the instrument to display relative density, that is, the density of the 

samples at a given temperature referred to the density of water at the same
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temperature, Steps 1 through 17 are followed but 1.00 for dw is substituted in 

performing the calculations described in Step 14.

3.5.1.3 Calibration Check

1. Weekly calibration adjustments to constants A and B can be made if required, 

without repeating the calculation procedure. Since some crude oils can be 

difficult to remove from the sample tube, frequent calibration checks are 

recommended.

Note: The need for a change in calibration is generally attributable to deposits in 

the sample tube that are not removed by the routine flushing procedure. Although 

adjusting A and B can compensate for this condition, it is good practice to clean 

the tube with warm chromic acid solution (Warning -  Causes severe bums; A 

recognized carcinogen) whenever a major adjustment is required. Chromic acid 

solution is the most effective cleaning agent; however, surfactant-cleaning fluids 

can also be used.

2. The sample tube is flushed and dried and the display is allowed to reach a steady 

reading. If the display does not exhibit the correct density for air at the 

temperature of test, the cleaning procedure is repeated or the value constant B is 

adjusted commencing with the last decimal place until the correct density is 

displayed.

3. If adjust to constant B was necessary in 2, then the recalibration is continued by 

introducing de-ionized water into the sample tube and the display is allowed to 

reach a steady reading. If the instrument has been calibrated to display the 

density, the reading is adjusted to the correct value for water at the test 

temperature by changing the value of constant A, commencing with the last 

decimal place. If the instrument has been calibrated to display the relative 

density, the reading is adjusted to the value 1.0000.
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Note: In applying this weekly calibration procedure, it can be found that more 

than one value each for A and B, differing in the fourth decimal place, will yield 

the correct density reading for the density of air and water. The setting chosen 

would then be dependent upon whether it was approached from a higher or lower 

value. The setting selected by this method could have the effect of altering the 

fourth place of the reading obtained for the sample.

3.5.1.4 Experimental Procedure

1. The illumination light is turned on to observe the sample through the observation 

window.

2. During measurement, a small amount (about 0.7cc) of sample is introduced into 

the clean, dry sample tube of the instrument using a suitable syringe. At this 

point, it is made sure the sample introduced is enough to fill beyond the 

suspension point on the right-hand side.

3. The sample is allowed to equilibrate to the test temperature before proceeding to 

evaluate the test sample for the presence of unseen air and gas bubbles.

4. The sample tube is examined carefully. It is made sure that no bubbles are 

trapped in the tube, and that it is filled to just beyond the suspension point on the 

right-hand side. The sample must be homogeneous and free of even the smallest 

bubbles.

Note: If the sample is too dark in color to determine the absence of bubbles with 

certainty, the density cannot be measured within the stated precision limits.

5. The illumination light is turned off immediately after verification, because the 

heat generation can affect the measurement temperature.

6. After the instrument displays a steady reading to four significant figures for 

density and five for T-values, indicating that temperature equilibrium has been 

reached, the density value is recorded.
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7. The sample tube is flushed and dried and the calibration is checked prior to 

introducing another sample.

3.6 Mixing Representative Samples

Mixing samples accurately by volume is very challenging because of the 

inaccuracies of standard laboratory volume measurement glassware and the fluid losses 

incurred because of the incomplete removal of fluids from the glassware during transfers. 

To eliminate these inaccuracies sample mixing was performed by weight to achieve the 

desired by 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 mixture 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. WTC requires a 

105 mL sample of fluid to perform a gel strength test. This nearly fills a standard 4 fluid 

ounce (oz.) laboratory bottle. 110 mL samples were mixed and stored in these 4 fluid oz. 

bottles until needed for fast cold ramp testing or shipped to WTC for slow cold ramp 

testing. The following procedure was used to mix samples for this research.

3.6.1 Sample Mixing Procedure

1. Determine the required quantity of sample needed to perform the desired testing. 

Samples must be mixed in 110 mL batches to ensure samples are stored with 

minimal head space in the 4 fluid oz storage bottles

2. Based on the density of the sample components, determine the weight of each 

component necessary to provide a total volume of 110 mL at the desired volume 

blend ratio.
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3. Zero the digital scale. Verify the accuracy of the digital scale by measuring the 

weight of several laboratory weight standards. Calibrate according to the scale’s 

instruction manual.

4. Obtain clean 4 fluid oz. laboratory bottles with crude oil compatible caps (PTFE).

5. Place the empty sample bottle without the cap on scale and zero the scale. Leave 

the sample bottle on the scale.

6. Draw enough of the first sample component into a clean and dry 100 mL pipette 

to be within 10 mL of the desired quantity of sample component for the mixture. 

Discharge sample component into the sample bottle ensuring that the amount of 

sample in the bottle is less the required amount. When using pipettes, proceed 

slowly and avoid agitating the sample or applying excessive vacuum. Doing so 

can cause the light hydrocarbons to come out of solution.

7. Fill a 10 mL pipette with the same sample component. Slowly discharge the 

sample component into the sample bottle without allowing the pipette to touch the 

sample bottle or the fluid already in the sample bottle. Observe the scale reading 

closely and stop discharging when the required total mass of sample component is 

achieved.

8. Return the unused portion of sample component in the 10 mL pipette to the 

sample component storage container.

9. With the partially filled sample bottle still on the digital scale, zero the scale.

10. Repeat steps 5, 6, and 7 using clean pipettes to add the required mass for the other 

sample component calculated previously.

11. Tightly cap the sample bottle and agitate lightly to ensure the sample is 

thoroughly mixed. Store at room temperature.

12. Clean and dry all glassware prior to mixing new samples to avoid contamination 

of next sample mixed.

Samples should be stored at consistent room temperature and without excessive

exposure to light, which may heat or chemically alter the sample. When working
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with samples, keep sample bottles tightly capped except while removing portions of 

the sample for testing. Cap all samples immediately after removing test volumes to 

avoid evaporative losses. Dispose of samples used in gel strength testing. Exposure 

to the atmosphere during testing results in evaporative losses, which will alter results 

in future tests performed on used samples.
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CHAPTER 4 

FAST COLD RAM P GEL STRENGTH M EASUREM ENT

4.1 Hydrocarbon Gel Strength Measurement Techniques

Practical gel strength measurement is a tedious laboratory procedure requiring 

significant capital equipment, manpower, and time. In order to accurately measure the 

gel strength of fluids for Trans-Alaska Pipeline System (TAPS) winter shutdown 

conditions, a sample must be mixed and cooled under the same conditions as those the 

sample would experience in a real situation. Simulation of gel strengths measurement 

under the operating conditions of the TAPS requires intricate sample preparation and 

prolonged sample aging in an environmental chamber with minimal exposure to the 

atmosphere. To mimic pipeline temperature conditions samples are slowly cooled from 

the normal flowing temperature of 90°F to a simulated pipeline temperature of -20°F over 

a 21-day period. This slow cold ramp is graphically presented in Figure 4.1. During the 

chilling period the vane spindle must remain completely motionless and suspended in the 

fluid. Westport Technology Center (WTC) in Houston, Texas is one of only a few 

laboratories where this stringent test regime is performed commercially. There, live 

crude oil samples may be introduced to custom sealed sample containers that have a 

special vane holding mechanism. Multiple samples may be chilled over the 21-day 

period in an environment chamber cooled with liquid nitrogen. At the test time, the 

samples are removed one at a time and placed into a refrigerated bath specially designed 

to hold the sample containers and permit the connection of a variety of Brookfield 

viscometers. Strict adherence to this technique is required by Alyeska Pipeline Service 

Company (APSC) to determine an official value of gel strength for their use.
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Time (days)

Figure 4.1 APSC Specified Slow Cold Ramp for Gel Strength Testing

Performing a gel strength measurement using the standard slow cold ramp 

procedure is very expensive. Typically, three samples must be tested on different 

viscometers of increasing torque capabilities in order to determine the gel strength of a 

test fluid at a single temperature. Often test readings are either zero or greater than the 

maximum capability of WTC’s strongest viscometer. This presented an expensive 

obstacle for the research goal of characterizing the gel strength of a large number of 

samples at several temperatures. In order to obtain a good measurement of all samples at 

three different final temperatures, 90 samples would need to be tested at WTC. A 

quicker and cheaper method of roughly estimating the gel strength of these fluids was 

needed in order to develop a robust test scheme for official testing at WTC.

The fast cold ramp gel strength apparatus at the University of Alaska Fairbanks 

(UAF) consists of commercially available tabletop laboratory equipment. In the UAF 

procedure, samples are placed in an open sample cup on a viscometer with a custom vane 

spindle suspended in the fluid from the viscometer. The sample is chilled by a
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refrigerated circulating bath at a rate of 2°C / hr from room temperature to the 

temperature of interest for the test. This is significantly faster than the cold ramp 

specified by APSC for official testing. The simplicity of the system and the quicker data 

collection rate permits the more rapid characterization of fluid gel strengths than the 

traditional slow cold ramp method. Samples with obviously extremely high gel strengths 

or zero gel strength can be eliminated from slow cold ramp testing at WTC. 

Additionally, the fast cold ramp gel strength provides a fair indication of the slow cold 

ramp gel strength. Based on the results of this lower cost testing, a test scheme for 

official slow cold ramp testing was developed and is discussed fully in Chapter 5.

In addition to being useful for developing better testing schedules, the fast cold 

ramp gel strength apparatus may be used to predict gel strengths of fluids taken at the 

time of pipeline shutdown. If a good relationship between fast and slow cold ramp gel 

strengths is known through extensive testing and comparison, the fast cold ramp gel 

strength apparatus may be used to predict the future gel strength of the actual fluid in the 

pipeline. The time until the gel strength exceeds the limiting gel strength for pipeline 

restart may be determined and restart plans developed to meet this deadline. WTC 

testing may not be used for this predictive purpose because samples would be cooling at 

the same rate as pipeline and any data indicating an excessive gel strength would be 

acquired too late to be used to prevent a full winter shutdown.

An application of this study was to use the fast cold ramp gel strength data for the 

samples to develop a lower total cost slow cold ramp test schedule performed at WTC. 

The samples for both the UAF and WTC testing were mixed at the same time and under 

the same conditions. WTC samples were stored in sealed containers until the 

completions of the UAF fast cold ramp testing and the test scheme was developed for 

WTC to measure the actual gel strength using the slow cold ramp procedure. Based on 

the results of the slow cold ramp gel strengths, a preliminary relationship between fast 

and slow cold ramp gel strengths was developed. The development of the fast cold ramp 

gel strength apparatus and the relationship between fast to slow cold ramp results for this
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type of fluid will permit more successful future research to fully characterize the gel 

strength of crude oil and GTL mixtures.

4.2 Determination of Measurement Range

By applying a simple shear model of the Trans-Alaska pipeline, an estimation of 

limiting gel strength for pipeline restart can be made and a measurement range of interest 

for this research established. The model assumes the fluid has been in a prolonged no 

flow condition and has cooled sufficiently to form a gel with weak solid behavior. In 

order to initiate flow in the pipeline, the gel must fail, in shear, around the inner radius of 

the pipe and along the entire length of the pipeline between pump stations. The force that 

may be applied to the gel is the head pressure of the pump station pump multiplied by the 

internal cross sectional area of the pipeline. This model is detailed in Figure 4.2.

Figure 4.2 Simple Trans Alaska Pipeline Model 

The force applied to the gel by the pump station is:

F„ead = U * D 2 / 4 ) * ( P Hcad)

The maximum resistance the gelled fluid may generate is the gel strength of the fluid 

multiplied by the area of the shear plane; in this case, the circumferential area of the pipe 

section between two pump stations.



44

Fgel =  Tgel * (it * D * L)

If Fnead > Fgei , the gel fails in shear and the pipeline will restart. Assuming a maximum 

pump station head pressure of 1200 psig and the pipe dimensions in Figure 4.2, the 

limiting gel strength for pipeline restart is estimated to be:

Max igei = 39.7 lbf / 100ft2 =190 dyne / cm2

High gel strengths are routinely encountered in drilling applications. Gel strength is a 

desirable property used to suspend cuttings in the mud when mudflow is stopped. A 

commonly used field equation for determining the pump pressure needed to overcome a 

gel in drilling situations is:

APD = Tgei L / ( 300 * d )

Where,

APD is pressure drop across the pipe section of interest in lbf per square inch (psi) 

Tgei is gel strength in lbf / 100ft2 

L is pipe length in feet 

D is pipe diameter in inches

Using the drilling field model and applying the maximum achievable pressure 

drop of 1200 psi between pump stations and the dimensions, as above, yields a maximum 

gel strength of:

Max Tgd = 40.9 lbf / 100ft2 = 196 dyne / cm2
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This agrees well with the simple shear model. Measuring gel strengths within the 

range of 10 - 1000 dyne / cm2 will yield useable values for assessing at what conditions 

samples will generate restart problems for the TAPS. The results of this simple model 

were the basis for designing lab equipment for measuring gel strengths in this research.

4.3 Design of the Fast Cold Ramp Gel Strength Apparatus

The system developed at UAF consists of low cost commercially available 

tabletop laboratory equipment (Figure 4.3). Standard Brookfield DVII+ viscometers with 

Small Sample Adapters (SSA) are used with a custom build vane spindles. Two 

viscometers (LV and DV torque range) are required to attain measurements within a gel 

strength measurement window of 0-1372 dyne / cm2. The details of the vane spindle 

design for this measurement window are presented later in this section. The temperature 

of the viscometers is controlled using a Julabo programmable refrigerated circulating 

bath capable of maintaining both viscometers at the lowest expected test temperatures 

(greater than -40°F). Samples are placed into the Viscometers Sample Cups with the 

vane spindle suspended in the fluid. The samples are chilled in place using the Julabo 

refrigerated circulating bath at a rate of 2°C/hr. This chilling rate was determined from 

earlier preliminary comparisons of slow cold ramp gel strengths to fast cold ramp gel 

strengths performed at several different chilling rates. The chilling rate used for this 

study was a subjective compromise of test speed and results comparability. The fast cold 

ramp of this research is detailed in Figure 4.4. A graphical comparison of the fast and 

slow cold ramps is presented in Figure 4.5. The method may not be used directly to 

determine the gel strength of fluids at TAPS conditions because the samples are chilled 

much more quickly than pipeline conditions and are exposed to the atmosphere during 

the cold ramp, resulting in some loss of light ends. The system does provide a great deal 

of insight into the gel strength potential of samples at a greatly reduced cost per sample.
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Figure 4.3 UAF Fast Cold Ramp Gel Strength Apparatus
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Figure 4.4 UAF Fast Cold Ramp Temperature Profile
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♦  APSC Slow Cold Ramp —• —UAF Fast Cold Ramp [

Figure 4.5 Comparison of Fast and Slow Cold Ramps

In order to size the custom machined spindles for this apparatus, the equation 

presented below by Alderman et al (1991) was used. Applying the Brookfield 

Engineering Laboratories, Inc. maximum torque specification for their viscometers and 

the desired maximum gel strength reading determined previously, the dimensions of the 

vane spindle may be determined. The Brookfield LV DVII+ viscometer has a maximum 

torque capability of 673.7 dyne-cm. The RV DVII+ viscometer can generate a maximum 

torque of 7,187 dyne-cm. Additionally, a height to diameter ratio (FI/D) equal to three 

was selected in order to provide a good fit within the viscometers Small Sample Adapter 

(SSA). The value of D may solved for as follows:

r H_ O  
y D + 3 , gel

Where,

Tm = Maximum observed torque on the spindle 

D = Diameter of vane spindle
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H=  Height of vane spindle

tgei = Yield strength (gel strength)

Substituting H/D = 3 and solving for D yields,

DJ  2 r -
V 3.333 *7i*zgel

Solving for D using the maximum torque capabilities of the RV DVII+ 

viscometer and the desired maximum gel strength reading of 1000 dyne/cm2 yields a 

vane spindle diameter of 1.111 cm. A 1.111 cm x 3.333 cm spindle will fit within the 

SSA, however, a slightly smaller spindle 1.000 cm x 3.000 cm would fit better. The 

smaller vane spindle can measure gel strengths up to 1373 dyne/cm2. To accurately 

measure gel strengths below 10% of the maximum range of the RV DVII+ viscometer, a 

new vane spindle design was needed for the LV DVII+ viscometer. A 1.000 cm x 3.000 

cm vane spindle can measure a maximum gel strength of 128.7 dyne / cm2 in the LV 

viscometer. This is 9.4% of maximum RV viscometer measurement range. Using the 

same sized vane spindles in both viscometers reduced possible careless laboratory error 

by eliminating the potential of switching vane spindles with no perceivable difference in 

size to the human eye. Figure 4.6 is a scale drawing of the custom vane spindle installed 

on a DVII+ viscometer and suspended in the sample cup of the Brookfield SSA. Figure 

4.7 is a picture of the custom vane spindle and the temperature sensing Small Sample 

Adapter sample cup.
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Figure 4.7 Custom Vane Spindle and SSA Sample Cup
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In addition to the LV and RV DVII+ viscometers fitted with small sample 

adapters, an LV DVII+ Cone-Plate viscometer, Figure 4.8, was included in the cooling 

circuit of the Julabo refrigerated circulating bath. The Cone-plate viscometer, which is in 

similar configuration as used by Ramakrishnan (2000), was utilized to obtain initial 

insight into the thixotropic behavior of the samples and to develop shear stress versus 

shear rate rheograms for the samples at low temperatures. This Cone-Plate viscometer 

configuration is able to measure absolute viscosities of 0.2 to 3,000 centipoise at a wide 

range of shear rate. However, large absolute viscosities may only be obtained at very low 

shear rates. This prevented the development of good rheograms, except for the thinnest 

of samples of this research. The thixotropic behaviors of some samples were obtained at 

very low shear rates. The goal of this portion of research was to provide initial insight 

into the fluid properties and their acquisition. The procedure for operation and the 

limited results are presented in later sections.

LV DVILf SSALV D VII-p Coag/PlateRV DVILf SSA

Figure 4.8 UAF Fast Cold Ramp Gel Strength and Cone/Plate Viscometers
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4.4 Fast Cold Ramp Gel Strength Test Procedures

4.4.1 Fast Cold Ramp Gel Strength Measurement Preparations

1. Energize both Brookfield LV DVII+ and RV DVII+ Viscometers. Follow auto

zeroing instructions on the viscometer liquid crystal display (LCD).

2. Install custom vane spindles in both viscometers, as illustrated in Figure 4.6.

3. Tum-on data collection computers and open Brookfield WinGather Software.

4. Verify communication between the viscometers and the data collection 

computers. If the viscometers and the computer are not communicating, verify 

the viscometer is in “PC Program ON” mode by cycling through the option menu 

on the viscometer LCD.

5. Set the Julabo Refrigerated Circulating Bath temperature to 21°C using the Julabo 

EasyTemp Software Program installed on the LV DVII+ Viscometer data 

collection computer.

6. Remove Small Sample Adapter (SSA) sample cups from the viscometers.

7. Carefully pipette 15 mL of sample into each sample cup.

8. Insert sample cups into SSA in each viscometer. Note: vane spindles and sample 

cups are interchangeable between viscometers.

9. Install sample cup covers ensuring they do not contact the shaft of the vane 

spindle.

10. Attach the sample cup thermocouple cables and check that the correct 

temperatures are displayed on the viscometer LCDs and the data collection 

computers.

11. Select 0.01 rpm motor speed on LV and RV viscometers by pressing the up or 

down arrow and the viscometer keypad until 0.01 RPM is displayed. Then press 

set speed. The display should return to OFFRPM within a few seconds indicating 

the spindle is not turning.
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12. Program the Julabo refrigerated circulating bath with the desired cold ramp 

utilizing the EasyTemp Software. Suggested cold ramp profiles are presented in 

Figure 4.4. To program the circulating bath, select “Edit Profile”. Input the 

desired temperature in degrees Celsius followed by a space and the required 

chilling time.

a. For example, -28.89 24:57

13. Select “Use Profile”. When the current status screen appears, select “Start 

Profile” and observe the bath temperature slowly falling.

14. Return at the end of the cold ramp and following “Gel Strength Measurement 

Procedure.”

4.4.2 Gel Strength Measurement Procedure

1. Upon completion of refrigerated circulating bath programmed cold ramp, verify 

cold ramp was performed successfully by observing the temperature history 

window in the EasyTemp Software.

2. Ensure Brookfield LV and RV Viscometers are communicating with data 

collection computers by comparing the values on the viscometer LCD with the 

instantaneous values displayed by the WinGather Software.

3. Select the “Start Gather” button on the WinGather Program collecting data on the 

LV viscometer. The “Start Gather” button is illustrated with a graphic of 

connected viscometer and personnel computer.

4. In the “Start Gather” window, select “Timed Stop” and input 1000 into the “# of 

Readings” window and 00:10 in the “Time Interval” window. This instructs the 

software to record data ever 10 seconds until 1000 data points are recorded.

5. Start the viscometer motor by pressing the up arrow and verifying the spindle 

RPM is set to 0.01. When RPM.01 is displayed, depress “Set Speed” on the 

viscometer keypad. Next, start the motor by pushing the “Motor On/Off’ button 

on the viscometer keypad.
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6. Verify torque values displayed on the viscometer are properly recording in the 

WinGather software window.

7. Repeat steps 2-5 for the RV Viscometer.

8. Monitor the torque values on the viscometers and observe one of the following 

three scenarios:

a. No Gel Strength: Torque remains at or very near 0.0%

b. Gel Failure: Torque continues to rise until the gel fails and allows the 

spindle to relax, resulting in a significant drop in torque values.

c. Gel strength out of viscometer range: Torque continues to rise to 100% 

and then displays “EEEE” indicating the viscometer has reached it’s 

maximum torque potential.

9. Upon observing one of the scenarios above and allowing for adequate data 

collection to properly illustrate the result, select “Stop” on the WinGather 

software and save the data (Selecting Lotus file *.wks, will permit easy inputting 

of the data into Microsoft Excel).

10. Stop the viscometer motors by selecting “Motor On/Off’ on the viscometer 

keypad.

11. Once all the data is satisfactorily saved, set the temperature in the Julabo 

refrigerated circulating bath to 21°C. This allows for simpler cleaning and 

prepares the system for the next test.

12. Disconnect the custom vane spindles and allow them to drop into the sample cup. 

Remove the sample cups with sample waste and vane spindles.

13. Properly dispose of sample waste in a hazardous material collection container. 

Don appropriate personnel protective equipment. Thoroughly clean the sample 

cups and spindles with liberal quantities of toluene. Displace the toluene away 

with an application of acetone. Dry the cups and spindles with compressed air, 

ensuring no toluene or acetone remains to taint future samples.

14. The system is ready for the next test sequence.
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Figure 4.9 shows a typical gel failure curve observed by the Brookfield DYII+ 

Viscometer. When the test is started, the gelled fluid exhibits Hookean elastic behavior. 

As shear stress is applied to the gel, it resists deformation proportionally, until the gel 

fails in shear around the extents of the vane spindle. This is indicated by the near 

constant slope and the break over in torque when the gel fails. The torque value at break 

over is used to directly calculate the yield strength of the gel based on the geometry of the 

shear surface as discussed earlier. The complete collection of gel failure curves for UAF 

fast ramp gel strength testing is provided in Appendix A.

Gel Failure Plot of 1:1 Crude to 302GTL at OF

Time (min)

Figure 4.9 Typical Gel Failure Curve

4.5 Fast Cold Ramp Gel Strength Test Results

Each of the samples detailed in Chapter 3 were tested at UAF using this fast cold 

ramp gel strength apparatus and procedure. Tests were performed at decreasing 

temperatures, starting from 20°F until the gel strength exceeded the measurement
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capabilities of the fast cold ramp apparatus. Any tests that would obviously be outside of 

the measurement window based on previous results at higher temperatures were not 

tested. For example, the 100% 344GTL sample yielded a gel strength reading greater 

than 1372.7 dynes/cm2 at 0°F, thus testing at -20°F would obviously generate results 

again above the maximum capabilities of the apparatus. Likewise, no measurement was 

taken at 20°F for 1:1 Crude: 254GTL, because tests at 0°F indicated no gel strength. 

Table 4.1 summarizes the results of the fast cold ramp testing at UAF. The mean gel 

strength is presented for tests with multiple measurements.

Table 4.1 UAF Fast Cold Ramp Gel Strength Results

Sample

Description

Test Temperature F 

20 0 -20

Crude Oil Sample 1 0.0 18.8 193.5

3:1 Crude :254 Sample 2 0.0 8.5 87.8

1:1 Crude:254 Sample 3 0.0 36.7

254 GTL Sample 4 0.0 0.0 0.0

3:1 Crude:302 Sample 5 0.0 36.8 581.3

1:1 Crude:302 Sample 6 0.0 27.3 831.8

302 GTL Sample 7 0.0 0.0 >1372.7

3:1 Crude:344 Sample 8 0.0 201.8 >1372.7

1:1 Crude:344 Sample 9 9.9 805.8

344 GTL Sample 0 84.0 >1372.7

The fast cold ramp gel strength results indicated some interesting trends that are 

best observed in Figure 4.10. The figure is organized with samples with increasing gel 

strength towards the back of the chart. Note the location of crude oil and that the 

mixtures with 254GTL had lower measured fast cold ramp gel strengths than the pure 

crude oil. Also, note that for pure GTL products, 344GTL and 302GTL, gel strength 

increases dramatically between adjacent temperature tests, which indicates that there is a 

narrow band of temperature that results in an extreme increase in gel strength. This may 

be because of the high purity of the samples and resulting lack of interference as the
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chemical components in the product solidify. These fast cold ramp gel strength results 

indicate that adding 254GTL to the pipeline flow may reduce the gel strength of the 

TAPS fluid. The results from these tests were used to develop a sequence of tests to be 

performed by WTC at the APSC specified slow cold ramp. The results of that 

independent testing are presented in Chapter 5.

Figure 4.10 UAF Fast Cold Ramp Gel Strength Results

Additional fast gel strength testing was performed on the 3:1 Crude to 302GTL 

sample, in order, to assess the repeatability of the fast gel strength method. Table 4.2 

shows the results of the original test performed on 23 November 2001, and the three 

additional test performed for repeatability in December 2001. These tests indicated good 

repeatability using the UAF fast cold ramp gel strength apparatus. The standard error



was less then 1%. Additional repeatability test were not performed because of research 

time constraints.
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Table 4.2 Fast Cold Ramp Gel Strength Repeatability of 3:1 Crude Oil to 302GTL

Test Date 
2001

Measured Gel Strength 
(dyne/cm A2)

Deviation from Mean

23-Nov 575.1 -6.2
1-Dec 594.4 13.1
2-Dec 580.6 -0.7
3-Dec 575.1 -6.2
Mean 581.3

Standard Deviation 7.9
Standard Error 4.6
Standard Error (%) 0.78%

Some samples generated gel strengths within the measurement window of both 

the LV and RV gel strength viscometers. When this occurred, it provided some insight 

into the validity of simple shear model for determining gel strength using a vane spindle. 

Table 4.3 details the tests in which simultaneous readings were obtained from both 

viscometers. Brookfield specifies their quoted viscometer accuracy is for measurements 

for 10-90% of the viscometers maximum torque capability, thus measurements taken at 

near 0% of rated torque will likely have significant error. This instrument error would 

likely outweigh any error comparison between the two viscometers. Thus, the 

information, without error analysis, is provided for the general observation of the reader. 

The measurements used in the results for this thesis were from the viscometer with a 

reading greater than 10%. In these five simultaneous readings, results were reasonably 

close and this adds significant confidence to the ability to extend results from the LV 

viscometer to the RV viscometer as measured gel strengths increase.
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Table 4.3 Simultaneous Gel Strength Readings

Viscometer
Sample Temperature 

(degree F)
RV Reading LV Reading
% Maximum Torque % Maximum Torque
Gel Stength (d/cmA2) Gel Stength (d/cmA2)

3:1 Crd:254GTL -20 68.2% 5.9%
87.8 81.0

1:1 Crd:254GTL -20 28.5% 2.7%
36.7 37.1

3:1 Crd:302GTL 0 28.6% 2.1%
36.8 28.8

1:1 Crd:302GTL 0 21.2% 1.4%
27.3 19.2

Crude Oil 0 15.6% 1.2%
20.1 16.5

4.6 Fast Cold Ramp Thixotropy and Viscosity Testing Procedures

The calibration and operation of the Brookfield LV DVII+ Cone/Plate Viscometer 

are fully described by Ramakrishnan (2000). The Julabo refrigerated bath circulates heat 

transfer fluid through the Cone/Plate viscometer and the two gel strength viscometers 

simultaneously and, thus, the temperature may not be independently controlled. To 

increase the heat transfer efficiency of the system, a custom fit polystyrene insulating 

jacket was made to fit over the sample chamber of the Cone/Plate viscometer. This 

insulating jacket should be installed during viscosity test at extreme temperatures. Figure 

4.11 shows the temperature controlled sample chamber with its precisely machined plate 

and the CPE-40 cone spindle used in this work.
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Figure 4.11 LV DVII+ Cone/Plate Sample Chamber

The following are the general instructions for observing the thixotropic effect and to 

subsequently measure the viscosity of the fluid. The calibration and setup of the 

viscometer and data collection computer are fully detailed in Ramakrishnan (2000) and in 

the instruction manuals provided from Brookfield with the Cone/Plate viscometer.

1. Turn on the Brookfield LV DVII+ Cone/Plate Viscometer and follow the 

initial set up instruction on the Liquid Crystal Display (LCD). Energize the 

data collection computer.

2. Carefully install the cone spindle to the viscometer coupling nut until hand 

tight. The threads connecting the cone spindle and the viscometer coupling 

nut are reverse.

3. Verify communication between the viscometers and the data collection 

computer. If the viscometers and the computer are not communicating, verify
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the viscometer is in “PC Program ON” mode by cycling through the option 

menu on the viscometer LCD.

4. Calibrate the Cone/Plate Viscometer in accordance with section 5.2.6.4 of 

Ramakrishnan (December 2000).

5. Pippet 0.5mL of sample into the refrigerated plate sample cup. Prepare 

samples in the gel strength viscometers that need to be tested under the same 

fast cold ramp profile.

6. Install the refrigerated plate sample cup onto the viscometer body, taking care 

to avoid contacting the cone spindle.

7. Toggle the gap sensing switch to the right. This will illuminate the red pilot 

light. If the yellow contact light is illuminated, slowly turn the micrometer 

collar on the viscometer clockwise until the light is no longer illuminated.

8. Slowly turn the micrometer collar on the viscometer counter-clockwise until 

the yellow contact light illuminates. Then turn the collar to the closest 

reference mark above the micrometer collar.

9. Turn the collar to the left one scale division. The yellow contact light should 

then be off. This is the proper gap setting for the viscometer.

10. Toggle the gap sensing switch to the left to shut the gap sensing system off.

11. Install the polystyrene insulating jacket over the installed refrigerated plate 

sample cup.

12. Program the Julabo refrigerated circulating bath with the desired cold ramp in 

accordance with the procedure for gel strength measurement.

13. At the completion of the cold ramp, verify the viscometer and the data 

gathering computer are still communicating

14. Select the “Start Gather” button on the WinGather Program collecting data on 

the CP viscometer. The “Start Gather” button is illustrated with a graphic of 

connected viscometer and personnel computer.

15. In the “Start Gather” window, select “Timed Stop” and input 1000 into the “# 

of Readings” window and 00:02 in the “Time Interval” window. This
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instructs the software to record data ever 2 seconds until 1000 data points are 

recorded.

16. Start the viscometer motor by pressing the up arrow and verifying the spindle 

RPM is set to 0.1 (this may be increased, if the expected viscosity is low). 

When RPM0.1 is displayed, depress “Set Speed” on the viscometer keypad. 

Next, start the motor by pushing the “Motor On/Off ’ button on the viscometer 

keypad.

17. Verify torque values displayed on the viscometer are properly recording in the 

WinGather software window.

18. Observe the readings until the torque readings stabilize. Even if the readings 

exceed the measurement capabilities of the viscometer, the absolute viscosity 

may reduce over time to measurable values.

19. After observing the thixotropic effect, the absolute viscosity of the sample 

may be measured over a range of shear rates by varying the spindle speed and 

waiting for the readings to stabilize before proceeding to the next speed.

20. If the total readings exceed 1000 data points a new data file will need to be 

started.

21. Upon completion of testing, set the refrigerated circulating bath back to room 

temperature.

22. Remove the cone spindle and clean with liberal quantities of toluene and 

acetone.

23. The refrigerated plate sample cup must be cleaned on location because it is 

not practical to remove the sample cup from the coolant loop. Cleaning is 

easily accomplished with a small pan, a rag, and solvent cleaning bottles.

4.7 Fast Cold Ramp Thixotropy and Viscosity Testing Results

The Cone/Plate viscometer is a good configuration for testing the fluid properties 

of gelled fluids, because the large surface area of the cone and plate relative to the sample
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volume ensures that the gel is fully disrupted, eliminating the possibility of the spindle 

rotating freely in a fully formed gel. Future work to fully characterize the fluid properties 

at these low temperatures should be performed using a different spindle or a high strength 

viscometer, in order, to measure the high absolute viscosities that these samples can 

generate.

Thixotropy, often referred to as work-softening, is the reduction of shear stress in 

fluid as it is subjected to a constant shear rate. The effect may either be reversible or 

irreversible. Figure 4.12 shows one of the few full thixotropy plots gathered in this 

research. Fluid shear stress, in dyne / cm2, is presented against time at a constant shear 

rate. After the gel breaks, the shear stress in the fluid decays exponential to a steady state 

value. The remaining thixotropy plots are presented in Appendix B. There was 

insufficient thixotropy data collected in this study to warrant quantifying the effect and 

developing any correlations. The plots are presented for possible use in the future 

research to better understand this effect in crude oil and GTL blends.

Time (min)

Figure 4.12 Thixotropy Plot of Crude Oil at 0°F
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To test the reversibility of the thixotropic effect, a sample of 3:1 crude oil to 

254GTL was fast cold ramped to a temperature of 0°F and subjected to a constant shear 

rate of 0.375 sec'1. After the thixotropic decay was recorded the shear was stopped and 

the fluid was allowed to rest for twenty-five minutes. The fluid was again sheared at

0.375 sec'1 and the shear stress in the fluid was observed. The results of this testing, 

illustrated in Figure 4.13, indicated the thixotropic behavior was irreversible and likely 

the result of disruption of the fundamental structure of the gel. The test was performed at 

a constant temperature, which indicated the gel is not able to reform in the absence of 

shear. To reform the gel, the fluid would need to be heated, mixed, and cooled again.

o.o 10.0 20.0 30.0 40.0 50.0 60.0 70.0
Time (min)

Figure 4.13 Thixotropic Reversibility Plot of 3:1 Crude Oil to 254GTL at 0°F

The thixotropy tests were performed at low shear rates and yielded an absolute 

viscosity value at the completion of the thixotropic decay at shear rate of the test. In 

order to model the behavior of these broken gel fluids, readings across a wide range of
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shear rates were needed. However, the Cone/Plate viscometer was unable to both observe 

the thixotropic effect and then measure the absolute viscosities over the desired range of 

shear rates. The viscosity of the broken gels was too high and exceeded the torque 

capabilities of the viscometer at higher shear rates. For thinner fluids at low 

temperatures, such as 254GTL, the development of conventional shear stress versus shear 

rate rheograms was possible. These few plots indicated that the thin fluids behave as 

Bingham Plastic Fluids at low temperature. Figure 4.14 and 4.15 illustrates the good fit 

to the Bingham Plastic Fluid Model. Unfortunately, only these two samples were 

sufficiently thin at temperature to obtain useable fluid model information. The absolute 

viscosities of samples with thixotropic behaviors are presented on the thixtropy figures in 

Appendix B.

Shear Rate (1/s)
■+— 254GTL at O F  Linear (254GTL) [

Figure 4.14 Rheogram of 254GTL at 0°F
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Shear Rate (1/sec)
— • —  1:1 Crude to 254GTL at OF  Linear (1:1 Crude:254GTL)

Figure 4.15 Rheogram of 1:1 Crude Oil to 254GTL at 0°F

4.8 Discussion of Thixotropy and Viscosity Measurements

In addition to quantifying how the addition of GTL products will impact the gel 

strength of TAPS fluids, this research attempted to better understand how the cold fluid 

would behave after pipeline flow was initiated following a prolonged cold shutdown. 

The simultaneous measurement of the viscosity and the thixotropic behavior of the 

broken gels was attempted using a cone/plate viscometer. The cone/plate viscometer has 

a very high surface area to sample volume ratio, which ensures the gel is fully disrupted 

during testing. Typical concentric cylinder viscometers cannot perform this analysis, 

because of the high lubricity of the hydrocarbon gel allows the cylindrical spindle to 

rotate freely in the unbroken gel. However, the very high absolute viscosities of a 

majority of the chilled fluids of this research exceeded the measurement capabilities of 

the cone/plate viscometer. The shear stress versus shear rate rheograms of the two
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thinnest samples were obtained and indicated good adherence to the Bingham Plastic 

Fluid Model.

Additionally, the thixotropic behavior of some of the samples was observed. This 

reduction in fluid shear stress over time with constant shear is likely the result of the 

disruption of the fundamental structure of the gel. The thixotropic behavior of the fluids 

was found to be irreversible with the cessation and reinitiation of shear. This preliminary 

data indicates that when hydrocarbon gel is broken in a pipeline and the flow stopped 

again the gel strength will likely not return to the previous levels in a short period, as 

would be expected in normal reversible thixotropic fluids. Continued cooling of the 

broken gel will likely result in resumption of gel growth, however. Further research 

along this line with wider measurement range cone/plate viscometers may provide 

valuable information for the modeling of pipeline restart after a prolonged cold 

shutdown.
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CHAPTER 5 

SLOW  COLD RAM P GEL STRENGTH M EASUREM ENT

The results of the UAF fast cold ramp gel strength tests were used to specify at 

which temperatures and with which gel strength viscometers Westport Technology 

Center (WTC) was to perform the subsequent slow cold ramp testing to obtain the gel 

strength under conditions specified by Alyeska Pipeline Service Company (APSC). The 

viscometers used at WTC have limited ranges and testing across the entire desired gel 

strength measurement window would require three tests for each sample at each desired 

temperature. This would have required 90 samples to be tested under slow cold ramp 

conditions to characterize the gel strength of the crude oil and GTL blends of this 

research. Based on the fast cold ramp gel strengths and previous preliminary 

comparisons between fast and slow cold ramp results, a slow cold ramp test program was 

developed requiring only 24 samples, resulting in a significant cost savings. This chapter 

discusses the slow cold ramp gel strength apparatus and procedures, selection of 

specifications for slow cold ramp sample testing, and the results of that testing.

5.1 Slow Cold Ramp Gel Strength Apparatus and Procedures

Gel strength testing at WTC is performed in accordance with Westport’s Standard 

Laboratory Procedure (SLP) 307, “Crude Oil Yield Stress Value Determination by Vane 

Viscometry”. This is the procedure recognized and approved by APSC for the 

determination of actual gel strength of pipeline fluids for shutdown casualty control 

planning. Their gel strength laboratory set up consists of the following components:

1. Brookfield Viscometer, Model LV DVII+, RV DVII+, and HB DV1I+ with data 

collection computer.

2. Sigma System M26-CC3 environmental chamber, equipped with a liquid nitrogen 

supply for cooling and capable of holding 24 vane viscometry cup apparatuses.
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3. Julabo FP-50 temperature controlled refrigerated circulator bath fitted with 

custom vane viscometry cup apparatus holding bracket.

4. WTC custom vane viscometry cup apparatus and vane spindle for the Brookfield 

viscometer.

5. 100 ml glass syringe and syringe needle equipped with valve.

6. Fluke digital thermometer which has been certified to ±0.3°C.

The following summary of test method is adapted from the WTC final results 

report by Brown and Zhou (2002).

Westport’s SLP-307 consists of determining the yield stress value of a crude oil 

and GTL blends by measuring the torque on a spindle, using a Brookfield viscometer, 

rotating at 0.01 rpm in the gelled material. The spindle used consists of four rectangular 

vanes dimensioned 0.75 inches width and 2.25 inches height and oriented at 90-degree 

increments around the central axis. The sample cup is dimensioned 1.5 inches inner 

diameter and 4.0 inches height. Vertical orientation of vanes within the sample cup is 

dimensioned 1.00 inches from top and 0.75 inches from bottom. WTC’s Brookfield 

viscometers fitted with this vane spindle and sample cup have the following measurement 

ranges. The LV viscometer measures gels strengths from 1.9 -  18.6 dynes / cm . The 

RV viscometer measures gel strengths from 18.6 - 198.6 dynes / cm and the HB 

viscometer measures from 158.8 -  1588.7 dynes / cm .

The GTL and crude oil blends were initially heated to 150°F to destroy all 

temperature and shear histories and then cooled to approximately 100°F. Then they were 

loaded into the vane closed-cup apparatus. The closed-cup apparatus holds the vanes 

rigidly during cooling and aging and prevents loss of light ends through evaporation. 

After loading into the cup apparatus, the samples were cooled in an environmental 

chamber at a controlled rate from 90°F to -20°F over a 21-day period. The cooling rate 

mimics the expected rate of cooling of the Trans-Alaska pipeline oil in the case of 

shutdown. See Figure 4.1.
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Samples were withdrawn from the environmental chamber at three test

temperatures (approximately 20°, 0° and -20°F) and transferred to a refrigerated

circulating bath. The bath maintains the sample at test temperature. The spindle is

attached to the Brookfield viscometer (LV, RV or HB) before the spindle clamping

mechanism is released. The clamping mechanism is released and the viscometer is

started at 0.01 rpm and torque as a function of time was measured, until a maximum

reading is obtained. The maximum torque (dyne-cm) obtained is divided by a vane
 ̂ #

parameter constant K to obtain the yield stress (dynes / cm ). The constant K is 

calculated based on the dimensions of the vanes. (K = 36.19 cm3, for a Vane with D =

0.75 inch (1.905 cm) and H = 2.25 inch (5.715 cm).

The following synopsis of the WTC Standard Laboratory Procedure, SLP-307, is 

provided below for comparison to the UAF fast cold ramp procedure.

1. Verify calibration of the Brookfield viscometers.

2. Heat the samples in a tightly sealed container to 150°F for 2 hours to destroy all 

temperature and shear histories. Allow the samples to cool to 90°F.

3. Heat the vane viscometry cup apparatus to 95°F -  100°F.

4. Transfer 95-98 mL of warm sample from the storage container to the vane 

viscometry cup apparatus.

5. Set the top-sealing chamber of the cup apparatus with the vane spindle installed 

and place the filled cup apparatus back into the environmental chamber.

6. Repeat steps 4 and 5 for the remaining samples.

7. Program the environmental chamber to achieve the APSC specified slow cold 

ramp shown in figure 4.1.

8. When the environmental chamber is at the desired test temperature, prepare the 

gel strength test equipment.
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9. Set the refrigerated circulating bath to 2°F below the test temperature to account 

for heat loss from the top of the partially submersed cup apparatus. Install the 

vane viscometry cup apparatus holding bracket into the bath opening.

10. Set the specified torque range viscometer on the refrigerated circulating bath and 

level.

11. Remove the vane viscometry cup apparatus from the environmental chamber and 

place it in insulated container to transport it to the circulating bath. Take care not 

to tilt or disturb the sample during transport.

12. Remove the top of the vane viscometry cup apparatus and place it into the 

refrigerated circulator bath.

13. Align the cup apparatus directly below the viscometer and pin the vane spindle to 

the viscometer spindle coupling using the attachment bracket and pins.

14. Rotate the vane viscometry cup apparatus until the torque reading is as close to 

zero as possible.

15. Tighten the knob on the vane viscometry cup apparatus holding bracket to firmly 

hold the apparatus in place for the test.

16. Start the Brookfield Wingather software and program for timed torque readings.

17. Gently remove the locking pin from the vane apparatus.

18. Gently cut the band holding the vane spindle locking clamps in place.

19. Gently separate the vane spindle locking clamps slightly.

20. Start the Brookfield motor at 0.01 rpm.

21. Monitor the torque values on the viscometers and observe one of the following 

three scenarios:

a. No Gel Strength: Torque remains at or very near 0.0%. Repeat the test 

with a fresh sample on a lower torque range viscometer.

b. Gel Failure: Torque continues to rise until the gel fails and allows the 

spindle to relax, resulting in a significant drop in torque values.
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c. Gel strength out of viscometer range: Torque continues to rise to 100% 

indicating the viscometer has reached its maximum torque potential. 

Repeat test with a fresh sample on a higher torque range viscometer

22. Upon completion of the test insert the Fluke thermometer into the vane 

viscometry cup apparatus to record a final temperature of the sample.

23. Disconnect the vane spindle and remove vane viscometry cup apparatus and 

dispose of used sample properly.

24. Prepare the gel strength apparatus for the next test.

The WTC gel strength measurement procedure requires the handling of samples 

after the formation of the gel in the environmental chamber. Extreme care must be taken 

in handling to avoid disturbing the gel. This can generate measurement error, especially 

on samples with very weak gels that may be broken during handling. No information on 

slow cold ramp gel strength repeatability was obtained for this initial characterization. 

WTC reports a repeatability of at or below 15% for the SLP-307 procedure performed by 

the same operator under constant operating conditions.

5.2 Slow Cold Ramp Gel Strength Test Planning

When the samples were prepared at UAF for fast cold ramp gel strength testing, 

four additional 110 mL samples were mixed for each sample. These samples were stored 

in glass 4 oz. laboratory bottles in anticipation of slow cold ramp testing at WTC. A very 

preliminary correlation between fast and slow cold ramp gel strength was developed 

using test results from previous gel strength testing performed at WTC on crude oil and 

Laporte light GTL blends. Fast cold ramp testing was performed on similar samples 

several months after WTC reported these initial gel strength test results. The samples 

could only be cooled to approximately -9°C because of equipment limitations at the start 

of this research. This preliminary comparison of fast and slow cold ramp gel strength 

indicated that the fast cold ramp apparatus under predicts gel strength by an factor of 3.4.
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After fast cold ramp testing the samples of this research, the factor was applied to the 

measured gel strength to obtain a preliminary prediction of slow cold ramp results. 

Based on the gel strength measurement windows provided by WTC for their viscometers, 

a test program was provided to WTC with temperature and viscometer specifications for 

each of the sample supplied. In cases where the expected gel strength was predicted near 

the maximum measurement capability of a WTC viscometer, two tests were specified 

using an additional higher range viscometer. In order to further reduce the expense of 

testing, some samples were not tested at certain temperatures, because predicted values 

were outside the measurement range of WTC’s viscometers. The test program in Table

5.1 was sent to WTC along with the samples prepared at UAF.

Table 5.1 WTC Slow Cold Ramp Test Schedule

Sample #
20

Temperature 
0 -20

100%Crude 1 RV HB
3:1 Crd:254 2 LV, RV RV, HB
1:1 Crd:254 3 LV RV, HB
100%254GTL 4 LV RV
3:1 Crd:302 5 RV HB
1:1 Crd:302 6 RV HB
100%302GTL 7 RV HB
3:1 Crd:344 8 RV HB HB
1:1 Crd:344 9 RV HB
100%344GTL 0 HB HB

5.3 Slow Cold Ramp Gel Strength Test Results

The full results of the WTC slow cold ramp gel strength testing specified in Table

5.2 are presented in Table 5.3 below. Overall, testing was very successful and useful data 

was attained from all samples at the temperatures requested. The following comments on 

slow cold ramp results were provided in the WTC final results report by Brown and Zhou 

(2002).
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“The yield stress measured for the TAPS Crude Oil (Sample 1) was 1098 dynes / 

cm2, which compares well with previous studies on this crude. The GTL and GTL-crude 

blend results were contradictory to earlier studies as yield strengths for the 100% GTL 

samples were lower than the 100% crude oil sample, and yield stress increased as GTL 

concentration diminished. Additionally, yield strength of the different GTL samples 

decreased as the final boiling point temperature decreased. The 254GTL sample 

produced extremely low yield strength of 0.20 dynes / cm2 at a temperature of -20°F, 

while the 344GTL sample was not measurable being off-scale on the strongest 

viscometer available. The 302GTL sample had a yield strength of 539 dynes / cm .”

Table 5.2 WTC Slow Cold Ramp Detailed Gel Failure Results

Test Sample 
(ID#)

Brookfield
Viscometer

Model

Sample
Temperature

(°F)

Maximum 
Torque 

Response 
(% full scale)

Yield Point 
Torque 

(dyne-cm)
Yield Stress 

(dynes/sqcm)

Sample 8 RV 20 10.4 747 20.7
Sample 9 RV 20 8.4 604 16.7
Sample 0 HB 20 0.4 230 6.35
Sample 1 RV 0 53.8 3867 107
Sample 2 LV 0 >100 >673.7 >18.6
Sample 2 RV 0 24.5 1761 48.7
Sample 3 LV 0 27.4 185 5.10
Sample 4 RV 0 0.1 7 0.20
Sample 5 RV 0 55.4 3982 110
Sample 6 RV 0 10.7 769 21.2
Sample 7 RV 0 1.0 72 1.99
Sample 8 HB 0 26.6 15294 423
Sample 9 HB 0 27.1 15581 431
Sample 0 HB 0 20.6 11844 327
Sample 1 HB -20 69.1 39730 1098
Sample 2 RV -20 >100 >7187 >199
Sample 2 HB -20 14.4 8279 229
Sample 3 RV -20 11.2 805 22.2
Sample 3 HB -20 1.5 862 23.8
Sample 4 RV -20 0.1 7 0.20
Sample 5 HB -20 62.7 36050 996
Sample 6 HB -20 19.8 11384 315
Sample 7 HB -20 33.9 19491 539
Sample 8 HB -20 >100 >57496 >1589
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Note the acquisition of a gel strength by both the RV and HB viscometers on gel 

strength tests of sample 3, 1:1 Crude oil to 254GTL , at -20°F in Table 5.2. The RV 

viscometer measured a gel strength of 22.2 dyne / cm2 and the HB viscometer attained a 

value of 23.8 dyne / cm2. These results compared well as in the simultaneous reading 

attained during the fast cold ramp testing and indicated the validity of the model and the 

comparability of results between viscometers. Table 5.3 summarizes the results of 

the slow cold ramp gel strength testing performed at WTC without extraneous torque and 

viscometer information.

Table 5.3 WTC Slow Cold Ramp Gel Strength Results (dynes / cm2)

Sample Test Temperature, °F

Description 20 0 -20

100% Crude Sample 1 107 1098
3:1 Crude-254 GTL Sample 2 48.7 229
1:1 Crude-254 GTL Sample 3 5.1 22.2

100% 254 GTL Sample 4 0.2 0.2
3:1 Crude-302 GTL Sample 5 110 996
1:1 Crude-302 GTL Sample 6 21.2 315

100% 302 GTL Sample 7 1.99 539
3:1 Crude - 344 GTL Sample 8 20.7 423 >1589
1:1 Crude 344 GTL Sample 9 16.7 431

100% 344 GTL Sample 0 6.35 327

Slow Cold Ramp testing reinforced trends identified during fast cold ramp testing 

and these are visible in the presentation of data in Figure 5.1. The samples are sorted in 

by increasing gel strength towards the back of the chart. Presumed values of gel strength 

are presented in the figure as gray and white mesh. It is reasonable to expect that a 1:1 

Crude Oil to 344GTL sample at -20°F will have a gel strength >1589 dyne / cm2 because 

the 3:1 crude oil to 344GTL sample at that temperature yielded a gel strength greater than 

the maximum measurement window of WTC’s HB viscometer of 1589 dyne / cm2. This 

was the line of reasoning used to determine the presumed values in Figure 5.1.



75

Note the location of 100% crude oil in Figure 5.1 and that samples containing 

254GTL exhibited significantly lower gel strengths than the 100% crude oil tests. This 

trend was also observed during fast cold ramp gel strength testing at UAF. Additionally, 

samples containing 302GTL had slightly lower gel strengths than crude oil. During fast 

cold ramp testing, samples containing 302GTL exhibited higher gel strengths. This 

difference in test trends is discussed in Chapter 6 where a correlation between fast and 

slow cold ramp gel strengths is developed.

Figure 5.1 WTC Slow Cold Ramp Gel Strength Results
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5.4 Recommendations for Live Sample Testing

WTC frequently performs gel strength testing on TAPS crude oil for APSC. 

Typically, the samples provided by Alyeska are taken at pipeline conditions and 

transferred into a pressurized vessel for shipment to WTC in Houston, TX. At WTC the 

samples are depressurized and introduced into the vane viscometry cup apparatus where 

they are capped to prevent losses of light ends during cold ramping. Though the vane 

viscometry cup apparatus is not pressure tight, it does prevent evaporative loses. Every 

practical effort is made by WTC to test a representative TAPS sample. For the testing of 

this research, the crude oil provided by APSC was shipped to UAF in a tightly sealed 

metal can. The can was full and had little headspace for evaporative losses. The samples 

were mixed at atmospheric temperature and pressure and then stored in laboratory bottles 

with minimal headspace. Every effort was made to prevent the loss of light ends in these 

samples. However, in order to be perfectly comparable to Alyeska crude oil gel strength 

measurements, the GTL and crude oil would need to be mixed at pipeline conditions, 

then shipped under pressure to WTC for slow cold ramp testing. The expected impact of 

using dead TAPS crude for gel strength testing in this research is minimal. The light 

ends lost, mostly pentane, were unperceivable. Their impact on gel strength is likely 

negligible because of the freezing points of these light ends is lower than -204°F, the 

freezing point of pentane. Future extensive testing should verify this negligible impact 

speculation by mixing and transferring samples at TAPS conditions.

5.5 Effects of GTL Product Final Boiling Point on Gel Strength

The final boiling point of a GTL product has a significant effect on the products 

gel strength and on the gel strength of mixtures with crude oil. Table 5.4 shows that by 

reducing the final boiling point of the GTL product, the gel strength of the product and 

mixtures with crude oil may be significantly reduced. In this table, gel strength tests on 

samples with the same mixture ratio and test temperature are presented in the columns.
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Figure 5.2 illustrates the trend towards lower gel strength with lower GTL final boiling 

points. The slow cold ramp gel strength of samples with the same crude oil mixture 

ratios are plotted against the final boiling point of the GTL products in the mixture. 

Graphical trend lines are drawn on the chart for clarity, but do not represent any equation 

relating gel strength with final boiling point. Gel strengths increase dramatically with 

increasing GTL final boiling point.

Slow Cold Ramp Gel Strength vs. GTL Final Boiling Point 
by Sample Type and Test Temperature

GTL Final Boiling Point (Degree Celsius)

—• —3:1 Crude to GTL at OF A 1:1 Crude to GTL at OF - * -3 :1  Crude to GTL at -20F 
—♦—1:1 Crude to GTL at -20F x Pure GTL at OF —I— Pure GTL at -20F

Figure 5.2 Gel Strength versus GTL Final Boiling Point
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Table 5.4 Effects of GTL Final Boiling Point on Gel Strength

Slow Cold Ramp Gel Strength (dyne / cmA2)
GTL FBP 

Celsius

Test Temp = 0 F ----------- Test~em p" ? 0  F--------------------1

3:1 Crd:GTL 1:1 Crd:GTL Pure GTL 3:1 Crd:GTL 1:1 Crd:GTL Pure GTL
254 48.7 5.1 0.2 229 22.2 0.2
302 110 21.2 2.0 996 315 539
344 423 431 327 >1589 >1589 >1589

As discussed in Chapter 3, the primary fluid property that may be varied in the 

speculated GTL facility of Figure 3.1 is final boiling point. A simple distillation facility 

is likely needed in any GTL facility built on the Alaskan North Slope to remove the 

extremely heavy hydrocarbon fractions of the Fisher-Tropsch process for reprocessing. 

The removal of heavy components by distillation will significantly reduce the gel 

strength potential of the GTL product. Reprocessing the heavy fractions in a 

hydrocracking facility will, also, add value to the GTL product by producing 

hydrocarbons in the range of typical motor fuels.

5.6 Effects of GTL Composition on Gel Strength

The Laporte GTL sample provided to University of Alaska, Fairbanks (UAF) 

from the Department on Energy (DOE) was generated using an iron-based catalyst. 

Fischer-Tropsch reactors using an iron-based catalyst in general produce a GTL product 

consisting of primarily normal paraffins with some olefins (alkenes) and alcohols. After 

atmospheric distillation for this study, the average weight percent distribution by 

chemical type was 67 wt% normal paraffins, 28 wt% olefins, and 5 wt% alcohols. 

Olefins and alcohols in general have a lower freezing point than normal paraffins of 

comparable molecular weight. This may result in lower gel strength results for this 

research than GTL products generated using a cobalt-based catalyst, which generally 

produces very high concentrations of normal paraffins and some iso-paraffins. The GTL
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samples in this research had higher concentrations of non-paraffins in the lighter 

fractions. This is evident in Figure 3.3. Distillation primarily resulted in the removal of 

the higher freezing point normal paraffins. Thus, it is likely that the reduction of GTL 

product final boiling points will be the overwhelming factor controlling the gel strength 

of the GTL. GTL products produced with non-iron catalyst were not available for testing 

in this research to validate this hypothesis. Future work to characterize GTL gel strength 

should include these other possible variations in GTL composition, especially, if plans for 

an Alaskan North Slope GTL facility include the use of cobalt or any non-iron based 

catalysts.
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CHAPTER 6 

CO M PARISON OF FAST AND SLOW  RAM P RESULTS

6.1 Comparison of Fast and Slow Gel Strength Apparatus

The following comparison of the gel strength measurement techniques is provided 

for the purview of the reader and is not intended to imply one method is better or worse 

than the other. The two methods are based on the same theory but have different 

applications. The UAF fast cold ramp apparatus was developed with the intention of 

expediting the characterization of crude oil and GTL gel strengths and reduce cost by 

eliminating the need to construct a duplicate slow cold ramp apparatus at the University. 

The low cost UAF fast cold ramp method permits the development of more sensible slow 

cold ramp test regimes. Fast cold ramp gel strength results may be used to eliminate 

unnecessary tests of samples with no gel strength or extremely high gel strengths. 

Additionally, predictions of slow cold ramp gel strengths may be determined and used to 

specify which viscometer is best for testing a particular sample under slow cold ramp 

conditions. WTC’s slow cold ramp gel strength apparatus is designed to determine actual 

gel strength under stringent conditions that mimic what the sample would experience in 

the TAPS during a prolonged winter shutdown. The slow cold ramp method is approved 

by Alyeska Pipeline Service Company (APSC) for determination of gel strength for 

casualty control planning. The UAF system may not be used to directly determine the gel 

strength of fluids in the TAPS, but has the potential to provide a means of predicting gel 

strengths under pipeline conditions. With a good correlation between fast and slow cold 

ramp gel strengths, the UAF fast cold ramp gel strength apparatus could be used to 

reasonably predict the gel strength of the TAPS fluid taken at the time of an emergent 

shutdown to ascertain the time when gel strength will increase to the point where 

conventional pipeline restart is not possible. Table 6.1 provides a side-by-side 

comparison of the procedural characteristics of each method.
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Table 6.1 Comparisons of Gel Strength Measurement Techniques

UAF Fast Cold Ramp 
Gel Strength Apparatus

WTC Slow Cold Ramp 
Gel Strength Apparatus

Range of LV Viscometer 0.0 -  128.7 dyne / cm2 0.0 -  18.6 dyne / cm2

Range of RV Viscometer 128.7- 1373 dyne /cm 2 18.6 -  198.6 dyne / cm2

Range of HB Viscometer Not required 158.8 -  1589 dyne / cm2

Cold Ramp Time < 26 hours < 21 days

Sample size 13 mL 95 mL

Relative Capital Cost Low High

Relative Operating Cost Low High

Open to the atmosphere 
during cold ramp Yes No

Open to the atmosphere 
during testing Yes Yes

Sample cooling location In viscometer In environmental chamber

Handling of gel None During transfer from 
chamber to viscometer

Repeatability Error <1% * <15%

Apparatus Location Fairbanks, AK Houston, TX

* This is a preliminary estimate and further testing is needed

The higher repeatability error of the WTC slow cold ramp method is likely the 

result of the handling required to move the vane viscometry cup apparatus from the 

environmental chamber to the viscometer. Additionally, the spindle must be freed from 

the locking mechanism in order to begin the gel strength test. These handling 

requirements have the potential of disturbing the gel prior to the measurement of gel
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strength. The UAF system attains a lower repeatability error, because the samples are 

chilled in the viscometer with the vane spindle already connected to the viscometer 

spindle coupling and suspended in the gelled fluid. The gel strength is measured without 

transporting the gelled sample or working with the spindle.

6.2 Comparison of Gel Strength Test Results

Quantifying the differences between fast and slow cold ramp gel strength results 

is necessary in order to validate the use of fast cold ramp gel strength to predict slow cold 

ramp results. In order to assign a value to the difference, a correction factor, Cj, was 

calculated for each fast and slow cold ramp gel strength data pair according to the 

following equation:

WTCrge<

7 UAFrget

Where,

Cf= Correction Factor

WTCTgei = Slow Cold Ramp Gel Strength of Sample X at Temperature Y

UAFzgei = Fast Cold Ramp Gel Strength of Sample X at Temperature Y

To determine the slow cold ramp gel strength, the correction factor is applied to 

the fast cold ramp gel strength. The correction factors for each sample and temperature 

with a fast and slow cold ramp gel strength data pair are presented in Table 6.2.

In general, the correction factor calculations indicated that fast cold ramp gel 

strength testing tends to under predict samples with increasing crude oil concentrations. 

This is noted by a correction factor greater than one. The method over predicts the slow 

cold ramp gel strengths of pure GTL products, correction factors less than one. The 

correction factor of the gel strength data pairs for samples 3, 6, and 9, which are the 1:1
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ratio crude oil to GTL distillate samples, indicated a fairly good prediction with a slight 

trend towards over prediction at colder final temperatures.

Table 6.2 Correction Factors

UAF WTC Correction

Factor
WTC/UAF

Sample Specific Temperature Gel Strength Gel Strength
Gravity deg F (dynes/cm A2) (dynes/cm A2)

1 0.8622 0 17.5 107 6.11
1 0.8622 0 20.1 107 5.32
1 0.8622 -20 193.5 1098 5.67
2 0.8257 0 8.5 48.7 5.73
2 0.8257 -20 87.8 229 2.61
3 0.7893 -20 36.7 22.2 0.60
5 0.8277 0 36.8 110 2.99
5 0.8277 -20 575.1 996 1.73
5 0.8277 -20 594.4 996 1.68
5 0.8277 -20 580.6 996 1.72
6 0.7932 0 27.3 21.2 0.78
6 0.7932 -20 831.8 315 0.38
8 0.8292 0 201.8 423 2.10
9 0.7962 20 9.9 16.7 1.69
9 0.7962 0 805.8 431 0.53
0 0.7302 20 84 6.35 0.08

6.3 Correlations Between Fast and Slow Gel Strength Tests

In order to develop a correlation equation, a relationship between correction factor 

and measurable characteristics of the samples needed to be evaluated. The correction 

factor was plotted against various test characteristic including the samples GTL final 

boiling point, mixture ratio, and test temperature. However, there was not enough data to 

indicate a good trend with any two pairs of variables versus correction factor. To further 

simplify the correlation, final boiling points and mixture ratios were combined into one 

variable, specific gravity. This may be done because GTL samples with lower final
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boiling points had lower specific gravities. Additionally, the mixture ratio significantly 

affects the samples specific gravity. Combining these two sample characteristics into a 

single variable limited the development of a correlation to three dimensions; correction 

factor, specific gravity, and, temperature. Figure 6.1 shows correction factor plotted 

against specific gravity and temperature in three dimensions. Figure 6.2 shows a two- 

dimensional plot of the same data. Subsets of correction factor by temperature are 

plotted against specific gravity.

Figure 6.1 Correction Factor versus Specific Gravity and Temperature
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Specific Gravity

♦ -20F XOF a  20F —— Power (-20F) Power (OF) —  Power (20F)

Figure 6.2 Correction Factor vs. Specific Gravity (with temperature subsets)

Correction factor appears to increase with specific gravity in an exponential or 

logarithmic fashion. Also, though less pronounced, correction factor appears to increase 

with test temperature. Based on these visual observations, the determination of a 

correlation equation may proceed.

There are sixteen points in this regression analysis. This is less than adequate to 

fully characterize the relationship between correction factor and specific gravity and 

temperature. The intention of this research was to develop a method to predict gel 

strength. This objective was accomplished with the construction of the fast cold ramp gel 

strength apparatus. In order to validate the predictive method, a preliminary relationship 

between fast and slow cold ramp gel strengths is developed in this Chapter. The data set 

is sufficient to generate this preliminary relationship. It would not have been prudent or 

cost effective to perform initial testing of this method on a larger set of samples and over 

a wider range of temperatures. Using the fast cold ramp predictive method and this
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preliminary relationship, further research to fully characterize the gel strength of GTL 

and crude oil mixtures may be accomplished more easily and cost effectively.

6.4 Correlation Regression Analysis

The method of least squares to generate a linear regression is simplest of 

regression techniques. The method may be applied in the three dimensions to obtain a 

planar fit. The relationship between correction factor, specific gravity and temperature is, 

however, clearly not planar. In order to regress this relationship using the method of least 

squares, variable transformations are necessary to attempt to linearize the variables. 

Based on observations in Figure 6.1, natural logarithmic and base-10 logarithmic variable 

transformations of specific gravity and temperature were evaluated to develop a planar 

regression fit to correction factor. Table 6.3 summarizes all the different regressions 

performed on this data. Additionally, three dimensional mesh plots of each regression 

are provided in Appendix C.

In additional to the linear regression analysis, non-linear regressions of correction 

factor against specific gravity and temperature were evaluated. Parabolic, Gaussian, and 

Lorentzian regression fits were obtained using the regression subroutines in the 

SigmaPlot computer application from SPSS Science, Inc. The parabolic regression fit 

failed because it generates negative values within expected range of specific gravity and 

temperature of this research. The Lorentzian regression resulted in an overly aggressive 

fit, which because of the small data set could not be validated and is contrary to observed 

trends.

An evaluation of all these regression techniques is provided in Table 6.4 at the 

end of this chapter. The correlation coefficient, R2, was used to evaluate which 

regression fit the data set best. The regression with an R2 value closest to one indicates 

the best fit. R2 is determined according to the following formula:
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p2 _ i Z f a - a ) 2

Where,

R2 is the correlation coefficient 

y t is the actual correction factor

y t is the correction factor predicted by the regression

y  is the average of the all the actual correction factors

The planar least squares regression of correction factor using a base-10 

logarithmic transformation of specific gravity and a natural logarithmic transformation of 

temperature yielded the best fit with an R2 value of 0.9093. The temperature term had to 

be adjusted to (T + 40) because negative numbers may not be used in logarithmic 

transformations. The regression is valid for specific gravities between 0.72 and 0.88 and 

temperatures between -30°F and 30°F. The best regression fit equation is:

Cf  =293.765* / I I I ]*e001642(r+40)

Where,

C/ is the correction factor

yBiend is the specific gravity of the desired GTL and Crude Blend 

T is the final temperature of the fast cold ramp

The three-dimensional mesh plot of this regression equation for correction factor is 

presented in Figure 6.3.

Additionally, a regression analysis of blend specific gravity versus crude oil 

specific gravity and GTL final boiling point was determined to assist in the planning of 

future work to further characterize the gel strength of crude oil and GTL blends. For
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GTL products distilled from the Laporte light GTL sample, the specific gravity of a GTL 

and crude oil blend may be estimated by applying the following equation:

7Blend = f GTL X (j -525 X 10 X TpBp + 0.6779)+ (l — )X YCRD

Where,

yBlend is the specific gravity of the GTL and Crude Blend 

J c r d  is the specific gravity of the Crude Oil in the Blend 

foTL is the decimal volume fraction of GTL in the blend 

T f b p  is atmospheric final boiling point, °C, of the GTL

These correlations for specific gravity and correction factor may be used to 

develop future robust gel strength test plans to further increase the understanding of the 

effect of adding GTL products to crude oil in the TAPS.

6.5 Application of Fast Cold Ramp Gel Strength Measurements

The fast cold ramp gel strength method presented in this thesis is significantly 

cheaper to perform than slow cold ramp testing performed at WTC. Though the fast cold 

ramp gel strength method may not be used to directly measure the gel strength of fluids at 

TAPS shutdown conditions, it does provide significant insight into this important fluid 

property. The slow cold ramp gel strength method performed by WTC is the only method 

approved by APSC for determining the gel strength of TAPS fluids for casualty control 

planning. This research indicates that a correlation between fast and slow cold ramp gel 

strengths exists for GTL and crude oil blends. The preliminary correlation presented in 

this research may be used to develop lower cost slow cold ramp test programs to fully 

characterize the gel strengths of a wide range of GTL and crude oil mixtures. The fast 

cold ramp gel strength apparatus and the correlation developed may be used to eliminate 

unnecessary slow cold ramp testing of samples with extremely high or extremely low gel
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strengths. The method may, also, be used to refine slow cold ramp test specifications to 

further reduce the number of samples requiring slow cold ramp testing.

Pipeline owners and operators may use the fast cold ramp gel strength method to 

predict gel strength of pipeline fluids at the time of an unplanned winter shutdown. A 

robust gel strength monitoring program, using both fast and slow cold ramp gel strength 

measurement techniques will permit the thorough characterization of fluids flowing 

through the pipeline and provide an accurate correlation between fast and slow cold ramp 

gel strength results. With a good understanding of the relationship, samples taken at the 

time of pipeline shutdown may be tested using the fast cold ramp technique and the 

corresponding slow cold ramp gel strengths predicted.

The value of a fast cold ramp to slow cold ramp gel strength correlation would be 

evident in the event of an emergent pipeline shut down. Pipeline fluid properties are 

dynamic as crude oils from numerous fields are mixed in varying ratios. The addition of 

GTL products further increases the possibility of significant compositional changes over 

short periods of time. Samples of the pipeline fluid at the time of the unplanned 

shutdown may be taken and fast cold ramp gel strength tests performed. Based on the 

fast cold ramp gel strength, an estimate of actual future gel strength can be made and a 

repair deadline determined based on the forecasted time the fluid will reach the limiting 

gel strength for pipeline restart. This will be a valuable tool for pipeline owners and 

operators to determine what repair measures to take to restart flow before the cold 

weather, in essence, “freezes” the pipeline and prevents restart until the spring thaw.

The following is an example of the predictive application of the fast cold ramp gel 

strength method. The year is 2012. Assume a robust gel strength monitoring program 

yielded the same fast to slow cold ramp gel strength relationship of this thesis:

Where,
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Cf is the correction factor applied to fast cold ramp gel strength to obtain a 

prediction of slow cold ramp gel strength 

YBiend is the specific gravity of the GTL and crude oil blend 

T is the final temperature of the fast cold ramp

During normal winter operations of a 200,000 bbl / day GTL facility on the North Slope 

producing GTL with a final boiling point of 275°C, a substantial earthquake strikes the 

Copper River Basin and a pipeline inspection finds significant damage to several vertical 

support members (VSM) near Glennallen, Alaska. North Slope production is 600,000 

bbl / day of 33°API crude oil and the flow is commingled for transportation through the 

TAPS. A sample taken downstream of the North Pole refineries has a specific gravity 

of 0.826. Crisis management planners need to know how long they have to repair the 

VSMs before the gel strength becomes too high to restart the pipeline. Fast cold ramp 

testing begins. Within 48 hours, two fast cold ramp gel strengths measurements are 

made. The correction factors are determined and slow cold ramp gel strengths predicted.

Table 6.3 Fast Cold Ramp Gel Strength Prediction Scenario

Test Temperature
Fast Cold Ramp 

Gel Strength
Correction Factor

Predicted Slow Cold 

Ramp Gel Strength

0°F 12.7 dyne / cm 2.4 30.5 dyne / cm2

-20°F 135.4 dyne / cm2 1.7 230.2 dyne / cm2

Assuming a limiting gel strength of 190 dyne / cm2 for pipeline restart and 

management dictated goal of restarting before the fluid in the pipeline achieves a gel 

strength of 120 dyne / cm , a prediction of the time limitation to achieve this goal may be 

determined. Based on a pessimistic linear interpolation of the predicted slow cold ramp 

gel strengths, the fluid will have a gel strength of 120 dyne / cm2 when the pipeline has 

cooled to -9.0 °F. Based on the thermodynamic model of the pipeline cool down in the 

section of interest, as in Figure 4.1, the fluid will be at -9.0 °F in just over 17 days from
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the shutdown. The pipeline will be at the limiting gel strength of 190 dyne / cm when 

the pipeline is at -16.0 °F in 19.5 days. This gives a 2.5-day safety margin in casualty 

control planning for pipeline restart.

In this example, a prediction of the pipeline restart timing requirement was 

achieved in less than 48 hours from pipeline shutdown. The execution of repairs could 

thus be focused on achieving a restart within this time constraint. This may result in the 

development of temporary repairs and the deferral of major repairs until the summer 

when gel strength is much less of a problem. The limiting gel strength time prediction 

could be further refined with additional fast cold ramp testing and pipeline temperature 

monitoring. This would, also, increase the confidence of the repair deadline as the 

number of predicted slow cold ramp gel strength data points is expanded and a better 

curve fit is developed and utilized.



Table 6.4 Summary of Correction Factor Regression Analysis

Regression
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Lorentzian None None

11.3486

0.7961, (y -0.8565 V
1+ - ----------------

,  0.0277 ,

r , T-71.473 V ]
1+ ------------------

, 80.18 ,



94

CHAPTER 7 

CO NCLUSIONS AND RECO M M ENDATIO NS

Fluid gel strengths generally do not present a problem during normal pipeline 

operations at high ambient temperatures. Trans Alaska Pipeline System (TAPS) 

operations are, however, far from normal. The effects of altering the gel strength of 

TAPS fluids needs to be quantified to understand how this alteration will affect the restart 

potential of the TAPS after a prolonged winter shutdown. Increasing the gel strengths of 

fluids in the TAPS contributes to an increased operating risk for pipeline owners. The 

potential for a prolonged winter shutdown of the pipeline increases as fluid gel strengths 

increase. High gel strengths significantly reduce the amount of time available to make 

repairs and return the pipeline to a flowing condition before restart is not possible.

Adding GTL products, which are generally very paraffinic, was expected to significantly 

increase the gel strength of TAPS fluid. This thesis discusses a GTL production scenario 

with the potential to reduce the gel strength of TAPS fluids. The effect of altering the gel 

strength of TAPS fluids on pipeline operations is a major consideration in determining 

the viability of bringing stranded North Slope natural gas to market by converting it to a 

liquid synthetic crude oil and transporting it through the existing pipeline.

This research validated the use of a fast cold ramp gel strength method to achieve 

a prediction of slow cold ramp gel strength. A preliminary relationship between fast and 

slow cold ramp gel strengths was developed. The method significantly reduced the cost 

of characterizing the gel strengths of the crude oil and GTL blends of this work by 

eliminating the need to test samples obviously outside the measurement range of the slow 

cold ramp gel strength viscometers at Westport Technology Center (WTC). The fast cold 

ramp gel strength method will save significant research money in future work to further 

characterize the gel strengths of GTL and crude oil mixtures.
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7.1 Conclusions

1. GTL products with lower final boiling points exhibit lower gel strengths under 

TAPS shutdown conditions.

2. The gel strength of commingled GTL and crude oil in TAPS may be controlled by 

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

3. GTL and crude oil mixtures can have gel strengths lower than that of crude oil 

with which the GTL is mixed, if the GTL final boiling point is sufficiently low.

4. If GTL products are batched through the TAPS, the GTL slugs can have lower gel 

strengths than the crude oil slugs. Thus, the GTL would present less of an 

operating risk than the crude oil.

5. A GTL product, distilled from the Laporte Light GTL sample, with a final boiling 

point of between 315-335°C would exhibit similar gel strengths as the crude oil 

used in this study.

6. A relationship exists between fast and slow cold ramp gel strengths. The 

preliminary relationship developed in this research may be used to predict slow 

cold ramp gel strengths based on fast cold ramp gel strength results, the specific 

gravity of the fluid, and the final temperature of the cold ramp.

7. The fast cold ramp gel strength method may be used to reduce the number of slow 

cold ramp gel strength tests required to characterize a wide range of GTL and 

crude oil blends by eliminating samples with gel strengths outside the 

measurement window of WTC’s slow cold ramp gel strength apparatus.

8. Fast cold ramp gel strength results may be used to determine the specific slow 

cold ramp gel strength viscometer needed to attain a single gel strength data point. 

This will further reduce the number of samples requiring slow cold ramp testing.

9. The fast cold ramp gel strength method may be used to estimate the gel strength 

of a TAPS fluid sample taken at the time of an unplanned pipeline shutdown. A 

prediction of the time until the fluid gains sufficient strength to prevent the restart 

of the pipeline may be determined by applying the correlation between fast and



96

slow cold ramp gel strengths. This predicted time may be used as a deadline for 

repairs in casualty management planning.

10. GTL and crude oil blends exhibit an irreversible thixotropic behavior after the gel 

is broken and the fluid is sheared at a constant rate. This is the result of the 

breakdown of the fundamental structure of the gel. The thixotropic behavior does 

not regenerate if shear is stopped and then reinitiated.

11. The lighter GTL and crude oil blends adhere well to the Bingham Plastic Fluid 

Model at low temperatures. Shear stress versus shear rate data was acquired on 

some samples at low temperatures following thixotropic behavior testing.

7.2 Recommendations

1. A GTL facility constructed on the Alaska North Slope should have the capability 

of varying the final boiling of the synthetic crude oil generated. This will provide 

TAPS owners and operators a means of controlling the gel strength of the pipeline 

fluid.

2. During higher risk winter operations, the final boiling point of the GTL should be 

lowered to limit the gel strength of the TAPS fluid to acceptable levels. During 

warm weather operations, the final boiling point should be increased to maximize 

GTL production.

3. GTL should be introduced into TAPS at a temperature just below the initial 

boiling point of the GTL. This will increase the temperature of the commingled 

crude oil and GTL resulting in a longer cooling period following an unplanned 

pipeline shutdown. This will extend the time until TAPS fluid gel strength 

becomes problematic.

4. Further fast and slow cold ramp gel strength testing is needed to fully characterize 

the gel strength of the wide possible range of crude oil and GTL product blend 

scenarios of future TAPS operations. The specific test program recommended is 

presented in Section 7.3.
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5. The fast to slow cold ramp gel strength correlation of this thesis should be used to 

eliminate unnecessary slow cold ramp gel strength testing of samples outside the 

measurement range of the slow cold ramp gel strength test method.

6. The fast to slow cold ramp gel strength correlation of this thesis should be used to 

determine the specific slow cold ramp gel strength viscometer for each sample 

and temperature. This will further reduce the number of samples requiring slow 

cold ramp gel strength testing and save significant research money.

7. The results of this broader testing should be used to develop a more robust 

correlation between fast and slow cold ramp gel strengths.

8. Gel strength testing using GTL products produced with a variety of Fischer- 

Tropsch catalysts should be accomplished to ascertain which would be best for 

operations in the challenging environment of the Arctic.

9. If synthetic crude may be obtained from British Petroleum’s GTL facility in 

Nikiski, Alaska, it should be fully evaluated over a wide range of final boiling 

points and mixture ratios, as it is likely the most representative GTL product for a 

yet unplanned North Slope GTL facility.

10. Consider evaluating fluid gel strength using alternative gel strength measurement 

techniques such as presented by Williams et al. A gel strength apparatus 

consisting of a length of pipe fitted with differential pressure gauges has the 

potential to measure gel strengths in several orders of magnitude and replicate the 

shear failure model of the pipeline.

11. Revise the Cone/Plate viscometer methods of this work to increase the absolute 

viscosity and shear rate measurement ranges. This will permit the acquisition of 

additional data on the thixotropic and viscosity behaviors of GTL and crude oil 

blends at low temperatures. The information is needed to fully model flow in the 

pipeline immediately following restart.
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7.3 Recommended Test Program for Further Correlation Development

This thesis demonstrated the use of the fast cold ramp gel strength method to 

determine slow cold ramp gel strength results. The preliminary relationship developed 

was obtained from a limited data set. To develop a more robust correlation between fast 

and slow cold ramp gel strengths, further testing is needed over wider range of GTL final 

boiling points, blend ratios, and final cold ramp temperatures. Gel strength testing of 

samples at 20°F, 10°F, 0°F, -10°F, and -20°F are needed to develop a more robust 

correlation between correction factor and specific gravity and temperature. Additionally, 

samples prepared at a blend ratios of 4:1, 3:1, 2:1, and 1:1 with crude oil would expand 

the range of correction factor data points for further refinement of the correlation between 

fast and slow cold ramp gel strengths. In order to better ascertain when high gel strengths 

develop in GTL products, testing of sample with a broader range of final boiling points 

should be accomplished. This work of this thesis indicated that a GTL of final boiling 

point of 254°C exhibited no gel behavior in the temperature range of interest. The 344°C 

final boiling point GTL had very high gel strengths. Attaining the gel strengths of GTL 

products with a higher boiling point would be useful, however, distillations at higher final 

boiling points will require a vacuum distillation apparatus. Gel strength testing of GTL 

products with final boiling points of 254°C, 278°C, 302°C, 323°C, and 344°C are 

recommended and may be accomplished with equipment currently available at the 

University of Alaska, Fairbanks.

This recommended test scheme would involve twenty samples and require 

approximately eighty fast cold ramp tests. Using the correlation of this thesis, a slow 

cold ramp test program consisting of an estimated sixty samples would be needed to 

obtain a significant amount of GTL gel strength data within the measurement range of the 

slow cold ramp gel strength method used by WTC. Samples prepared with live TAPS 

crude oil, provided by Alyeska Pipeline Service Company (APSC) in pressurized sample 

containers, would yield gel strength results, which will be completely comparable with 

gel strength tests performed by WTC for APSC.
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7.4 Closing Remarks

The decision to construct a North Slope GTL facility will primarily be based on 

the technical feasibility, capital expense, and GTL product value. Though it is difficult to 

assign a value to reduced pipeline operating risk, it should be considered in the decision 

making process. Providing the pipeline owners and operators with the ability to control 

pipeline operating risk rather than just to know it exists could potentially pay 

immeasurable dividends, if a full winter shutdown of the pipeline can be avoided. A 

GTL project would likely have a more positive than negative effect on the pipeline by 

reducing risk and extending the useful life of the pipeline by maintaining throughput 

above the minimum economic flow rate. The extension of pipeline life, also, extends the 

economic life of existing facilities on the North Slope. The resulting increase in 

hydrocarbon extraction project life will provide significant economic benefit to the State 

of Alaska and it’s people.

RASMUSON LIBRARY
UNIVERSITY OF ALASKA-FAIRBANKS
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APPENDIX A  

FAST COLD RAM P GEL FAILURE PLOTS

Table A. 1 Fast Gel Strength Results and Index of Appendix A Figures

Sample
Number

Sample
Name

Gel Strength 
Test Date

Visco
Meter

Temp Torque
%of
max

Gel
Strength

Dynes/cm2

Figure
Number

1 Crude Oil Nov 06, 2001 LV -20 °F >100.0% >128.7 Al

1 Crude Oil Nov 06, 2001 RV -20 °F 14.1 % 193.6 A2

1 Crude Oil Nov 07, 2001 LV 0 °F 15.6% 20.1 A3

1 Crude Oil Nov 07, 2001 RV 0 °F 1.2% 16.5 A4

1 Crude Oil Nov 08, 2001 LV 20 °F 0.0 % 0.0 A5

1 Crude Oil Nov 08, 2001 RV 20 °F 0.0 % ----- A6

1 Crude Oil Nov 12, 2001 LV 0 °F 13.6% 17.5 A7

1 Crude Oil Nov 12, 2001 RV 0 °F 1.0% 13.7 A8

2 3:1 Crd:254 Nov 20, 2001 LV -20 °F 68.2 % 87.8 A9

2 3:1 Crd:254 Nov 20, 2001 RV -20 °F 5.9% 81.0 A10

2 3:1 Crd:254 Nov 21, 2001 LV 0 °F 6.6 % 8.5 All

2 3:1 Crd:254 Nov 21, 2001 RV 0 °F 0.4 % 5.6 A12

2 3:1 Crd:254 Nov 22, 2001 LV 20 °F 0.0 % 0.0 A13

3 1:1 Crd:254 Nov 17, 2001 LV -20 °F 28.5 % 36.7 A14

3 1:1 Crd:254 Nov 19, 2001 LV -20 °F 0.1 % 0.1 A15

4 254GTL Nov 11,2001 LV 0 °F 0.0 % 0.0 A16

4 254GTL Nov 11,2001 RV 0 °F 0.0 % ----- A17

4 254GTL Nov 13,2001 LV -20 °F 0.0 % 0.0 A18

4 254GTL Nov 13,2001 RV -20 °F 0.0 % — A19

5 3:1 Crd:302 Nov 22, 2001 LV 20 °F 0.0 % 0.0 A20

5 3:1 Crd:302 Nov 22, 2001 RV 20 °F 0.0% — A21

5 3:1 Crd:302 Nov 23, 2001 LV -20 °F >100.0% >128.7 A22

5 3:1 Crd:302 Nov 23, 2001 RV -20 °F 41.9% 575.2 A23

5 3:1 Crd:302 Nov 24, 2001 LV 0 °F 28.6 % 36.8 A24

5 3:1 Crd:302 Nov 24, 2001 RV 0 °F 2.1 % 28.8 A25



5_
5_

5_

6_

6_

6_

6_
6_

6_

1_

1_

1_

1_

1_

8_

S_

_8

_8

_9

_9

_9

_0

0_

_0

_0

0

101

3:1 Crd:302 Dec 04, 2001 RV -20 °F 43.3 % 55.7 A26

1 Crd:302 Dec 05,2001 RV -20 °F 42.3 % 580.7 A27

1 Crd:302 Dec 06, 2001 RV -20 °F 41.9% 575.2 A28

1 Crd:302 Nov 25, 2001 LV 20 °F 0.0 % 0.0 A29

1 Crd:302 Nov 25, 2001 RV 20 °F 0.0 % A30

1 Crd:302 Nov 26, 2001 RV -20 °F 60.6 % 831.9 A31

1 Crd:302 Nov 27, 2001 LV 0 °F 21.2 % 27.3 A3 2

1 Crd:302 Nov 27, 2001 RV 0 °F 1.4% 19.2 A3 3

1:1 Crd:302 Dec 02, 2001 RV 20 °F 58.7 % 805.8 A3 4

302GTL Nov 10, 2001 RV 20 °F 0.0 % A3 5

302GTL Nov 11,2001 LV 0 °F 0.0 % 0.0 A3 6

302GTL Nov 11,2001 RV 0 °F 0.0 % A3 7

302GTL Nov 14, 2001 LV -20 °F >100.0 % >128.7 A3 8

302GTL Nov 14, 2001 RV -20 °F > 100.0 % >1372.7 A3 9

3:1 Crd:344 Nov 27, 2001 LV 20 °F 0.3 % 0.4 A40

3:1 Crd:344 Nov 27, 2001 RV 20 °F 0.0 % A41

3:1 Crd:344 Nov 28, 2001 LV 0 °F > 100.0 % >128.7 A42

3:1 Crd:344 Nov 28, 2001 RV 0 °F 14.7 % 201.8 A43

3:1 Crd:344 Nov 29, 2001 LV -20 °F > 100.0 % >128.7 A44

3:1 Crd:344 Nov 29, 2001 RV -20 °F > 100.0 % >1372.7 A45

1:1 Crd:344 Nov 30, 2001 LV 20 °F 7.7 % 9.9 A46

1:1 Crd:344 Nov 30, 2001 RV 20 °F 0.3 % 4.1 A47

1:1 Crd:344 Dec 02, 2001 RV 0 °F 58.7 % 805.8 A48

344GTL Nov 08, 2001 LV 20 °F 65.3 % 84.0 A49

344GTL Nov 08, 2001 RV 20 °F 0.0 % A50

344GTL Nov 09, 2001 LV 0 °F >100.0 % >128.7 A51

344GTL Nov 09, 2001 RV 0 °F Invalid Invalid A52

344GTL Nov 15,2001 RV 0 °F > 100.0 % >1372.7 A53



102

Gel Failure Plot of Crude Oil at -20F
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Figure A.l Gel Failure Plot of Crude Oil at -20°F, LV Viscometer

Gel Failure Plot of Crude Oil at -20F

Time (min)

Figure A.2 Gel Failure Plot of Crude Oil at -20°F, RV Viscometer
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Gel Failure Plot of Crude Oil at OF

Time (min)

A.3 Gel Failure Plot of Crude Oil at 0°F, LV Viscometer 

Gel Failure Plot of Crude Oil at OF

Time (min)

Figure A.4 Gel Failure Plot of Crude Oil at 0°F, RV Viscometer
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Gel Failure Plot of Crude Oil at 20F
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Gel Strength Test Performed on 08 November, 2001
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Figure A.5 Gel Failure Plot of Crude Oil at 20°F, LV Viscometer

Gel Failure Plot of 344GTL at 20F

2
<Dc
o
2GO

* -0 i_ — 05s 0
• I §■ 8 C M

1
i  Q

co
20
Ql

0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

0.0

-0.1

Maximum Torque Observed was 0.0%

Gel Strength Test Performed on 08 November, 2001

0.00 5.00 10.00 15.00

Time (min)
20.00 25.00

Figure A.6 Gel Failure Plot of 344GTL at 20°F, RV Viscometer
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Gel Failure Plot of Crude Oil at OF

Time (min)

A.7 Gel Failure Plot of Crude Oil at 0°F, LV Viscometer 

Gel Failure Plot of Crude Oil at OF

Time (min)

Figure A.8 Gel Failure Plot of Crude Oil at 0°F, RV Viscometer
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Gel Failure Plot of 3:1 Crude to 254GTL at -20F

Time (min)

A.9 Gel Failure Plot of 3:1 Crude to 254GTL at -20°F, LV Viscometer 

Gel Failure Plot of 3:1 Crude to 254GTL at -20F

Time (min)

Figure A. 10 Gel Failure Plot of 3:1 Crude to 254GTL at -20°F, RV Viscometer
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A. 11 Gel Failure Plot of 3:1 Crude to 254GTL at 0°F, LV Viscometer

Gel Failure Plot of 3:1 Crude to 254GTL at OF
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Gel Failure Plot of 3:1 Crude to 254GTL at OF

Maximum Torque Observed was 0.4%

l ............................................
Gel Strength Test Performed on 21 November, 2001

Figure A. 12 Gel Failure Plot of 3:1 Crude to 254GTL at 0°F, RV Viscometer
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Gel Failure Plot of 3:1 Crude to 254GTL at 20F

Time (min)

A. 13 Gel Failure Plot of 3:1 Crude to 254GTL at 20°F, LV Viscometer 

Gel Failure Plot of 1:1 Crude to 254GTL at -20F

Time (min)

Figure A. 14 Gel Failure Plot of 1:1 Crude to 254GTL at -20°F, LV Viscometer
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Gel Failure Plot of 1:1 Crude to 254GTL at OF
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Figure A. 15 Gel Failure Plot of 1:1 Crude to 254GTL at 0°F, LV Viscometer
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Gel Failure Plot of 254GTL at OF
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Figure A. 16 Gel Failure Plot of 254GTL at 0°F, LV Viscometer

Gel Failure Plot of 254GTL at OF
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Figure A. 17 Gel Failure Plot of 254GTL at 0°F, RV Viscometer
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Gel Failure Plot of 254GTL at -20F
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Figure A. 18 Gel Failure Plot of 254GTL at -20°F, LV Viscometer
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Figure A. 19 Gel Failure Plot of 254GTL at -20°F, RV Viscometer
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A.20 Gel Failure Plot of 3:1 Crude to 302GTL at 20°F, LV Viscometer 

Gel Failure Plot of 3:1 Crude to 302GTL at 20F
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Figure A.21 Gel Failure Plot of 3:1 Crude to 302GTL at 20°F, RV Viscometer
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Gel Failure Plot of 3:1 Crude to 302GTL at -20F
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Figure A.22 Gel Failure Plot of 3:1 Crude to 302GTL at -20°F, LV Viscometer

Gel Failure Plot of 3:1 Crude to 302GTL at -20F
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Figure A.23 Gel Failure Plot of 3:1 Crude to 302GTL at -20°F, RV Viscometer
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Gel Failure Plot of 3:1 Crude to 302GTL at OF

Time (min)

Figure A.24 Gel Failure Plot of 3:1 Crude to 302GTL at 0°F, LV Viscometer

Gel Failure Plot of 3:1 Crude to 302GTL at OF

Time (min)

Figure A.25 Gel Failure Plot of 3:1 Crude to 302GTL at 0°F, RV Viscometer
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Gel Failure Plot of 3:1 Crude to 302GTL at -20F

Time (min)

Figure A.26 Gel Failure Plot of 3:1 Crude to 302GTL at -20°F, RV Viscometer

Gel Failure Plot of 3:1 Crude to 302GTL at -20F

Time (min)

Figure A.27 Gel Failure Plot of 3:1 Crude to 302GTL at -20°F, RV Viscometer
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Gel Failure Plot of 3:1 Crude to 302GTL at -20F

Time (min)

Figure A.28 Gel Failure Plot of 3:1 Crude to 302GTL at -20°F, RV Viscometer



117

Gel Failure Plot of 1:1 Crude to 302GTL at 20F
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Figure A.29 Gel Failure Plot of 1:1 Crude to 302GTL at 20°F, LV Viscometer 

Gel Failure Plot of 1:1 Crude to 302GTL at 20F
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Figure A.30 Gel Failure Plot of 1:1 Crude to 302GTL at 20°F, RV Viscometer
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Gel Failure Plot of 1:1 Crude to 302GTL at -20F

Time (min)

Figure A.31 Gel Failure Plot of 1:1 Crude to 302GTL at -20°F, RV Viscometer
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Gel Failure Plot of 1:1 Crude to 302GTL at OF

Time (min)

Figure A.32 Gel Failure Plot of 1:1 Crude to 302GTL at 0°F, LV Viscometer

Gel Failure Plot of 1:1 Crude to 302GTL at OF

Time (min)

Figure A.33 Gel Failure Plot of 1:1 Crude to 302GTL at 0°F, RV Viscometer
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Gel Failure Plot of 1:1 Crude to 302GTL at OF

Time (min)

A.34 Gel Failure Plot of 1:1 Crude to 302GTL at 0°F, RV Viscometer 

Gel Failure Plot of 302GTL at 20F
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Figure A.35 Gel Failure Plot of 302GTL at 20°F, RV Viscometer
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Gel Failure Plot of 302GTL at OF

Time (min)

A.36 Gel Failure Plot of 302GTL at 0°F, LV Viscometer

Gel Failure Plot of 302GTL at OF

Time (min)

Figure A.37 Gel Failure Plot of 302GTL at 0°F, RV Viscometer
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Gel Failure Plot of 302GTL at -20F

Time (min)

A.38 Gel Failure Plot of 302GTL at -20°F, LV Viscometer 

Gel Failure Plot of 302GTL at -20F

Time (min)

Figure A.39 Gel Failure Plot of 302GTL at -20°F, RV Viscometer
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Gel Failure Plot of 3:1 Crude to 344GTL at 20F

Time (min)

Figure A.40 Gel Failure Plot of 3:1 Crude to 344GTL at 20°F, LV Viscometer

Gel Failure Plot of 3:1 Crude to 344GTL at 20F

Time (min)

Figure A.41 Gel Failure Plot of 3:1 Crude to 344GTL at 20°F, RV Viscometer
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Gel Failure Plot of 3:1 Crude to 344GTL at OF

Time (min)

A.42 Gel Failure Plot of 3:1 Crude to 344GTL at 0°F, LV Viscometer 

Gel Failure Plot of 3:1 Crude to 344GTL at OF

Time (min)

Figure A.43 Gel Failure Plot of 3:1 Crude to 344GTL at 0°F, RV Viscometer
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Gel Failure Plot of 3:1 Crude to 344GTL at -20F

Time (min)

A.44 Gel Failure Plot of 3:1 Crude to 344GTL at -20°F, LV Viscometer 

Gel Failure Plot of 3:1 Crude to 344GTL at -20F

Time (min)

Figure A.45 Gel Failure Plot of 3:1 Crude to 344GTL at -20°F, RV Viscometer
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Gel Failure Plot of 1:1 Crude to 344GTL at 20F

Time (min)

A.46 Gel Failure Plot of 1:1 Crude to 344GTL at 20°F, LV Viscometer 

Gel Failure Plot of 1:1 Crude to 344GTL at 20F

Time (min)

Figure A.47 Gel Failure Plot of 1:1 Crude to 344GTL at 20°F, RV Viscometer
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Gel Failure Plot of 1:1 Crude to 344GTL at OF

Time (min)

Figure A.48 Gel Failure Plot of 1:1 Crude to 344GTL at 0°F, RV Viscometer
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Gel Failure Plot of 344GTL at 20F

Time (min)

Figure A.49 Gel Failure Plot of 344GTL at 20°F, LV Viscometer

Gel Failure Plot of 344GTL at 20F
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Figure A.50 Gel Failure Plot of 344GTL at 20°F, RV Viscometer
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Gel Failure Plot of 344GTL at OF

0.00 5.00 10.00 15.00 20.00 25.00

Time (min)

A.51 Gel Failure Plot of 344GTL at 0°F, LV Viscometer 

Gel Failure Plot of 344GTL at OF

Time (min)

Figure A.52 Invalid Gel Failure Plot of 344GTL at 0°F, RV Viscometer
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Figure A.53 Gel Failure Plot of 344GTL at 0°F, RV Viscometer
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APPENDIX B 

THIXTROPIC BEHAVIOR PLOTS

Table B.l Index of Appendix B Thixotropic Behavior Plots

Figure Sample
Test

Temp
Test Date 

2001
Comments

B1 Crude Oil 0 °F 12 Nov Good decay behavior

B2 Crude to 254GTL 0 °F 21 Nov Good decay with relaxation

B3 3:1 Crude to 254GTL 20 °F 22 Nov Fluctuating readings, good decay

B4 1:1 Crude to 254GTL -20 °F 17 Nov Fluctuating readings, good decay

B5 1:1 Crude to 302GTL 20 °F 25 Nov Decay, with unexpected spike

B6 302GTL 20 °F 10 Nov Delayed Decay, possible spindle slip

Thixotropic Behavior Plot of Crude Oil at OF

Time (min)

Figure B.l Thixotropic Behavior Plot of Crude Oil at OF, CP Viscometer
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Thixotropic Behavior Plot of 3:1 Crude to 254GTL at OF

Time (min)

B.2 Thixotropic Behavior Plot of 3:1 Crude to 254GTL at OF, CP Viscometer 

Thixotropic Behavior Plot of 3:1 Crude to 254GTL at 20F

Time (min)

Figure B.3 Thixotropic Behavior Plot of 3:1 Crude to 254GTL at 20F, CP Viscometer
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Thixotropic Behavior Plot of 1:1 Crude to 254GTL at -20F

Time (min)

Figure B.4 Thixotropic Behavior Plot of 1:1 Crude to 254GTL at -20F, CP Viscometer

Thixotropic Behavior Plot of 1:1 Crude to 302GTL at 20F

Time (min)

Figure B.5 Thixotropic Behavior Plot of 1:1 Crude to 302GTL at 20F, CP Viscometer
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Thixotropic Behavior Plot of 302GTL at 20F

Time (min)

Figure B.6 Thixotropic Behavior Plot of 302GTL at 20F, CP Viscometer
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APPENDIX C 

CORRECTION FACTOR REGRESSION PLOTS

Table C.l Index of Appendix C Regression Plots

Figure

Number
Regression Type

Variable Transformation

Specific Gravity Temperature

Cl Linear Least Squares y' = log y Not Used

C2 Planar Least Squares Y' = log Y T  = log T

C3 Planar Least Squares

jgiiV- T = \ n T

C4 Planar Least Squares Y'= log Y T = \ n T

C5 Planar Least Squares Y' -  In y T' = \ogT

C6 Parabolic None None

C7 Gaussian None None

C8 Lorentzian None None
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Correction Factor - Fast Ramp to Slow Ramp
versus Temperature & Specific Gravity

with Regression Mesh Plot

•  Correction Factor vs Specific Gravity and Temperature 
! □  CF = 326.22 SGA26.421

Figure C.l Correction Factor Regression Plot, SG log transformation
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Correction Factor - Fast Ramp to Slow Ramp
versus Temperature & Specific Gravity

with Regression Mesh Plot

•  Correction Factor vs Specific Gravity and Temperature 
ZH CF = 79.378 SGA28.041 * (T+40)A0.5058

Figure C.2 Correction Factor Regression Plot, log SG & log T transformations
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Correction Factor - Fast Ramp to Slow Ramp
versus Temperature & Specific Gravity

with Regression Mesh Plot

•  Correction Factor vs Specific Gravity and Temperature 
Z D  CF = 2.62113E-13 * EXP(35.36 *x ) * EXP(0.01522 * (T+40))

Figure C.3 Correction Factor Regression Plot, In SG & In T transformations
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Correction Factor - Fast Ramp to Slow Ramp
versus Temperature & Specific Gravity

with Regression Mesh Plot

•  Correction Factor vs Specific Gravity and Temperature 
— I C F =  293.765 SGA28.63 * EXP(0.01641(T+40))

Figure C.4 Correction Factor Regression Plot, log SG & In T transformations
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Correction Factor - Fast Ramp to Slow Ramp
versus Temperature & Specific Gravity

with Regression Mesh Plot

•  Correction Factor vs Specific Gravity and Temperature 
I I CF = 1.4791E-13 (EXP(34.70 * x)) * (y+40) A 0.4745

Figure C.5 Correction Factor Regression Plot, In SG & log T transformations
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Correction Factor - Fast Ramp to Slow Ramp
versus Temperature & Specific Gravity

with Regression Mesh Plot

0.88 
0.86 

0.84 .v'i
} ja r< F  

0.80
0.78

).76 cfT

• Correction Factor vs Specific Gravity and Temperature 
i 1 CF = 251.643 - 674.1*SG + 0.02537*T +451,5*SGA2 -0.0007696*TA2

Figure C.6 Correction Factor Regression Plot, Parabolic
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Correction Factor - Fast Ramp to Slow Ramp
versus Temperature & Specific Gravity

with Regression Mesh Plot

• Correction Factor vs Specific Gravity and Temperature 
I I CF = 9.086 * EXP(-0.5 * (((SG - 0.9206) / 0.05925)A2+((T + 3216) /-333700)A2))

Figure C.7 Correction Factor Regression Plot, Gaussian
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Correction Factor - Fast Ramp to Slow  Ramp 
versus Temperature & Specific Gravity 

with Regression Mesh Plot

• Correction Factor vs Specific Gravity and Temperature 
I I SG = 11.3486 / ((1 + ((SG - 0.8565) / 0.0277)A2) * (1 + ((T - 71.4729) / 80.1799)A2))

Figure C.8 Correction Factor Regression Plot, Lorentzian
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