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ABSTRACT

The natural gas reserves on the North Slope of Alaska can be converted to a high 

premium liquid product using the Gas-to-Liquids (GTL) technology. The GTL product 

can be transported from the North Slope of Alaska to the southern port of Alaska through 

the Trans Alaska Pipeline system (TAPS). In this study, experimental work done in the 

laboratory to determine the phase behavior and fluid properties of the GTL products and 

their blends with North Slope crude oil has been presented. To transport the fluid, it 

becomes necessary to investigate the phase behavior of the fluid at pipeline conditions. 

Bubble point measurements were conducted to determine, in what phase the TAPS crude 

oil and GTL blends will exist when being transported through TAPS. Density and 

viscosity measurements were done to facilitate the fluid property modeling at elevated 

pressure conditions. The bubble point obtained using the DB Robinson’s phase behavior 

apparatus were used for verifying the accuracy of the Soave-Redlich-Kwong (SRK) and 

the Peng-Robinson (PR) Equation of State (EOS) for predicting the phase behavior of 

GTL, TAPS crude and their blends. The results indicate that the GTL and GTL/crude oil 

blends will always exist as a single-phase liquid, hence two phase problems associated 

with transportation of the GTL can be ignored. The PR and the SRK equation of state can 

be used for modeling the phase behavior of the commingled fluid through TAPS. The 

Peng-Robinson equation of state and the Pederson principle of corresponding state have 

been used for modeling the density and viscosity of the GTL and GTL/crude oil blends.
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CHAPTER 1
INTRODUCTION

1.1 Alaskan North Slope Natural Gas and Transportation options

The vast natural gas reserves on the North Slope of Alaska provide substantial economic 

potential for the state of Alaska and oil field leaseholders. The technically recoverable 

gas in the developed and known undeveloped oil and gas fields on the Alaskan North 

Slope (ANS) total about 38 Tcf. About 26 Tcf of the known recoverable gas in Arctic 

Alaska is estimated to be available for sale. The remainder will be consumed in oil and 

gas operation on the North Slope. Currently, the Alaskan North Slope (ANS) gas is not 

marketed off the North Slope except for natural gas liquids, which are blended with crude 

oil for transportation in the Trans-Alaska Pipeline System (TAPS). At present, three 

concepts are in the forefront for commercializing the stranded gas resources in northern 

Alaska and Mackenzie delta (Sherwood, 2001), these include:

• A New Pipeline Connecting to the Canadian gas pipeline network. Build 

conventional or high-pressure gas pipelines to carry the gas from Prudhoe Bay 

and Mackenzie Delta to Northern Alberta or British Columbia, where the new 

pipeline would join the Canadian pipeline network and supplement ongoing 

transmission gas exports to the U.S. pipeline capacities of 2.5 bcfpd (0.9 tcf/yr) or

4.0 bcfpd (1.46 tcf/yr) delivered to the western Canada pipeline network typify 

most proposals.

• Liquefied natural gas (LNG) to Asian Pacific Rim. Build a conventional or 

high-pressure gas pipeline that carries the gas from Prudhoe Bay-area fields to a 

port in southern Alaska, where the gas is chilled to liquefied natural gas (LNG) 

and loaded on special LNG tankers for transport to the Asian Pacific Rim or 

perhaps the U.S. West Coast via return pipeline from a hypothetical port in 

western Mexico. System throughput for current proposals ranges from 1.5 bcfpd 

(0.5 tcf/yr) to 2.5 bcfpd (0.9 tcf/yr).
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• Gas to liquids (GTL) and tankers to U.S. West Coast Build a new facility in 

the Prudhoe Bay area and use GTL technology to convert natural gas to middle- 

distillate (diesel like) liquids (Sherwood, 2001). The GTL product could be 

pumped in segregated batches through the Trans Alaska oil pipeline and then 

transported by tankers to the U.S. West Coast. A 50,000 bpd (0.5 bcfpd or 0.2 

tcf/yr) plant has been promoted by BP Alaska.

Various other options have also been proposed in the past for the transportation and 

utilization of the North Slope natural gas, these includes (Sharma et al, 1988):

• Transportation to markets via natural gas hydrates distribution system.

• Conversion to miscible injectant and use as miscible injectant for the North Slope 

enhanced oil recovery projects.

• Use as a fuel for local area power generation.

• Use as a feedstock to a petrochemical complex up on the North Slope.

All the above-mentioned proposals for the utilization of the natural gas are being assessed 

for their operational and economic feasibility. The economics of developing a gas 

pipeline has not yet been favorable.

Recent advances in the GTL technology that may provide the means to economically 

convert the natural gas to hydrocarbon liquids compatible with the ANS crude oil have 

raised interest in GTL technology as an option for the North Slope gas monetization.

GTL is the product of a chemical process called Fischer-Tropsch synthesis. Originally 

developed in the 1920s, it can be applied to almost anything ranging from carbon-based - 

coal, natural gas to low value refinery products. In South Africa, the process has been 

used for nearly 50 years, converting natural gas and domestic low-grade coal into road 

vehicle fuel.



3

The conversion of natural gas into liquids is a two-step process. The first step involves 

the conversion of natural gas into synthesis gas. In the second step, synthesis gas is 

converted into long chain hydrocarbons predominantly paraffin using the Fischer-tropsch 

(FT) synthesis process. Synthesis gas production can be done by steam reforming, partial 

oxidation or autothermal reforming (Liu, 1999). The chemical reactions involved in 

production of Gas to Liquid products via FT synthesis are given below.

1. Synthesis gas production

a) Partial oxidation

2CH4 + 0 2 2CO + 4H2

b) Steam reforming

CH4 + H20  -»■ CO + 3H20  

CO + H20  -4- C 0 2 + H2 

C (coal) T H20  -> CO + h 2

2. Fischer-Tropsch synthesis:

c o  + 2H2 coiFeMso > H20 + .(Ch 2). (Catalytic Reaction)

GTL has been proven to be a 21st century clean fuel and yields high premium in the 

markets. To its credit, GTL fuel is similar to diesel, it has a high cetane number and can 

be burned in a conventional compression ignition engine with no need for bolt-on parts, 

clumpy fuel tanks or a new delivery infrastructure and it is low in carbon monoxide, 

nitrogen oxide and particulates (Peckham, 1998). It can be produced by processing the 

oilfield gas that is normally flared off as waste.

Of all the options listed above the GTL technology seems to be the most promising 

option for marketing the North Slope natural gas. Moreover, on the other hand, the 

throughput of TAPS has been declining and is expected to continue this trend in the 

future. As North Slope crude oil production rate declines, the TAPS tariff increases. The



4

GTL option will produce a considerable amount of hydrocarbon liquids to be transported 

through TAPS and reduce the tariff and increase the North Slope oil revenues. The GTL 

option extends the economic life of both the TAPS and production of crude oil and 

natural gas on the North Slope. As an effort to monetize Alaska’s gas resource, BP 

Alaska has already started a pilot size GTL plant in Nikiski (Alaska). This plant is 

designed to convert 3MMScf of gas into 300 bbl of synthetic fuel per day (Aucoin, 

2002).

Advances in gas-to-liquid technology, which converts natural gas through chemical 

reactions to produce a purified synthetic fuel, may allow the Trans Alaska Pipeline 

System to intangibly carry North Slope natural gas to markets.

The Petroleum Engineering Department at the University of Alaska Fairbanks has made 

substantial progress in investigating the feasibility of transporting the GTL through the 

Trans Alaska Pipeline system. The objective of this project is to evaluate the 

transportation of ANS GTL products through the existing TAPS. In transporting GTL 

products two modes have been considered (Akwukwaegbu, 2001). They are batch mode 

and commingled mode. In batch mode alternate slugs of GTL will be delivered in the 

pipeline followed by North Slope crude oil. Pigs will be used to isolate the two fluids. A 

mixing zone will exist between the GTL and crude oil. In the commingled mode GTL 

will be blended with crude oil and transported through the pipeline.

Various aspects have been considered to evaluate the best mode to transport the high 

value GTL product through the pipeline. The batch flow would require a higher-pressure 

gradient as compared to the commingled flow (Akwukwaegbu, 2001), thereby increasing 

the pump horsepower required for transportation. Economic analysis shows that batching 

mode may be preferable over blending as the operating cost is less and the GTL premium 

is high for batching (Ejiofor, 2003). Thermal analysis shows that the transportation of 

GTL will reduce the heat loss through TAPS (Nerella, 2002). However, transportation
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issues like gel formation, wax deposition, corrosion and multiphase flow problems need 

to be addressed to consider this mode of transportation.

In order to represent a wide range of products that may flow through TAPS, various 

distillation cuts of the raw GTL product have been considered for this study. The GTL 

cuts considered for the study are namely GTL 254 (254 refers to the final boiling point of 

the cut in degree Celsius), GTL 302 and GTL 344. Different blending ratios have also 

been considered for various studies. Gel formation problems under a shut down situation 

have been addressed. GTL products with lower final boiling points exhibit lower gel 

strengths under TAPS shutdown conditions and a blend of GTL cuts with crude oil 

significantly reduces the gelling problems in the 800 miles pipeline system (Timmcke 

2002). Various other issues that are to be addressed to program a complete execution plan 

for the project include phase behavior modeling, solid depositional problems, wax 

precipitation and various other parameters like corrosion (Kamath, et al, 1998).

A need for a phase behavior experimental study becomes important to understand the 

flow behavior and fluid property of the complex mixture under pipeline temperature and 

pressure conditions and to identify an analytical model for predicting the phase 

properties. This involves rigorous experimentation and modeling on the samples under 

study.
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1.2 OBJECTIVE

The primary aim of this research project was to develop measurement and modeling 

techniques, as well as reliable computational tools, for high-pressure phase behavior 

study of GTL and crude oil blends. The following are the objective of this study.

• Measure the bubble point of GTL and crude oil blends using the DB Robinson 

phase behavior apparatus.

• Identify the phase of the fluid at pipeline conditions.

• Use the experimental values as the basis for phase behavior modeling using the 

Equation of State (EOS) models.

• Measure the density and viscosity of the samples at atmospheric pressure and 

various temperatures.

• Use the experimental values of the density and viscosity to verify the accuracy of 

the EOS models for their prediction of the density and viscosity at pipeline 

conditions.

• Predict the phase behavior and fluid properties at pipeline conditions using the 

developed models.
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CHAPTER 2 

LITERATURE SURVEY

2.1 Trans Alaska Pipeline System (TAPS) and Gas to Liquid (GTL) products

Vast amount of crude oil was first discovered in the North Slope of Alaska in the year 

1968. To move this resource to the markets a fairly large pipeline system was necessary. 

Construction of the Trans Alaska Pipeline System began on March 27, 1975, 8 billion 

dollars was invested in this project. The construction of TAPS was completed on May 31, 

1977. The TAPS was designed and constructed to transport crude oil from the North 

Slope of Alaska to the northern most ice- free port- Valdez, Alaska. Over 13 billion 

barrels of oil have been transported through the TAPS. In August 1, 1977, ARCO Juneau 

was the first tanker to carry crude oil from Valdez to the Pacific Rim markets. 16,781 

tankers have been loaded at Valdez since then through March 2001. Eighteen storage 

tanks are available in Valdez with a total storage capacity of 9.1 million barrels.

TAPS is the transportation system that moves crude oil from the Alaska North Slope to 

the Valdez marine terminal. The system includes 800 miles of 48-inch diameter crude oil 

pipeline, pump stations, communications sites, material sites, a work pad and access 

roads, and other related facilities. The North Slope of Alaska contributes approximately 

20% of the nation's domestic oil production, reducing dependence on foreign reserves. 

The pipeline starts at Prudhoe Bay and ends at the Valdez terminal and TAPS is the 

transportation medium for bringing this huge resource to the markets. Some sections of 

the pipeline are above ground and the other sections are below ground. The above ground 

sections have 3.5 inch thick insulation and the below ground do not have any insulation. 

The current crude oil flow through TAPS is approximately 1.1 million barrels per day 

(MMBPD). The pipeline has 12 pump stations (PS) numbered from PS1 to PS 12 in
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which PS11 was acknowledged as unnecessary and was never built. PS5 is a relief pump 

station with no pumping capacity. Pump stations 2,6,8 and 10 have been placed in 

standby mode.

Along with huge reserves of crude oil, the north slope of Alaska also inherits one of the 

world’s largest natural gas reserves. Due to lack of transportation this resource has not 

yet been exploited to it’s fullest. The natural gas can be converted into a liquid product 

called gas to liquid (GTL) that would yield very high premium in the markets. This 

project aims at studying the feasibility of transporting GTL from the Alaskan North Slope 

to the markets in the TAPS. Since the TAPS was originally designed for transporting the 

North Slope crude oil, unanticipated problems could occur if a high API liquid is 

transported through it. As a result of continuous production of crude oil from the North 

Slope over several years, the viscosity and density of the TAPS crude has been on a rise, 

this raises a concern related to problems like solid deposition and wax precipitation 

which could decrease the economic life of TAPS. Blending the light GTL product with 

crude oil would retain the API of the fluid that the TAPS was designed for. The economic 

life of TAPS is expected to increase. Also the TAPS is not being exploited to its full 

capacity. Transporting GTL through TAPS would also decrease the tariff on the pipeline, 

because more products would be transported on a daily basis. Other issues that are to be 

addressed while flowing a foreign fluid through the pipeline are cold restart problems, 

heat transfer, solid deposition, pump horse power required, corrosion, wax deposition and 

phase behavior.

Some of the above mentioned problems have already been addressed by various projects 

at the University of Alaska Fairbanks. The objective of this study is to analyze and model 

the phase behavior and fluid properties of GTL, TAPS crude oil and their blends.
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2.2 Phase Properties

A phase is defined as any homogeneous part of a system that is physically distinct and 

separated from other parts of the system by definite boundaries. For example, ice, liquid 

water and water vapor constitute three separate phases of pure H2O because each is 

homogeneous and physically distinct from the others, moreover, each is clearly defined 

by the boundaries existing between them (Ahmed, 1946). The conditions under which 

these phases exists is a matter of considerable practical importance. The experimental or 

the mathematical determination of these conditions are conveniently expressed in 

different types of diagrams called phase diagrams.

Figure 2.1 is an example of a phase diagram. Phase diagram are graphical means of 

representing equilibrium behavior. There are two main types of phase diagrams 

commonly encountered for single component systems, they are pressure vs. temperature 

(PT) and pressure vs. volume (PV). Each is a two dimensional projection of the three- 

dimensional PVT diagram.

PT diagrams demonstrate phase dependence on pressure and temperature. Figure 2.1 is an 

example of a PT diagram for a complex hydrocarbon mixture. With respect to figure 2.1, 

it is possible to determine the phase of a mixture of known composition at a particular 

pressure and temperature condition. A mixture that exists at a pressure and temperature 

corresponding to region 1 will be a homogeneous liquid. A mixture at a pressure and 

temperature corresponding to region 2 will be a two-phase mixture and a mixture in 

region three will exist in vapor phase. Given below are some basic terms used in a phase 

behavior study (Dandekar, 2002).

Bubble point curve: Bubble point curve is the curve separating the liquid phase region 

from the two-phase region. Corresponding pressure and temperature on this curve are 

called bubble point temperature and bubble point pressure.
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Dew Point curve: Dew point curve is the curve separating the vapor phase region from 

the two-phase region. Corresponding pressure and temperature on this curve are called 

dew point temperature and dew point pressure.

Phase envelope: It is the relationship between pressure and temperature of a given 

multicomponent mixture of a known composition. It is used to identify the phase at 

which the mixtures exist at a given set of conditions (figure 2.1).

Critical point: The critical point of a complex hydrocarbon mixture is referred to as the 

state of pressure and temperature at which all intensive properties of the gas and liquid 

phases are equal. At the critical point the corresponding temperature and pressure are 

called the critical temperature Tc and pressure Pc.

Cricondentherm: It is the maximum temperature on the phase envelope.

Cricondenbar: It is the maximum pressure on the phase envelope.

Knowledge of bubble points for a complex hydrocarbon mixture is necessary to identify 

what phase the mixture would exist at given operating parameters and what parameters 

could be controlled to have the mixture in the desired phase. A thorough knowledge of 

phase properties such as densities, compressibilities, viscosities and bubble points of 

commercially traded hydrocarbons are required for the design of a pipeline system. The 

TAPS has originally been designed for transportation of crude oil at its full capacity. 

Transporting GTL through TAPS could pose a problem with regards to the maximum 

working pressures in case two phase flow does occur. Therefore it becomes necessary to 

evaluate and understand the phase behavior properties of a mixture for which the pipeline 

was not designed. Evaluating and modeling phase behavior properties requires rigorous 

PVT, density and viscosity experiments.
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2-Phase boundary ♦  Critical Temperature (deg F)

Figure 2.1 Phase envelopes

Accurate laboratory studies of PVT and phase-equilibrium behavior of reservoir fluids 

are necessary for characterizing these fluids and evaluating their volumetric performance 

at various pressure levels. There are many laboratory analysis that can be made on a 

reservoir fluid sample. The amount of data desired determines the number of tests that are 

to be performed in the laboratory.

Because of the relatively high cost of performing these experimental PVT tests, and the 

uncertainties in the accuracy of such laboratory measurements, Equation of State (EOS) 

offers an attractive approach for generating these necessary data. EOS when properly 

tuned is capable of adequately simulating the PVT properties of the reservoir fluid. For a 

pure homogeneous fluid in equilibrium state, equation of state is an analytical expression 

relating the pressure P to temperature T and the volume V. A proper description of this 

PVT relationship for real hydrocarbon fluid is essential in determining the volumetric and
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phase behavior of petroleum fluids, (Smith, 1975). The simplest example of an equation 

of state is the ideal gas law, PV=nRT. A state of a pure homogeneous substance is fixed 

when two state functions are set at defined values. However, for a more complex system 

this number is not necessarily two. For example, a mixture of steam and liquid water in 

equilibrium at 14.7 psia can exist only at 100°C, it is impossible to change the 

temperature without also changing the pressure if vapor and liquid are desired to be in 

equilibrium. The general rule that allows one to determine the number of independent 

variables that are to be fixed to identify the state of the system was given by Gibbs, 

(1875) and is popularly known as the phase rule. It is given as

F = 2 - n  + N  ............................................................................................................ 2.1

7i = Number of phases 

N= Number of chemical species.

The above expression forms the basis of various equations of state developed so far. The 

phase behavior properties determined by the experimental runs done in the laboratory are 

the basis of these empirical correlations for complex mixtures. Various researchers have 

developed numerous equations of states, but the most widely used equation of state are 

the Soave-Redlich-Kwong (SRK), (Soave, 1972) and the Peng-Robinson (PR), 

(Peng, 1976) equation of state.

The phase behavior of a complex hydrocarbon mixture such as crude oil depends on 

various parameters. Most important of all is the composition. Every reservoir fluid (or a 

hydrocarbon mixture of given composition) has a unique phase envelope. As soon as the 

overall fluid composition changes the phase envelope, i.e. the two-phase characteristics 

change. This type of a problem becomes unique and challenging if a synthetically 

produced hydrocarbon (like GTL) is mixed with North Slope crude oil for transportation 

in TAPS. Therefore, study of the phase behavior and properties of GTL, TAPS crude oil 

and their blends becomes crucial in a project of this magnitude.
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The results from the two equations of states (SRK and PR) have been compared with the 

experimental results and tuned to predict the phase properties at elevated pressure 

conditions. The CMG Prop’s Win prop simulator was used to solve the various equations 

of states. These equations of state are called cubic equations of state and they take the 

general form as shown in equation 2.

P = RT
v - b  v2 + v 1 + c) -

.2.2

When c = 1, equation 2.2 becomes the Peng-Robinson equation of state and when c=0, it 

becomes the Soave-Redlich-Kwong equation of state. Equation 2.2 can also be expressed 

by equation 2.3.

P  = —     ............................................................................................2.3
v - b  (v + Syb)(v + S2b)

Where,

2 8 \ = (1 + c) - V(l + c)2 +4c  2.4

£>,<S2 = -c............................................................................................................................ 2.5

Table 2.1 shows the values of the constants used for the PR and SRK equation of states. 

Table 2.1 Constants for the equations of state

Equation of state c 5, 62 Qa Qb Zc

Peng-Robinson 1 -0.4142 2.4142 0.45724 0.07780 0.307

Soave-Redlich-Kwong 0 0 1 0.42747 0.08664 0.333

The two parameters Qa, Qb are obtained from the critical conditions. At the critical point, 

the compressibility factor will have three real and equal roots (Martin, 1979). The
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equations discussed above are the input to a commercial phase behavior simulator like 

Win prop for the calculation of phase behavior properties. Knowledge of composition, 

specific gravity, and molecular weights of the components in a complex mixture is 

necessary for simulating phase properties. Thus an ideal phase behavior-modeling 

program requires the knowledge of all these properties. These properties have been 

obtained through experiments conducted in the laboratory and from data obtained from 

governmental agencies.

The equation of state is capable of simulating various PVT experiments that are 

conducted in the laboratory. All these experiments are carried out in a windowed PVT 

cell. Various parameters like pressure, temperature, volume, density and viscosity of the 

samples are determined at various conditions in the cell. Visual aid also facilitates in 

determining some parameters like bubble points and dew points. There are three types of 

laboratory tests used to conduct studies on hydrocarbon reservoir fluid samples .

1. Primary tests: These routine tests involve the measurements of the specific gravity 

and the gas-oil ratio of the produced hydrocarbon fluids.

2. Detailed laboratory tests: These typical tests are performed to characterize the 

hydrocarbon fluid; they involve the measurement of the fluid composition, molecular 

weight, viscosity, compressibility, saturation pressure, formation volume factor, gas 

solubility, differential liberation, constant volume depletion, and constant composition 

expansion characteristics.

3. Exotic/non-conventional: In addition to primary tests and detailed laboratory tests, 

which are fairly standard, various other types of tests such as swelling, multiple contact 

miscibility tests etc may be performed for very specific applications.
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However, for the purpose of this study, only primary and detailed laboratory tests were 

carried out. Measurement of saturation pressure of the fluids was one of the most 

important aspect of this study. A good knowledge of saturation pressure is required for 

simulating any of the above mentioned detailed laboratory tests. Similarly, saturation 

pressure also helps in investigating the phase characteristics of the sample at given 

pressure and temperature conditions. The following section will discuss how the various 

laboratory tests can be simulated using the equation of states.

2.3 Simulation of laboratory PVT data using Equation of State

The objective of this section is to briefly preview some of the laboratory PVT 

experiments and to show, mathematically, how equations of state can be used to generate 

these laboratory measurements. The various PVT tests that can be done in the laboratory 

are as follows:

1. Differential Liberation

2. Constant Composition Expansion

3. Constant Volume Depletion

4. Swelling Test

5. Flash Separation Tests

All the above-mentioned tests are conducted in a PVT cell. A PVT cell can be visualized 

as a piston enclosed inside a glass tube (Figure 2.2). The set of piston and glass tube are 

enclosed inside a metal cavity. The fluid under study is charged from the top of the glass 

tube. Pressure is increased or decreased by charging or withdrawing displacement fluid 

from the space below the piston. The whole system is maintained at a specific 

temperature and studies are conducted to identify the phases and phase properties at 

various pressures and temperature condition.
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Saturation pressures for the complex mixtures are determined experimentally using the 

PVT cell. Parameters like pressure, temperature, volume and pump displacement are 

noted to identify the saturation pressures of the samples. These are then compared with 

the simulated results. Phase behavior experiments demand a tremendous amount of 

money and time; hence it becomes necessary to establish a numerical approach for the 

calculation of phase properties.

Figure 2.2 Simplified diagram of a PVT cell

For the purpose of this study, only constant composition expansion test and flash 

separator tests will be discussed, because they are the most relevant as far as GTL 

transportation through TAPS is concerned. The differential tests correspond to liquid at 

reservoir conditions. The differential liberation, swelling tests and constant volume 

depletion tests are conducted to study the performance of a producing reservoir and study 

the behavior of fluids under enhanced oil recovery process on the reservoir.
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2.4 Constant composition expansion

Constant composition expansion commonly called as volume tests, are performed on gas 

condensates or crude oil to simulate the pressure-volume relations of these hydrocarbon 

systems. The test is conducted for the purpose of determining

a. Saturation pressure (bubble-point or dew point pressure)

b. Isothermal compressibility coefficients of the single-phase fluid in excess 

saturation pressure.

c. Compressibility factors of the gas phase.

d. Total hydrocarbon volume as a function of pressure.

The experimental procedure, as shown schematically in figure 2.3, involves placing a 

hydrocarbon fluid sample (oil or gas) in a visual PVT cell at the working pressure and 

temperature. The pressure is reduced in steps at constant temperature by moving the 

piston downwards in the cell, and the change in hydrocarbon volume is measured for 

each pressure step. The saturation pressure and the corresponding volumes are observed 

and recorded. The volume at saturation pressure is used as a reference volume. At 

pressure levels higher than the saturation pressure, the volume of the hydrocarbon system 

is recorded as a ratio of the reference volume. The volume is commonly termed as the 

relative volume and is expressed mathematically by the following equation:

Where Vrei = relative volume

V = volume of the total hydrocarbon system 

VSat= volume at the saturation pressure 

Also above the saturation pressure, the isothermal compressibility coefficient of the 

single-phase fluid is usually determined from the expression
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.2.7

Where C = isothermal compressibility coefficient, psi'

Figure 2. 3 Constant composition expansion

The saturation pressure of the fluid at a particular temperature can be determined by 

plotting the pressure versus total volume in the PVT cell (Ahmed, 1946). The increase in 

volume in the PVT cell is a linear function of the pump displacement. Consider a fluid in 

the PVT cell at a constant temperature T1 and at a pressure PI, being high enough to 

keep the entire system in the liquid state. This initial condition of pressure and 

temperature acting on the mixture is represented by point 1 on the pressure volume (PV) 

diagram of figure 2.4. After equilibrium has been achieved at point 1, a known amount 

of displacing fluid is withdrawn from the PVT cell at a constant flow rate. A considerable 

amount of pressure drop, with a slight increase in volume is observed in the PVT cell 

until the system reaches point 2. At point 2 an infinitesimal amount of vapor is formed, 

this pressure in the PVT cell is described as the bubble point pressure (Pb) of the fluid. As 

the piston is further moved downwards more and more vapor is formed, until the entire 

system is converted into a homogeneous vapor phase at point 3, the corresponding 

pressure is called as the dew point pressure (Pd) of the fluid. Because at the dew point the
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liquid phase is only of infinitesimal volume, the composition of the vapor phase is 

identical with that of the whole system.

Pressure volume diagram for a complex hydrocarbon

1

Volume

Figure 2.4 Pressure volume diagram for a complex hydrocarbon mixture

For the purpose of this study, saturation pressure, namely bubble point pressure of the 

fluid was determined using the above methodology. Pump displacement was plotted 

against pressure to obtain bubble point pressure. The saturation pressures obtained from 

the laboratory experiments were compared with those obtained from simulation, using the 

Soave-Redlich-Kwong and the Peng-Robinson equation of state (EOS). These EOS are 

tuned to obtain a good match between the experimental results from the saturation 

pressure, density and viscosity measurements. The model can then be used to calculate 

various other parameters for the fluids at elevated pressure and temperature.

The constant composition expansion (CCE) can be simulated if the bubble point pressure 

of the fluid is known, because the saturation pressure estimate is the most important input 

for the CCE calculations. A good estimate of the bubble point is obtained by comparing
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the laboratory results with the experimental data. The simulation procedure utilizing the 

Peng-Robinson equation of state is illustrated in the following steps.

1. Given the total composition of the hydrocarbon system Zi and saturation pressure 

(Pb for oil systems and P<j for gas systems), calculate the total volume occupied by 

one mole of the system. This volume corresponds to the reference volume Vsat 

(volume at the saturation pressure). Mathematically, the volume is calculated 

from the relationship

 2.8
sat

Where Vsat = volume of saturation pressure ft3/mole

Psat = saturation pressure (dew-point or bubble-point pressure), psia 

T = system temperature, °R

Z = compressibility factor ZL or Zv depending on the type of system.

2. The pressure is increased in steps above the saturation pressure. At each pressure 

the compressibility factor ZL or Zv is calculated and used to determine the fluid 

volume

v = m i ........................................................................................................................................................................................................................................................................2 . 9

p

Where V = compressed liquid or gas volume at pressure level p, ft3/mole 

P = system pressure, P>Psat, psia 

T = system temperature, °R

Z = compressibility factor ZL or Zv depending on the type of system 

R = gas constant
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Simulation of the experimental tests was performed using the CMG Prop’s Win Prop 

phase behavior simulator. Simulation of all the PVT experiments requires a thorough 

knowledge of composition of the samples under study.

2.5 Fluid properties

It is necessary to determine all the fluid properties for a comprehensive phase behavior 

study. With respect to the Arctic conditions, it becomes necessary to determine the 

properties of the fluid properties at sub-arctic conditions; hence, the need for

measurements at low temperature becomes necessary. Phase behavior experiments

require high temperature and high-pressure conditions. For the purpose of this study all 

density and viscosity measurements were conducted at temperatures above room 

temperature and at atmospheric pressures. These were then compared with the values 

obtained from prediction models. If the values matched then that particular model can be 

used for the prediction of all the properties at higher pressures. If they do not match then 

the model has to be tuned to match the experimental results. Phase behavior modeling is a 

very useful tool for the determination of various properties like thermal conductivity, 

compressibility, saturation pressures, viscosity, density, and numerous other parameters 

involved in high-pressure flow. The Peng-Robinson equation of state was used to model 

the density of the fluid at various temperature and pressure condition, the volume shift 

parameter or volume translation technique of Peneloux et al (1982) was used for

improving the density prediction capability of the SRK and PR equation of states, the

volume translation has no effect on the equilibrium conditions. Therefore, it will not alter 

the saturation pressures, saturation temperatures, equilibrium compositions, etc. 

However, it will modify the molar volumes, compressibility and densities of the fluid. 

The density of the Alaskan North Slope crude oil at various pressures and temperatures is 

given in table 2.2 (Chukwu, F., 2002).
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Table 2.2 TAPS crude oil density as a function of pressure and temperature

(Chukwu, F., 2002)

Temp°F Pressure psi Density* g-cc Density** g-cc'1
120 200 0.84591 0.85214
120 400 0.84695 0.85313
120 700 0.84849 0.85462
120 1000 0.85004 0.85610
90 200 0.85936 0.86559
90 400 0.86032 0.86652
90 700 0.86176 0.86792
90 1000 0.86319 0.86933
60 200 0.87280 0.87903
60 400 0.87369 0.87990
60 700 0.87502 0.88122
60 1000 0.87635 0.88253
30 200 0.88624 0.89247
30 400 0.88706 0.89329
30 700 0.88828 0.89451
30 1000 0.88950 0.89573
0 200 0.89969 0.90951
0 400 0.90043 0.90667
0 700 0.90154 0.90780
0 1000 0.90265 0.90894

-20 200 0.90865 0.91487
-20 400 0.90934 0.91559
-20 700 0.91037 0.91667
-20 1000 0.91141 0.91775

*Data valid from PS 1 to North Pole Metering Station.

**Data valid from North Pole Metering to Valdez Terminal.

Appropriate model for prediction of phase behavior and fluid properties is very 

important, modeling saves a lot of experimental time and money that could be involved if 

a good model did not exist. The objective of this study is to test and tune the existing 

equations of state models for predicting the properties of the fluid at elevated pressure 

and temperature conditions. The densities and viscosities obtained at atmospheric 

pressures were modeled to high-pressure conditions using the correlations available in the 

simulator. For the purpose of modeling the densities the Peng-Robinson equation of state 

was used. For modeling the viscosity the Pedersen principle of corresponding state
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(Pedersen, 1987) was used, the Pedersen correlation uses the principle of corresponding 

states to calculate the viscosity of a component or a mixture, knowing the viscosity of a 

reference substance at the same conditions of reduced pressure and temperature. The 

deviation from simple corresponding state is accounted for by a “rotational coupling 

coefficient”. The crude oil density data presented in table 2.2 at elevated pressure was 

supplied by the Alyeska Pipeline Service Company, this data was used for modeling the 

densities at elevated pressures. A good match between the densities and viscosities 

obtained by experiments and that obtained by prediction models is necessary for 

predicting the fluid properties at other (pipeline) conditions.
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CHAPTER 3 

EXPERIMENTAL SETUP AND PROCEDURES

3.1 Brief overview of the experiments conducted

The objective of the study was to prepare and analyze samples of GTL and GTL/crude oil 

blends for their properties, like density, viscosity, composition and bubble point 

pressures. In order to do various phase behavior experiments, it is necessary to maintain 

the integrity of the samples. Crude oil samples that were to be mixed with GTL were 

delivered in high-pressure welker cylinder. These samples were kept at high pressure so 

that they retained the lighter hydrocarbons. The samples were collected by Alyeska 

Pipeline Service Company at their North Pole metering center and were delivered to the 

Petroleum Development Laboratory. The various experiments that were carried out at the 

Petroleum Development Laboratory for this study are listed in table 3.1.

Table 3.1 Various experiments conducted under this study

Type of experiment Objective Apparatus used

Crude oil aliquoting Reconditioning of crude oil Crude oil reconditioning 

assembly

Preparation of GTL samples Prepare various cuts of GTL at 

various temperatures.

Herzog HDA 627 

Distillation apparatus.

Density measurements Measure density of the 

samples.

Anton-paar digital 

densitometer

Viscosity measurements Measure viscosity of the 

samples.

Brookefield’s cone plate 

viscometer

PVT measurements Measure bubble point and PVT 

properties of the samples

DB Robinson’s PVT cell

Compositional analysis Identify compositions of the 

samples.

HP GCMS.
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3.2 Crude oil aliquoting

The crude oil supplied by Alyeska Pipeline Service Company comes in constant pressure 

welker cylinders. It is necessary to recondition the samples back to the pipeline 

conditions before using the samples for further tests. Reconditioning is necessary to 

ensure that the samples retain their original composition. Aliquot samples are the sub

samples produced from original tests samples. A sequential procedure for reconditioning 

the samples is outlined in this section.

3.2.1 Description of a Welker cylinder

Welker constant pressure cylinders are used to maintain the sampled product at pipeline 

pressures, provide adequate mixing and facilitate easy and safe removal of samples. 

Welker cylinders has two ends that are separated by an internally floating piston, one end 

is marked product end or sampling end and the other is marked precharge end. The 

samples are pressurized using high-pressure nitrogen gas. On top of the precharge end is 

a moving rod to ensure proper mixing of the samples. Quick connects are used to connect 

the welker cylinder to the receiving vessel and the nitrogen cylinder. The welker cylinder 

and the heating drum used for obtaining crude oil samples and reconditioning them are 

shown in figure 3.1.
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Welker
Cylinder

Heating
Drum

Mixing Rod

Figure 3.1: Welker cylinder

3.2.2 Aliquoting and reconditioning setup

The welker cylinder is held tight using clamps on a stainless steel rod. The precharge end 

of the welker cylinder is connected to a high-pressure nitrogen cylinder that is able to 

deliver a pressure higher than the pressure in the welker cylinder. It is important to make 

sure that there are no leaks in the fittings and tubing. A pressure release valve is also 

connected to the cylinder. The welker cylinder is then immersed in a 55 gallon heating
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drum filled with water. The drum is brought to a temperature close to 131°F. The 

pressure in the cylinder is maintained by opening and closing the backpressure valve. 

Constant mixing of the drum is done using the mixing rod. The mixing rod is attached to 

the top of the precharge end and is moved up and down to ensure proper mixing of the 

heavy ends that might have deposited in the bottom of the cylinder over the weeks. This 

procedure is conducted for approximately 15 minutes. The sample is now ready to be 

collected. Two methods were used for collecting samples. Samples were collected in an 

amber glass bottle or in the high-pressure sample cylinders.

3.2.3 Collection of samples in amber glass bottles

The reconditioned welker cylinder was now ready for delivering samples in the glass 

vessel. A tubing was connected to the sample end of the welker cylinder. The tubing and 

fittings were inspected for leaks. The other end of the tubing was immersed in the glass 

bottle. With the precharge valve on the precharge end of the welker cylinder, nitrogen 

was supplied to the welker cylinder. The sample valve was then turned on. The sample 

was collected in the amber glass bottle and the glass bottle was tightly closed thereafter.

3.2.4 Collection of samples in high pressure sample cylinders

DBR JEFRI high-pressure sample cylinders were used to collect samples for PVT testing 

in the DBR PVT Cell. JEFRI sample cylinders are stainless steel high-pressure cylinders 

specifically designed for transferring and storage of high-pressure single-phase liquid 

samples which have been prepared for high-pressure laboratory studies. These cylinders 

offers the easy access for cleaning and maintenance servicing as well as precision 

machined interior surface for the adaptation of free floating isolation piston to separate 

the working fluid from the sample fluid. This option is extremely desirable when high- 

pressure work is to be performed in the absence of mercury. JEFRI samples cylinders are 

available in three different models and in sizes from 100 to 1000 cc and a maximum
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working pressure of 1000 psi. The following is the general designation of a sample 

cylinder.

XXXX-BB-P-R 

XXXX -  total cylinder void volume in cubic centimeters.

BB -  maximum rated working pressure in thousands of psi.

P -  floating option equipped

R -  floating piston with extended measurements rod equipped.

The cylinder used for this study was rated 300-10-P, see figure 3.2. In order to charge 

reservoir fluid into the sample cylinders from the welker cylinder, it was necessary to 

prepare the cylinders for being charged with reservoir fluid.

Sample cylinder 
(300-10-P)

Figure 3.2: DBR JEFRI Sample cylinders (300-10-P)
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In order to charge the sample cylinders with reservoir fluid the sample cylinders had to be 

emptied. This was done by connecting a nitrogen cylinder to the sample end of the 

sample cylinder and opening the valve at the bottom of the sample cylinder. Tubing is 

connected to the valve at the bottom of the sample cylinder. Compressed nitrogen is 

charged into the sample cylinder from the top. Both the valves are opened and the piston 

is pushed all the way down inside the sample cylinders. The sample valve is turned off 

and the supply of nitrogen to the sample cylinder is then cut off. The top end cap of the 

sample cylinder is removed using a set of alien keys and the cap-removing tool. The 

cylinder is then cleaned using toluene and acetone and dried with air. The top end cap is 

restored. The valve at the bottom of the piston is now opened and the isolation piston is 

moved all the way top using pressurized nitrogen. The valve at the bottom is closed and 

nitrogen supply to the cylinder is cut off. The bottom and top of the cylinder has to be 

evacuated using a vacuum pump. The sample cylinder is now ready for being charged 

with reservoir fluid from the welker cylinder.

In order to charge reservoir fluid into the sample cylinder at a constant pressure, a pump 

was connected to the bottom of the sample cylinder. The bottom of the cylinder is filled 

with displacing fluid from the JEFRI Positive Displacement Pump. The sample cylinder 

is brought to a pressure equal to that of the welker cylinder. The bottom of the welker 

cylinder that has been reconditioned is connected to the top of the sample cylinder. The 

precharge valve on the welker cylinder is opened and nitrogen is charged into the sample 

cylinder. The sample valve is opened and the displacement fluid is withdrawn from the 

sample cylinder at a constant pressure by the JEFRI positive displacement pump. The 

volume of the displacement fluid withdrawn from the sample cylinder is equal to the 

volume of reservoir fluid charged into the sample cylinder. Once the desired volume of 

fluids has been charged into the sample cylinder all the valves are closed and nitrogen 

supply to the welker cylinder is cut off. The sample cylinder is now ready for high 

pressure PVT Study.
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3.3 Preparation of GTL samples for this study

It is necessary to identify the most representative GTL sample that could flow through the 

Trans Alaska Pipeline System. Primary consideration has to be given to a sample that 

most represent the sample that would be generated at the North Slope of Alaska. The 

North Slope GTL project has to be economically feasible, economic feasibility will 

depend on initial facilities cost, that includes the cost of construction that will incur in a 

remote location like the north slope of Alaska. Thus the GTL used in this study must 

represent a least processed form of GTL from the most economic facility on the North 

Slope with consideration being given to the pipeline operating constraints. A GTL 

product from the North Slope that is to be transported in TAPS has to be analyzed for 

problems like solid deposition and gel formation in the pipeline. Two kinds of products 

are generated from a Fischer-Tropsch synthesis process, a liquid light hydrocarbon 

product and a wax product. These products primarily consist of paraffins and iso- 

paraffms, with traces of olefins and alcohols. The wax product from the FT synthesis 

process does not have a high market value and has to be disposed if produced on the 

North Slope. Disposal of hydrocarbon waste on the other side is not practical on the 

North Slope. However the wax product can be processed into a useful liquid hydrocarbon 

product if a hydrocracking unit is coupled with the FT facility. The raw GTL product has 

a significant amount of long chain paraffins. Transportation of long chain paraffins in the 

TAPS could pose solid depositional and gel formation problems under the Arctic 

conditions. Thus it becomes necessary to consider a process that could be cost effective 

as well as yield a product that could minimize such problems. In order to minimize these 

problems a combination of hydrocracking and distillation of the long chain paraffins 

becomes necessary. Figure 3.3 (Choi, 1997) shows a schematic of a facility that solve 

majority of these problems.

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

hydro-cracker and the resulting lighter hydrocarbon product is sent to a distillation
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facility. In the distillation facility, the light GTL product and the product of the 

hydrocracking facility are distilled into two fractions. The distillation of the tops from the 

GTL process will be distilled and the lighter distillates will then be charged into the 

TAPS along with the crude oil. The product from the hydrocracking unit can be 

reprocessed and converted to a useful marketable product. The final boiling point of the 

distillates has to be considered based on the maximum amount of heavy hydrocarbon that 

could be transported in TAPS.

SYNTHESIS GAS PREPARATION
Waste Water

Figure 3.3: Speculated Alaskan North Slope GTL Facility (Choi, 1997)

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 raw GTL 

product of the Laporte process will generate a more representative GTL sample. The
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final boiling point of samples may be altered to simulate different possible operating 

conditions of the GTL facility on the ANS.

Three final boiling points were determined to provide measurements across the range 

expected to begin generating high gel strengths and solid depositional problems (Table 

3.2). During atmospheric distillation, molecules of higher carbon number pass through 

the distillation process as liquid mist. The amount of hydrocarbons with a boiling point 

higher than that stated in the final boiling point specification is generally less than 10% 

by weight.

Table 3.2: Laporte 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%

These GTL cuts have been designated as GTL 254, GTL 302 and GTL 344. The GTL 

cuts obtained from the distillation are mixed with ANS crude oil in gravimetric ratios of 

crude oil to GTL of 3:1, 1:1 and 1:3. These ratios were designed so as to cover the effect 

of the entire range of GTL blending with crude oil.

3.3.1 GTL Distillation

The Laporte GTL supplied by DOE was distilled to generate a sample that could be 

representative of a GTL sample that would be produced at a North Slope GTL facility. 

The light GTL was distilled at atmospheric pressure in a Herzog HDA 627 automatic 

distillation apparatus. The detailed operating instructions for distilling Laporte GTL are 

given in Ramakrishnan (2000) and Timmcke (2002). The Herzog HDA 627 also has an
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automatic program that specifies the heater temperature, distillation rates, condensor 

temperature, and receiver temperature.

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 Laporte 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.

3.4 Density measurement

Determination of sample densities is very important for all fluid properties study. Density 

measurements were conducted for testing prediction models for their accuracy. Densities 

of the sample were also required for obtaining gravimetric mixtures of crude oil and GTL 

inside the PVT cell. A thorough knowledge of densities is useful for determining pressure 

drop in a pipeline system. Any phase behavior study cannot be thoroughly accomplished 

without gaining complete knowledge of the fluid properties of the complex hydrocarbon 

mixture.

Density measurements were carried out in the GTL research laboratory for all of the 

samples discussed above. The Anton-Paar digital densitometer DMA 45 was used for the 

determination of densities of the sample. The operating procedures and calibration of the
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Anton-Paar digital densitometer has been adapted from Ramakrishnan (2000) and 

Timmcke (2002). The calibration constants A and B for the densitometer were 

determined at various temperatures ranging from 22°C to 50°C. Although, considering 

cold arctic conditions densities are expected to be known at lower temperatures, but the 

range (22°C-50°C) was chosen to accomplish phase behavior modeling and gather data 

for experimental phase behavior work. The densitometer 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 (2000). A refrigeration bath, circulating bath and the digital densitometer 

are placed next to each other, see figure3.4. Refrigeration bath is connected to the 

circulating bath incase lower temperatures are required or a sudden drop in temperature is 

to be achieved. The temperature selector in the circulating bath is selected to the desire 

temperature in the analyzer of the densitometer. The densitometer is now ready to be 

calibrated at the temperature on which the densities are desired. Calibration and operating 

procedures are discussed in detail in Ramakrishnan (2000) and Timmcke (2002).

Weekly calibration adjustments to constants A and B can be made if required, without 

repeating the calculation procedure, the calibration constant for this study are presented 

in table 3.3. Since some crude oils can be difficult to remove from the sample tube, 

frequent calibration checks are recommended. To do a calibration check, injects de

ionized water and check if the display shows the correct density at the set temperature. If 

the density is not correct the densitometer has to be calibrated again. To measure density 

of the desired GTL or crude oil sample, measure 0.7 cc of the sample and inject it in the 

densitometer. Note down the density of the sample, once the desired temperature is 

achieved.
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Refrigerating
bath

Circulating
bath

Anton-Paar 
digital densitometer

Figure 3.4: Anton-Paar DMA 45 Digital Densitometer



Table 3.3 Calibration constants for the Anton-Paar digital densitometer
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Temp °C Tw Ta Density water Density of air A B
22.0 8.01290 6.16880 0.99777 0.001196402 26.24242 38.02270
23.5 8.01270 6.16840 0.99754 0.001190339 26.25010 38.01791
24.0 8.01230 6.16820 0.99730 0.001188332 26.25247 38.01549
25.0 8.01200 6.16790 0.99704 0.001184337 26.25790 38.01189
26.4 8.01100 6.16740 0.99678 0.001178789 26.25473 38.00587
27.0 8.01050 6.16720 0.99651 0.001176428 26.25625 38.00347
28.0 8.00970 6.16690 0.99623 0.001172513 26.25437 37.99987
29.0 8.00890 6.16660 0.99594 0.001168623 26.25271 37.99628
30.0 8.00860 6.16630 0.99565 0.001164760 26.25936 37.99267
31.0 8.00800 6.16600 0.99403 0.001160922 26.29605 37.98903
32.0 8.00730 6.16580 0.001157109
33.0 8.00640 6.16550 0.001153321
34.0 8.00580 0.001149558
35.0 8.00490 6.16510 0.99403 0.001145819 26.25683 37.97837
36.0 8.00420 6.16490 0.001142105
37.5 8.00260 6.16460 0.001136578
38.0 8.00240 6.16450 0.001134748
39.0 8.00150 6.16420 0.001131105
40.0 8.00050 6.16390 0.99221 0.001127485 26.24835 37.96407
41.0 7.99950 6.16370 0.001123888
42.0 7.99830 6.16350 0.001120315
43.0 7.99700 6.16330 0.001116764
44.0 7.99570 6.16320 0.001113235
45.0 7.99430 6.16300 0.99021 0.001109728 26.21202 37.95348
46.0 7.99300 6.16280 0.001106244
47.0 7.99110 6.16250 0.001102781
48.0 7.98840 6.16230 0.001099340
49.0 7.98520 6.16210 0.001095921
50.0 7.98250 6.16190 0.98831 0.001092522 26.08486 37.94051
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3.5 Viscosity measurements

Viscosity measurements were also conducted on the samples under study. Viscosity 

measurements for the samples were performed to model the viscosities at pipeline 

conditions. Viscosities of the samples were measured using the Brookfield’s cone plate 

viscometer, figure 3.5, for temperature ranging from 22°C to 50°C. The detailed 

procedure for viscosity measurement is taken from (Ramakrishnan, 2000). The Julabo 

refrigerated bath circulates heat transfer fluid through the cone/plate viscometer. 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.

For viscosity measurement, turn on the cone/plate viscometer and the computer 

interfaced to it. Install the cone plate on the viscometer-coupling nut very carefully. 

Calibrate the viscometer as mentioned in the operating and maintenance manual. Measure

0.5ml of sample using a pipette and pour it into the refrigerated cup, now attach the 

refrigerated cup to the viscometer. Program the circulating bath to the desired 

temperature. Select the shear rate on the display on the viscometer. Click the start gather 

icon on the Win Gather program and turn the motor on. Once a stable shear stress is 

reached, record the data. Select another shear rate and record the value of the shear stress. 

Repeat this procedure for various shear rates. Plot shear rate vs. shear stress to obtain the 

viscosity of the sample. Repeat the procedure for a different temperature. Plot viscosity 

vs. temperature for the sample.
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Brookfield
viscometer

Cone /plate

Sample cup

Figure 3.5: Brookfield Cone plate viscometer

3.6 Phase behavior study

The phase behavior study, conducted under this project involved experiments on the DB 

Robinson’s phase behavior apparatus. Phase behavior experiments were conducted to 

determine the bubble point of the GTL and TAPS crude oil blends for determining the 

phase in which the fluid would exist at pipeline conditions. Moreover, bubble points were
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also measured to verify the accuracy of the EOS for predicting the phase properties. Due 

to the vastness of this subject, it will be discussed in detail in chapter 4.

3.7 Compositional analysis

Identifying the composition of a complex hydrocarbon mixture is very important for a 

phase behavior study. The entire phase behavior modeling depends on the accuracy of 

sample composition. The compositions of the samples were measured using the HP Gas 

Chromatograph and Mass Spectroscope (GCMS). The total ion concentrations of the 

compounds are recorded as peak by the chemstation program. The abundance rate is 

obtained as a function of retention time. The area under the peaks is a measure of the 

composition of the respective compound. 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 lower hydrocarbon concentration in GTL samples were 

not very significant, this can be attributed to the handling of GTL samples over the years. 

The lower the concentration of lighter hydrocarbons, the more the phase envelope shifts 

towards the right. Crude oil delivered in welker cylinders hence has higher bubble point 

pressure, due to the presence of lighter hydrocarbons, as opposed to GTL samples at the 

same temperature.
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CHAPTER 4 

PHASE BEHAVIOR

4.1 Objective of the phase behavior Study

Properties such as densities, compressibilities and saturation pressures of hydrocarbons 

are required for the design of pipeline and processing equipments. They are obtained 

either by laboratory studies or by the use of correlations. A need for a phase behavior 

study was called to determine and investigate the nature of the fluids at pipeline 

conditions. A major concern while flowing a fluid rich in lighter hydrocarbons is the two- 

phase flow. It becomes necessary to identify if any vapor phase would exit at the 

terminal of the pipeline. If vapor phase does exist, it becomes necessary to investigate 

whether or not the gas handling capacities at the Valdez terminal would be sufficient to 

process the pipeline gas. In order to verify this, the saturation pressure of the various 

GTL and TAPS crude oil blends were determined in the laboratory. These were then 

compared with the pipeline conditions, to determine if the fluid would exist as two-phase 

or as a single-phase liquid. Phase behavior study is also important to verify the accuracy 

of a prediction model to predict various other fluid properties at high-pressure conditions. 

Phase behavior experiments involves tremendous amount of money and demands a lot of 

time, therefore the availability of a accurate prediction model is important. The nature of 

fluid that passes through TAPS keeps changing with time, therefore a good prediction 

model is necessary to predict the behavior of fluids of different compositions. A good 

prediction model which is identified for a range of fluids that were studied in the 

laboratory would be good to predict the phase behavior of different kinds of fluids (slight 

change in composition) on which phase behavior experiments have not been conducted.
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4.2 Experimental apparatus

The experimental apparatus consists of individual components assembled to allow bubble 

point measurement of the crude oil and GTL samples considered under this study. The 

apparatus also facilitates phase behavior experiments like, constant composition 

expansion, differential liberation test, separator test and constant volume depletion. With 

regards to this study, only saturation pressures were measured for developing the phase 

envelope of the complex mixtures. The phase behavior apparatus is primarily composed 

of the following components.

1) A Pyrex glass tube

2) Moving piston

3) Positive displacement pump

4) Air Bath

5) Sample cylinders

6) Pressure gauge

7) Thermocouple

The DBR JEFRI PVT cell consists of a moving piston installed in a Pyrex glass tube. The 

JEFRI PVT Cell has incorporated various design features that enhance the accuracy of 

measurement and observation as well as provide ease of operation and maintenance. The 

fluids to be studied are contained within a transparent glass cylinder, which is secured 

between two full-length sight glass windows. The space surrounding the glass tube is 

filled with an innocuous, transparent fluid, which is used to exert an overburden stress on 

the glass, equal and opposite to the pressure on the process fluid, see figure 4.1. This 

allows complete unimpaired visibility of the entire contents of the PVT cell. The full- 

length sight glass windows and their respective seals are contacted only by the 

overburden fluid, hence, frequency of cleaning and seal replacement of these components 

are reduced to a minimum. Servicing and cleaning of the glass tube is therefore
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accomplished within a short time frame. The maximum working pressure of the JEFRI 

PVT Cell is set to 10,000 psig and the maximum temperature is set to 390°F.

Moving Piston

Thermocouple

Figure 4.1: D.B. Robinson phase behavior apparatus

The JEFRI positive displacement pump was used to monitor the pressure in the PVT cell, 

see figure 4.2.
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Figure 4.2: JEFRI High pressure positive displacement pump

The cylinder-piston design of the JEFRI pumps facilitates the dispensing of high-pressure 

fluids with a high degree of accuracy. JEFRI pumps are built to work reliably and 

smoothly to a working pressure of up to 20,000 psi. Standard capacity range from 5 to 

1000 cc with a volume resolution as low as 0.0025 cc. The JEFRI pump uses a finely 

machined piston of precise diameter to displace a fluid, which is confined within a 

cylinder. The fluid is confined by a system of high-pressure seals, which are held firmly 

within the end of the cylinder. Desired flow rates can be maintained by adjusting the set 

points. The displaced fluid volume is proportional to the calibrated length of the piston 

inserted into the cylinder.

4.3 PVT Cell operations

There are a number of preliminary steps that should be taken prior to performing 

experimental work with the JEFRI PVT Cell. These include defining,
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I. Equipment location and setup

II. Priming overburden fluid

III. System pressure testing

IV. Testing the PVT cell with pure fluids.

4.3.1 Equipment location and set-up

When working with fluids containing flammable, noxious, or poisonous components, the 

laboratory area must be properly ventilated to handle both normal and emergency 

situations. Work involving hydrocarbon samples containing H2S, must be performed in 

laboratories equipped with H2S detection devices having both visual and audio alarms. 

Also, easy access to self contained breathing apparatus and emergency breathing 

assistance equipments is considered mandatory. A schematic diagram of the JEFRI PVT 

cell is shown in figure 4.3.

4.3.2 Overburden fluid priming

Before the PVT cell can be considered to be operational the overburden fluid must be 

primed and charged in to the space surrounding the glass tube. With reference to figure 

4.3, the following describes the recommended procedure for charging the overburden 

fluid into the PVT cell.

i. Install the isolation piston into the cell.

ii. Close V082, V014, V012, then open V013, V001 and V007.

iii. Attach a vacuum pump to V002 and draw a vacuum on the overburden portion of 

the cell. Once a suitable vacuum has been reached, close V013, V001 and V007.

iv. Maintaining a low pressure (~50 psi) on the JEFRI pump, first open V082 and 

VO 13, followed by opening V007.
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v. When the overburden cavity is completely filled, pressurize the overburden to 200 

psi and close V007. Open V001 and move the isolation piston into the visible 

portion of the PVT cell. The cell is now ready for calibration and use.

NOTE: Isolation of the overburden is used primarily during the calibration procedure 

and on occasion during very low PVT Studies. The breaking stress of the glass cylinder is 

around 1000 psi it is therefore recommended that a pressure differential of 500 psi should 

never be exceeded (operating and maintenance manual, DB Robinson Design and 

Manufacturing Ltd.).

Figure 4.3: Schematic of The JEFRI PVT Cell taken from the DBR JEFRI PVT Cell 

operating manual.
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4.3.3 Charging of reservoir fluid

Reservoir fluids can be charged into the cell at either room or at reservoir temperatures. It 

is assumed here that the PVT cell has been cleaned, assembled, the overburden fluid has 

been primed and that the overburden has been isolated at approximately 200 psi with 

V007 closed.

To charge a PVT cell at room temperature, the following procedure applies:

i. Connect the sample cylinder containing the reservoir fluid to V006. Using the 

displacement pump, move the PVT cell position up until it just touches the top 

end cap of the PVT cell. Close V013.

ii. Connect a vacuum pump to the PVT vent line from V003. Open V003, V004, 

V006, and evacuate until a suitable vacuum is attained. Close V003, V004 and 

V006.

iii. Open V014 and pressurize the displacement pump until the pressure us equal to 

the reservoir fluid pressure in the sample cylinder. Charging of the reservoir fluid 

from the welker cylinder to the sample cylinder has been discussed in the earlier 

sections. While maintaining the reservoir fluid pressure with the displacement 

pump, open V008 followed by V006.

NOTE: Prior to opening V004, the overburden isolation valve V007 must be opened. 

Failure to do so may result in breakage of the glass tube.

iv. Open V007 then slowly open V004 allowing the reservoir fluid to pressurize the 

PVT cell. Once the pressure in the PVT cell and the pressure in the sample 

cylinder have equilibrated, drain the displacement fluid from the PVT cell through 

V012. Once the required volume of the reservoir fluid has been to the PVT cell, 

close V012.

v. Close V008, V009 and V014. Open V013 and using the displacement pump 

withdraw sufficient from the PVT cell until a vapor cap is formed.
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The PVT cell is now ready to be heated to the desired operating temperature. During the 

heating procedure insure that the pressure of reservoir fluid in the PVT cell does not 

increase beyond the maximum allowable pressure of the cell. Use the displacement pump 

to maintain and adjust the pressure in the PVT cell during the heating process.

4.3.4 Bubble point measurement of GTL and crude oil blends

The PVT cell was charged with the GTL and TAPS crude oil blends for bubble point 

measurements. Bubble points were obtained by conducting an isothermal expansion in 

the PVT cell. The pump displacement was plotted against the pressure in the PVT cell to 

obtain bubble points at various temperature steps. Similar procedure was carried out for 

all the samples. Figure 4.4 demonstrates an example of the bubble point measurements.



Pr
es

su
re

 
ps

ia 
Pr

es
su

re
 

ps
ia

48

Crude in GTL254in3:1 at 68° F

Displacement mm

Crude in GTL254 in 3:1 at 122° F

Displacement mm

Crude in GTL254 in 3:1 at 86° F

Displacement mm 

Crude in GTL254 in 3:1 at 158° F

Displacement mm

Figure 4.4: Bubble point measurement of a 3:1 blend of crude and GTL254
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CHAPTER 5

RESULTS AND DISCUSSION

This chapter will discuss the results obtained from experimental runs for the 

measurement of composition, density, viscosity and saturation pressure. The saturation 

pressure as obtained from the experimental runs will be compared with those obtained by 

applying the equation of state. An appropriate phase behavior model for predicting the 

properties of GTL, TAPS crude oil and their blends will be discussed in this chapter. The 

density and viscosity modeling at elevated pressure will also be discussed. The results as 

obtained from density and viscosity measurement will be compared with the predicted 

values obtained from the equation of state models and a viscosity model.

5.1 Compositional analysis

The results from the compositional analysis of the samples forms the basis for all the 

phase behavior modeling and density and viscosity calculations outlined in this chapter. 

The composition of the crude oil samples were supplied by the Aleyska Pipeline Service 

Company, and the composition of the GTL samples were measured in the laboratory 

using the HP GC/MS. The results from the compositional analysis of the GTL samples 

are presented in table 5.1. The results indicates that the GTL cuts had a very small 

amount of lighter hydrocarbons as well as very small amount of heavier hydrocarbons 

too. The bubble point pressure of the blends is expected to decrease by the addition of 

GTL cuts to crude oil. The GTL samples were highly rich in the C7’s and C13’s 

(Hydrocarbons of the diesel range), and had very small amount of C20’s which are 

associated with problems like wax deposition and solid precipitation in the pipeline. 

Therefore these cuts are expected to yield very high premium in the markets
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Table 5.1 Composition of TAPS crude oil and GTL cuts

Pure crude GTL 254 GTL 302 GTL 344
c2 0.009 0 0 0
c3 0.167 0 0 0
iC4 0.259 0 0 0
nC4 0.954 0 0 0
iC5 0.63 1.97 1.69 1.575
nC5 0.967 1.97 1.69 1.575
c6 1.836 7.5 7.02 6.16
c7 3.358 8.28 7.28 6.5
c8 4.078 9.74 7.85 7.15
c9 4.115 11.41 8.68 7.85

c10 3.715 11.47 8.98 8.44
c11 3.174 11.76 9.04 8.49
c12 2.989 10.15 8.66 7.77
c13 3.308 7.97 8.03 7.47
c14 3.16 6.18 7.2 6.77
c15 3.108 4 6.15 5.93
c16 2.757 2.87 5.18 5.21
c17 2.636 2 3.77 4.22
c18 2.59 1.34 2.76 3.45
c19 2.543 0.86 2.22 2.92
c20 2.296 0.54 1.45 2.25
c21 2.134 0 1.01 1.84
c22 2.037 0 0.67 1.45
c23 1.898 0 0.42 1.09
c24 1.781 0 0.25 0.73
c25 1.669 0 0 0.49

c25+ 40.7 0 0 0.67
Benzene 0.34 0 0 0
Toluene 0.792 0 0 0

Mol Wt C25+ 555 0 0 370.597
Density C25+ 0.989 0 0 0.93
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5.2 Saturation pressure measurement

The bubble point measurements were performed in the laboratory as outlined in chapter

4. The figures presented in this chapter shows the bubble point measurements obtained 

for various GTL samples at various temperatures. The following were the GTL samples 

studied for the determination of saturation pressure and for saturation pressure modeling.

1. Blend of TAPS crude oil and GTL254 in ratios of 3:1, 1:1 and 1:3.

2. Blend of TAPS crude oil and GTL302 in ratios of 3:1, 1:1 and 1:3.

3. Blend of TAPS crude oil and GTL344 in ratios of 3:1, 1:1 and 1:3.

The crude oil welker cylinders were obtained from the Alyeska Pipeline Service 

Company from their North Pole Metering Center, the cylinders were maintained at a 

pressure of 850 psig. The crude oil was transferred into the sample cylinders for being 

studied for phase behavior study. The pressure in the PVT cell was plotted against the 

pump displacement in mm, to obtain the bubble point of the samples. The bubble points 

of the sample was taken as the point from where the slope of the pressure-displacement 

curve becomes close to one, this concept has been explained in chapter 2. A base volume 

of 20 cc of crude oil was charged in the PVT cell and GTL samples were added and 

mixed inside the cell in various ratios.

In order to gain confidence in the DBR PVT cell, initially saturation pressures of CO2 

were measured, see figure 5.1. The results from the saturation pressure measurement of 

carbondioxide were compared with the saturation pressures for CO2 as published in the 

literature. The equipment was checked for leaks and recalibration was done in order to 

reach an agreement with the measured values and the published data. The results from 

CO2 testing of the equipment is shown in table 5.2.
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Vapor pressure measurement for C02 at 71.6°F

Figure 5.1: CO2 vapor pressure measurements

Table 5.2 Vapor pressure measurements of C02

Temperature°F Vapor Pressure psia 

(experimental)

Vapor Pressure psia 

(CRC handbook of chemistry 

and physics)

71.6 869 847.1

77.0 947 933.3

86.99 1069 (critical point)

After obtaining confidence in the readings, progress was made on measuring bubble 

points of mixtures of GTL and TAPS crude oil at various blending ratios. The ratios 

considered for this study were established by Timmcke (2002).
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5.2.1 Saturation pressures for TAPS crude oil and GTL 254 in 3:1

The plots from figure 5.2 through figure 5.4, shows the saturation pressures for GTL254 

blended with crude oil in a ratio of 3:1. Table 5.3 shows the pipeline pressure and 

temperature data (Chukwu, F., 2003). The saturation pressure or the bubble point of the 

mixture was observed to be less than the pipeline conditions as shown in table 5.4. From 

the results it can be stated that a blend of TAPS crude with GTL254 will always exist as a 

single-phase liquid when passed through the TAPS. However, the composition of the 

GTL that would be produced at the north slope of Alaska is not yet fixed, therefore the 

mathematical modeling of the saturation pressures based on the experimental results 

becomes essential for the prediction of phase behavior property of any type of fluid that 

would be transported through TAPS.

Table 5.3: Pipeline operating parameters (Chukwu, F., 2003)

Date
Discharge Valdez

Pressure psi Temperature°F Pressure psi Temperature°F

31st, May-2003 938 117 189 62.4

1st, June-2003 910 117 212 60.9

5th, June-2003 893 119 178 62.0
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Crude in GTL254 in 3:1 at 68° F

Displacement mm

Crude in GTL254 in 3:1 at 122° F

Displacement mm

Crude in GTL254 in 3:1 at 86°F

Displacement mm

Crude in GTL254 in 3:1 at 158° F

Displacement mm

Figure 5.2: Bubble point measurements for crude in GTL254 in 3:1
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Crude in GTL254 in 3:1 at 194°F Crude in GTL254 in 3:1 at 212°F

<5

a?
80i—Q-

Displacement mm Displacement mm

Crude in GTL254 in 3:1 at 230°F Crude in GTL254 in 3:1 at 266 °F

Displacement mm
Displacement mm

Figure 5.3: Bubble point measurements for crude in GTL254 in 3:1
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Crude in GTL254 in 3:1 at 311° F

Dis placement mm

Table 5.4: Bubble point pressure for crude 
in GTL254 in 3:1

Temperature°F
Pressure

Pisa
71.6 3.7
86 6.7
122 8.7
158 13.7
194 21.7
212 25.7
230 31.7
266 42.7
311 58.7

Figure 5.4 Bubble point measurements for 
crude in GTL254 in 3:1

5.2.2 Saturation pressure for crude in GTL254 in 1:1

The plots in figure 5.5 through figure 5.7 shows the saturation pressures for GTL254 

blended with crude oil in a ratio of 1:1. The saturation pressure or the bubble point of the 

mixture was also observed to be less than the pipeline conditions, see table 5.5. It can 

also be seen that increasing the GTL254 ratio decreases the bubble point pressure of the 

commingled fluid. From the above results it can be stated that a blend of TAPS crude 

with GTL254 in a ratio of 1:1 will always exist as a single-phase liquid when passed 

through the TAPS.
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Crude in GTL254 in 1:1 at 71.6° F

Displacement mm

Crude in GTL254 in 1:1 at 122°F

Displacement mm

Crude in GTL254 in 1:1 at 86 °F

Displacement mm

Crude in GTL254 in 1:1 at 158° F

Displacement mm

Figure 5.5: Bubble point measurements for crude in GTL254 in 1:1
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Crude in GTL254 in 1:1 at 194 °F Crude in GTL254 in 1:1 at 212° F

Displacement mm Displacement mm

Crude in GTL254 in 1:1 at 230° F Crude in GTL254 in 1:1 at 266°F

Displacement mm Displacement mm

Figure 5.6: Bubble point measurements for crude in GTL254 in 1:1
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Table 5.5: Bubble point pressures for 
crude in GTL254 in 1:1

Temperature°F Pressure psia
71.6 4.7
86 6.7
122 10.7
158 13.7
194 17.7
212 22.7
230 27.7
266 37.7
311 62.7

Crude in GTL254 in 1:1 at 311°F

Figure 5.7: Bubble point measurements 
for crude in GTL254 in 1:1

5.2.3 Saturation pressure for crude in GTL254 in 1:3

The plots in figure 5.8 and figure 5.9 are the measurement of saturation pressures for a 

blend of TAPS crude in GTL254 in a ratio of 1:3. The ratio of crude in this case was very 

low as compared to GTL254, hence the bubble point pressures were extremely low, see 

table 5.6. The reason for the bubble point pressure being so low is that the GTL used in 

the laboratory were not obtained in constant pressure welker cylinders, these were 

obtained in drums supplied by DOE, most of the light ends in the sample may have been 

lost over the years. This loss in the light ends is mainly due to the fact that the samples 

have been handled in various tests.

However, phase behavior modeling attempts to address this problem to a great extent, as 

reliable prediction of TAPS crude and GTL mixture (of current composition) using an 

EOS model ensures some certainty in accurate prediction for similar mixtures if GTL 

composition were to change slightly.
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Crude in GTL254 in 1:3 at 71.6° F

Displacement mm

Crude in GTL254 in 1:3 at 158° F

Displacement mm

Crude in GTL254 in 1:3 at 122°F

Displacement mm

Crude in GTL254 in 1:3 at 194° F

Displacement mm

Figure 5.8: Bubble point measurements for crude in GTL254 in 1:3
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Crude in GTL254 in 1:3 at 212°F

Displacement mm 

Crude in GTL254 in 1:3 at 230° F

Displacement mm

Figure 5.9: Bubble point measurements for crude in GTL254 in 1:3
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Table 5.6: Bubble point pressures for crude in GTL254 in 1:3

Temperature°F Pressure Pisa
71.6 2.7
122 3.7
158 5.7
194 8.7
212 13.7
230 16.7

5.2.4 Saturation Pressures for crude in GTL302 in 3:1

Similar trends of saturation pressures as discussed above, were observed when TAPS 

crude was mixed with GTL302, figures 5.10 and 5.11. The bubble point pressures were 

still observed to be lower than the pipeline conditions, table 5.7. It can be stated that a 

blend of crude oil and GTL302 in a ratio of 3:1 will always exist as single-phase liquid at 

pipeline conditions.
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Crude in GTI302 in 3:1at 69.44° F

Displacement mm

Crude in GTL302 in 3:1at 117.14° F

Displacement mm

Crude in GTL in 3:1 at 95.5 °F

Displacement mm

Crude in GTL302 in 3:1 at 153.86° F

Displacement mm

Figure 5.10: Bubble point measurements for a crude: GTL302 blend in 3:1
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crude in GTL302 in 3:1 at 197.96 °F
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Crude in GTL302 in 3:1 at 271.76° F
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Figure 5.11: Bubble point measurements for a crude: GTL302 blend of 3:1
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Table 5.7: Saturation pressure for crude in GTL302 in 3:1

Temperature°F Pressure Psia

69.44 3.7

95.54 7.7

117.14 9.7

153.86 12.7

197.96 20.7

271.76 48.7

5.2.5 Saturation pressures for crude in GTL302 in 1:1

The plots in figure 5.12 shows the saturation pressure of a 1:1 blend of crude in GTL302. 

It was observed that the change in saturation pressure with respects to ratio followed the 

same trend as that of GTL254. However the bubble point pressure obtained for GTL302 

blends were much less than that obtained from GTL254 blends, this indicates that the 

bubble point decreases as a fluid having heavier hydrocarbons is added to TAPS crude 

oil. While testing this blend for it’s bubble point pressure, the O-Rings on the isolation 

piston failed, therefore the readings were limited to a temperature of 194.18 F, table 5.8.
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Crude in GTL 302 at 1:1 in 3:1 at 99.32° F

Displacement mm

Crude in GTL302 in 1:1 at 167.36 °F

Displacement mm

Crude in GTL302 in 1:1 at 126.5° F

Displacement mm

Crude in GTL 302 at 1:1 at 194.18° F

Displacement mm

Figure 5.12: Bubble point measurements for a crude: GTL302 blend of 1:1
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Table 5.8: Saturation pressures for a crude oil in GT302 blend in 1:1

Temperature°F Pressure Psia

99.32 7.7

126.5 9.7

167.36 19.7

194.18 23.7

5.2.6 Saturation Pressures for crude in GTL302 in 1:3

The measurement for the saturation pressures obtained for a 1:3 blend of crude in 

GTL302 are shown in figure 5.13 and figure 5.14. Exact similar trends were observed for 

a mixture of crude oil in GTL302, the bubble point pressure was less than that of the 

pipeline condition, table 5.9.
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Crude in GTL302 in 1:3 at 68°F Crude in GTL302 at 122°F

Displacement mm
Displacement mm

Crude in GTL 302 in 1:3 at 158° F Crude in GTL302 in 1:3 at 195°F

Displacement mm Displacement mm

Figure 5.13: Bubble point measurements for a 1:3 blend of crude in GTL302
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Crude in GTL302 in 1:3 at250°F

Dispacement mm

Crude in GTL302 in 1:3 at 285°F

Displacement mm

Figure 5.14: Bubble point measurements for a 1:3 blend of crude and GTL302
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Table 5.9: Bubble point pressures for crude oil in GTL 302 in 1:3

Temperature°F Pressure psia

68 2.7

122 5.7

158 9.7

195 14.7

250 24.7

282 40.7

5.2.7 Saturation pressure measurement for crude in GTL344 in 3:1

Plots in figure 5.15 and figure 5.16 shows the bubble point measurements of TAPS crude 

oil in GTL344 in 3:1. The measured bubble points for this type of a blend is also below 

the pipeline conditions, table 5.10, hence it can be stated that this type of a blend will also 

exist as a single phase liquid at pipeline conditions. However, as mentioned earlier, there 

is still some uncertainty about the nature of GTL that would flow through the TAPS, 

therefore a prediction model based on the equation of state in necessary to predict the 

phase properties of the blends that may flow through TAPS.
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Crude in GTL344 in 3:1 at 71.6 °F

Displacement mm

Crude in GTL344 in 3:1 at 123.8° F

Displacement mm

Crude in GTL344 in 3:1 at 86 °F

Displacement mm

Crude in GTL344 in 3:1 at 163.4° F

Displacement mm

Figure 5.15: Bubble point measurements for a 3:1 blend of crude and GTL344
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Crude in GTL344 in 3:1 at 203° F

Displacem ent mm

Crude in GTL344 in 3:1 at 271.4°F

Displacem ent mm

Figure 5.16: Bubble point measurements for a 3:1 blend of crude and GTL344
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Table 5.10: Bubble point pressures for crude in GTL344 in 3:1

Temperature°F Pressure Psia
76.5 2.7

98.6 4.7

138.2 6.7

174.2 12.7

208.6 16.7

273.2 41.7

5.2.8 Saturation Pressure Measurement for crude in GTL344 in 1:1

Figure 5.17 and Figure 5.18 shows the bubble point measurements for TAPS crude oil in 

GTL344 in 1:1. Results demonstrate that the mixture will exist as a single-phase liquid at 

pipeline conditions (Table 5.11). Even though the GTL samples have lost some of the 

light ends, as these have been handled for over six years in various experiments, 

experimental phase behavior of these GTL samples and TAPS crude oil samples is still 

significantly valuable. Such data can be used to evaluate and select good EOS model. A 

rigorously evaluated and selected model will be very useful in determining the phase 

behavior characteristics of at least a similar type of GTL that would flow through TAPS. 

The next section will discuss the results obtained by using various EOS and prediction 

models to model the saturation pressure, density and viscosity.
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Crude in GTL344 in 1:1 at 74,5° F crude in GTL344 in 1:1 at 98.6° F

Displacement mm Displacement mm

crude in GTL344 in 1:1 at 138.2° F Crude in GTL344 in 1:1 at 174.2° F

Displacement mm

Displacement mm

Figure 5.17: Bubble point measurements for a 1:1 blend of crude and GTL344
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Crude in GTL344 in 1:1 at 208.5° F Crude in GTL344 in 1:1 at 273.2° F

Displacement mm
Dis placement mm

Figure 5.18: Bubble point measurements for a 1:1 blend of crude and GTL344 

Table 5.11: Bubble point pressures for TAPS crude oil in GTL344 in 1:1

Temperature°F Pressure psia
71.6 3.7
86.0 4.7
123.8 6.7
163.4 11.7
203.0 20.7
271.4 41.7
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5.3 Saturation pressure modeling

Saturation pressure modeling was one of the most important tasks under this project. 

Saturation pressures obtained in laboratory had to be modeled to predict the behavior of 

the GTL and crude oil mixture under various conditions. The main purpose of modeling 

the phase behavior of the fluid was to establish the accuracy and reliability of an equation 

of state model to predict various other fluid phase behavior properties at high pressure 

and temperature conditions. The equation of state models used in the simulator have been 

discussed in the chapter 2. The Soave-Redlich-Kwong (SRK) and Peng-Robinson (PR) 

equation of state were used to determine the two-phase envelope. Generally, a model 

based on the saturation pressure match, that matches several point on a phase envelope is 

good for predicting the behavior of the fluid under constant composition expansion and 

the separator tests. A phase behavior model would also predict the properties like 

compressibility, density, viscosity, thermal conductivity etc of the vapor and liquid 

phases of the fluid. These properties are very important parameters that go into the 

pressure drop calculations. A good phase behavior model is also considered to be 

capable of simulating the solid deposition at various temperatures and pressure 

conditions.

The phase behavior modeling was done using the Computer Modeling Group’s Win Prop 

simulator. Win Prop is a commercial simulator and is often used for generating fluid 

properties for the reservoir simulators. The Win Prop simulator has two major equations 

of states that were used for modeling the saturation pressures of GTL and crude oil 

blends. The Soave-Redlich-Kwong and the Peng-Robinson equation of states were used. 

The composition of the GTL cuts were measured in the GC/MS laboratory and the 

composition of the crude oil were supplied by the Aleyska Pipeline Service Company. 

The compositions are the main input into the phase behavior simulator. The two-phase 

envelope was constructed using either of the two equation of state and was compared 

with the experimental data. If the simulated data did not match, it was then fine tuned by 

changing the accentric factor correlation, and in some cases the critical properties
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correlations too. A correlation that gave a good match with the data obtained in the 

laboratory was considered as a good phase behavior model.

Figures 5.19 through Figures 5.27, presented in this section, shows the saturation pressure 

obtained in the laboratory and those calculated using the Equation of state for TAPS 

crude oil and GTL blends.

Phase Envelope for crude in GTL254 in3:1

Temperature°F

+ — PR . SRK —a— Experimental —♦— TAPS Conditions ■ C.P SRK •  CP PR

Figure 5.19: Phase envelope for crude in GTL254 in 3:1
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From figure 5.19 it can be seen that the saturation pressures obtained using the SRK and 

the PR equation of state matches well with those obtained in the laboratory. However, 

since the design temperature of the air bath for the PVT Cell is 390°F, only saturation 

pressure for temperatures up to 390°F were measured. The trend obtained from the PVT 

experiments still compares very well with that from either of the EOS. Hence it can be 

stated that given the accurate composition of the GTL and crude oil blends, the saturation 

pressures, in this case the bubble point pressure, can be modeled using either the PR or 

the SRK equation of state.

Phase Envelope for crude to GTL254 in 1:1

Temperature°F

— ♦ — S R K  — ■—  P R  — A —  E x p e r i m e n t a l  — • — T A P S  D a t a  C . P .  S R K  —# — 0 . ? .  P R  

Figure 5.20: Phase envelope for crude in GTL254 in 1:1

Similar results were also obtained for phase behavior modeling of crude oil in GTL254 in 

ratios of 1:1 and 1:3 see figure 5.20 and figure 5.21. It is very reasonable to say that 

either SRK or PR equation of state can be used for modeling the phase properties of GTL
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and crude oil blends at pipeline conditions. Moreover the saturation pressures of these 

blends can also be predicted at other conditions and similar fluid compositions of other 

GTL material considering the excellent match obtained between the laboratory-measured 

values and EOS predicted values.

Phase Envelope for crude in GTL254 in 1:3

Temperature°F

—♦— PR —• — SRK — Experimental —♦— TAPSData X CP. SRK # CP. PR

Figure 5.21: Phase envelope for crude in GTL254 in 1:3

Figure 5.22 through figure 5.24 shows the saturation pressure for GTL302 and crude oil 

blends. From these figures it can be seen that the experimental results had a good match 

with those obtained from predictions, therefore similar conclusions can be drawn for the
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blends of GTL302 with crude oil. Both SRK and PR equation of state are equally good 

for predicting the phase behavior of GTL302 and crude oil blends.

Phase envelope of crude in GTL302 in 3:1

Temperature°F
-  -   PR3:1GTL302 ----- ■—  SRK3:1GTL302 a Experimental

— ♦— TAPS Data — ♦— CP SRK — • — CP PR

Figure 5.22: Phase envelope for crude in GTL302 in 3:1
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Phase envelope of crude in GTL302 in 1:1

Temperature°F

   SRK ■ PR A Experimental— * ------ TAPSData ♦----- CPPR— • ----CPSRK

Figure 5.23: Phase envelope for crude in GTL302 in 1:1
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Phase envelope of crude in GTL302 in 1:3

<u
‘<75o. 
23(/></)

   SR K

Temperature F

P R  A  E xperim enta l ±  T A P S d a ta   ♦  C P  SR K -C P  P R

Figure 5.24: Phase envelope for crude in GTL302 in 1:3

Figure 5.25 demonstrates a very close match of the equation of state with that of the 

experimental results for GTL344 blend. Figure 5.26 and Figure 5.27 shows the saturation 

pressures obtained for GTL344 through various methods. The SRK and PR equation of 

state were able to match the measurements obtained in the laboratory and hence can be 

used for predicting the phase behavior of GTL344 and crude oil blends.
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Crude in GTL344 in 3:1

Temperature°F

—♦— PR —-—  SRK —a— Experimental

5.25: Bubble point pressures for crude in GTL344 in 3:1

Crude in GTL344 in 3:1

Temperature°F

—♦— PR —■—  SRK —ft— Experimental —♦— TAPS Data —♦— CP SRK —• — CP PR 

Figure 5.26: Phase envelope for crude in GTL344 in 3:1
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Crude in GTL344 in 1:1

Tem perature°F

— ♦ — S R K — -— P R  —A—Experimental A T A P S  Data—♦— C P  S R K — • — C P  P R

Figure 5.27: Phase envelope for crude in GTL344 in 1:3

From the results of experimental work and prediction models it is evident that either of 

the two most widely used EOS can be used for modeling the phase behavior of GTL cuts 

and their blends with crude oil. The most important and positive result from the 

experimental and modeling work is that there will not be any two-phase flow problems 

while transporting GTL with crude oil to the markets. It is also evident that the TAPS 

fluid will not result in a 2-phase flow at current pipeline conditions because of the 

changed overall fluid composition (due to addition of GTL as phase behavior is strongly 

dependent on fluid composition).
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5.4 Density measurements

The density of the GTL, TAPS crude oil and their blends were determined in the 

laboratory using the Anton-Paar digital densitometer. The density measurements of the 

samples obtained in the laboratory were used to verify the accuracy of the prediction 

models for predicting the densities at other conditions (pipeline conditions). The results 

obtained from the density measurements are shown in table 5.12 through table 5.15.

Temperature UC Pure crude Raw
GTL

Crude oil: GTL gravimetric blends
3:1 1:1 1:3

Density Kg/mJ
22.0 910 754 871 832 793
25.0 897 749 860 823 786
30.0 894 745 857 820 782
35.0 892 743 855 817 780
40.0 889 739 852 814 777
45.0 888 737 850 813 775
50.0 887 735 849 811 773

Table 5.13 Density of TAPS crude oil, GTL254 and their blends
Temperature°C Pure crude GTL

254
Crude oil: GTL254 gravimetric 

blends
3:1 1:1 1:3

Density Kg/m3
22.0 910 735 866 823 779
25.0 897 734 856 815 774
30.0 894 733 854 813 773
35.0 892 732 852 812 772
40.0 889 731 849 810 770
45.0 888 730 848 809 769
50.0 887 729 847 808 768
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Table 5.14 Density of TAPS crude oil, GTL302 and their blends
Temperature °C Pure crude GTL

302

?  ̂ W1V1I 1/iviiUO
Crude oil: GTL302 gravimetric 

blends
3:1 1:1 1:3

Density Kg/m3
22.0 910 741 868 826 783
25.0 897 740 858 818 779
30.0 894 738 855 816 777
35.0 892 738 853 815 776
40.0 889 737 851 813 775
45.0 888 731 849 810 770
50.0 887 732 848 809 770

Table 5.15 Density of TAPS crude oil, GTL344 and their blends
Temperature UC Pure crude GTL

344
Crude oil:GTL344 gravimetric 

blends
3:1 1:1 1:3

Density Kg/mJ
22.0 910 746 869 828 787
25.0 897 744 859 821 782
30.0 894 741 856 819 781
35.0 892 739 855 818 781
40.0 889 736 852 816 779
45.0 888 734 852 815 779
50.0 887 731 851 814 778

5.5 Viscosity measurements

The results from the viscosity measurements hold the basis for pressure drop calculations 

that would be performed for further studies. The viscosities of the samples were 

measured in the Brookfield cone/plate viscometer and are presented in table 5.16 through 

table 5.20. As expected, the viscosity of GTL and crude oil blends decreases with the 

increase in ratio of GTL to crude oil. The viscosity of the samples was observed to 

decrease with increase in temperature. The results from the viscosity measurements were 

also used as a basis for the phase behavior modeling.



Table 5.16 Viscosity of TAPS crude oil, raw GTL and their blends

Temperature°C

Viscosity in centipoise
Blends of crude oil and Pure GTL

Raw GTL 3:1 1:1 1:3
22.0 1.58 6.60 3.94 2.26
25.0 1.32 6.19 3.65 2.14
30.0 1.22 5.31 3.03 1.88
35.0 1.08 4.76 2.64 1.72
40.0 0.98 4.30 2.32 1.58
45.0 0.92 3.99 2.10 1.49
50.0 0.86 3.77 1.94 1.42

Table 5.17 Viscosity of TAPS crude oil, GTL254 and their blends

Temperature°C

Viscosity in centipoise
Blends of crude oil and GTL254

GTL254 3:1 1:1 1:3
22.0 0.90 3.99 2.10 2.26
25.0 0.87 3.86 2.01 2.14
30.0 0.80 3.57 1.80 1.88
35.0 0.78 3.48 1.74 1.72
40.0 0.72 3.23 1.56 1.58
45.0 0.71 3.19 1.53 1.49
50.0 0.63 2.85 1.30 1.42

Table 5.18 Viscosity of TAPS crude oil,GTL302 and their blends

Temperature°C

Viscosity in centipoise
Blends of crude oil and GTL302

GTL 302 3:1 1:1 1:3
22.0 1.27 5.55 3.20 2.45
25.0 1.25 5.46 3.14 2.42
30.0 1.08 4.75 2.63 2.21
35.0 0.98 4.33 2.34 2.09
40.0 0.90 3.99 2.10 1.99
45.0 0.81 3.61 1.83 1.88
50.0 0.73 3.27 1.59 1.78
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Table 5.19 Viscosity of TAPS crude oil, GTL344 and their blends

Temperature°C

Viscosity in centipoise
Blends of crude oil and GTL344

GTL 344 3:01 1:01 1:03
22.0 1.35 5.88 3.44 2.55
25.0 1.28 5.59 3.23 2.46
30.0 1.16 5.08 2.87 2.31
35.0 1.04 4.58 2.51 2.16
40.0 0.95 4.20 2.25 2.05
45.0 0.86 3.82 1.98 1.94
50.0 0.83 3.70 1.89 1.90

Table 5.20 Viscosity of crude oil

Temperature°C
viscosity of crude oil in 
centipoise

22.0 16.4
25.0 14.3
30.0 10.7
35.0 8.9
40.0 7.65
45.0 6.9
50.0 6.4

5.6 Density and viscosity modeling

The densities of the sample were measured in the laboratory at atmospheric conditions; in 

order to predict the densities at higher pressure and temperature conditions a model based 

on the correlations is very important. For this purpose the densities and viscosities were 

measured at various temperatures and atmospheric pressures, these were then used to 

evaluate a model that could predict the exact same densities and viscosities at 

atmospheric pressure. Once a model has been evaluated the model can be used for 

predicting the densities and viscosities at pipeline conditions. These models can also be
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useful for predicting various other fluid properties. Numerous models are available for 

the prediction of densities. The Peng-Robinson model was used for the prediction of 

densities at high pressures. To predict the densities at high pressures, the densities of the 

sample were measured in the laboratory at atmospheric pressure and various temperatures 

ranging from 22°C to 50°C. The densities of the samples were then determined using the 

model, if the densities did not match with the experimental results, the model was 

modified and tuned to match the densities. Similar approach was taken for the viscosity 

modeling of the GTL and crude oil blends, the Pedersen principle of corresponding state 

was used to model the viscosity.

5.6.1 Density and viscosity modeling of GTL254

The density and viscosity of the GTL254 cuts were measured using the Anton-Paar 

digital densitometer and the Brookfield’s cone/plate viscometer respectively. Since the 

GTL254 is the lightest distillate of the laporte GTL, its density was observed to be the 

lowest. The Peng-Robinson EOS was selected to model the densities of the sample. A 

two-phase flash simulation was conducted, the GTL254 was flashed at atmospheric 

pressure and temperatures ranging from 22°C to 50°C. A viscosity model was selected, 

the Pedersen principle of Corresponding State gave the best match for the prediction of 

viscosities of the GTL254 cut. However, the trend for the viscosity did deviate a little 

from what was expected (figure 5.28), this can be attributed to the fact that the viscosities 

were determined by plotting trend lines, which by itself was an approximation. The 

simulation was modified by introducing volume shift as a function of temperature and a 

reasonable match for density was obtained, volume shift or volume translation technique 

of Peneloux et al (1982) is used to improve the density prediction capability of the SRK 

and PR Equation of state. These prediction models can be confidently applied to the 

GTL254 cuts at higher pressure and the densities and viscosities along with various other 

properties can be determined at pipeline conditions.
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Density modeling for GTL254
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Viscosity modeling for GTL254
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Figure 5.28 : Density and viscosity of GTL 254 at 14.7 psia

5.6.2 Density and viscosity modeling of GTL302

Similar approach was followed for the modeling of densities and viscosities of GTL302. 

The density and viscosity of this sample was higher than that of GTL254 owing to the 

greater composition of heavier hydrocarbons. Similar models were used for the modeling 

of GTL302. Volume shift was introduced to match the density of the sample. The 

Pedersen Principle of corresponding State was used to model the viscosity. The viscosity 

of the GTL302 samples had a reasonable match (figure 5.29). However some differences 

were evident, which can be attributed to the inaccuracy of the viscosity measurement 

using the Brookfield viscometer, wherein the viscosity was measured as a result of 

drawing trend lines on a shear stress vs. shear rate. The slope of the line gives the 

viscosity of the sample.
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Density modeling of GTL302

Tem perature (deg C)

— PR —w Experimental

Viscosity Modeling for GTL302 @ 14.7 
psia

Tem perature (deg C)

- Pedersen-FCS — m experimental

Figure 5.29: Density and viscosity modeling for GTL302 at 14.7 psia

5.6.3 Density and viscosity Modeling of GTL344

The results from density and viscosity modeling of GTL344 is presented in figure 5.30. 

The Peng-Robinson and Pedersen principle of corresponding state was used to model the 

densities and viscosities respectively. A close match of experimental and predicted values 

was obtained. The Peng-Robinson and Pedersen principle of corresponding state can be 

used with confidence to predict the viscosity of the GTL344 cut at high pressures.
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Density Modeling for GTL344

Tem perature (deg C)

-♦—  PR —■ — Experimental

Viscosity modeling for GTL344 @ 
14.7 psia

Tem perature (deg C)

Pedersen-PCS ■ Experimental

Figure 5.30: Density and Viscosity modeling for GTL344 at 14.7 psia

5.6.4 Density and Viscosity Modeling of crude oil

The crude oil data from Alyeska Pipeline Service Company was used as a basis for 

modeling the density and viscosity of the TAPS crude oil. The density data as shown in 

Table 2.2 was used to determine the validity of the model. The crude oil composition was 

also supplied by the pipeline company. The Peng-Robinson and the Pedersen principle of 

corresponding state were used to model the density and viscosity respectively. Volume 

shift had to be applied in order to improve the predictions of density by the PR EOS 

model.

However, it was observed that the accuracy of the prediction model decreases with 

decrease in pipeline temperature. Very close match was obtained for the crude oil
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densities at higher temperatures (figure 5.31 through figure 5.36). The maximum error 

was obtained for crude oil at —20°F and it was 2%.

Density modeling for TAPS Crude at 120°F

200 400 600 800

Pressure psi

PR —« — TAPS Data

Viscosity of Crude oil at 120°F

Pressure psi

Figure 5.31: Density and viscosity modeling for TAPS crude oil at 120°F

Density modeling for TAPS Crude oil at 90 F Viscosity Modeling for TAPS Crude 
at 90 °F

-♦— PR Experimental

200 400 600 800

Pressure psi

—♦— Pedersen-PCS

1000

Figure 5.32: Density and viscosity modeling for TAPS crude oil at 90°F
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Density modeling for TAPS Crude at 
60°F

Crude oil viscosity at 60 F

Pressure psi

— PR —n — Experimental

Figure 5.33: Density and viscosity modeling for TAPS crude oil at 60°F

Density Modeling for TAPS Crude at 
30°F

Viscosity modeling for TAPS crude at 30°F

200 400 600 800 1000

Pressure psi

_4— p r  Experimental

Pressure psi

Figure 5.34: Density and viscosity modeling for TAPS crude oil at 30 F
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TAPS Crude oil Density modeling at 0°F TAPS Crude oil Viscosity modeling at 0°F

200 400 600 800

Pressure psi Pressure psi

— pr Experimental

Figure 5.35: Density and viscosity modeling for TAPS crude oil at 0°F

TAPS Crude Density modeling 
at -20°F

TAPS Crude viscosity modeling 
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Figure 5.36: Density and viscosity modeling for TAPS crude oil at -20°F
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From all the above results of density and viscosity of crude oil and the GTL samples it 

can be conveniently stated that the Peng-Robinson model and the Pedersen principle of 

corresponding State can be used for the determination of the densities and viscosities of 

GTL and crude oil blends at pipeline conditions. Given below are the maximum deviation 

obtained for the density and viscosity modeling using the equation of state models.

Table 5.21: Maximum deviation of prediction models from the experimental data

Sample Density (max deviation) °/i Viscosity (max deviation) %
GTL254 0.13605 3.0479
GTL302 0.64760 -13.38
GTL344 -0.26810 -2.307
Crude (120F) -0.23669
Crude (90F) -0.58207
Crude(60F) -0.80275
Crude (30F) -1.12867
Crude (OF) -1.33482
Crude (-20F) -1.54185

5.7 Density and viscosity modeling of GTL and TAPS crude oil blends at high 

pressures

After modeling the densities, viscosities and saturation pressures for GTL samples and 

their blends and obtaining confidence in the predicted values, the models were used to 

predict the properties of the GTL and the commingled fluid for high-pressure conditions. 

The densities and viscosities of the samples under high-pressure pipeline conditions as 

obtained from the prediction model are presented in Figure 5.37 through figure 5.58. As 

seen from the various figures, both density as well as viscosity values as a function of 

pressure are rather flat and demonstrate a straight line trend, which is significantly 

different than a conventional reservoir fluid. This behavior is primarily caused by the lack 

of lighter hydrocarbon components in both the GTL as well as TAPS crude oil.
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GTL254 Density at high pressure
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Figure 5.37: Density of GTL254 predicted from the Peng-Robinson equation of state
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GTL344 Density at high pressure
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Figure 5.39: Density of GTL344 predicted from the Peng-Robinson equation of state
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Density of Crude in GTL254 in 3:1
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Figure 5.41: Density of crude in GTL254 in 3:1 predicted from the Peng-Robinson 

equation of state
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Density of crude in GTL254 in 1:1
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Figure 5.43: Density of crude in GTL254 in 1:1 predicted from the Peng-Robinson 

equation of state
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Density of Crude in GTL254 in 1:3
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Figure 5.45: Density of crude in GTL254 in 1:3 predicted from the Peng-Robinson 

equation of state
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of corresponding state
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Density of Crude in GTL302 in 3:1
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Figure 5.47: Density of crude in GTL302 in 3:1 predicted from the Peng-Robinson 

equation of state
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of corresponding state
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Density of Crude in GTL302 in 1:1
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Figure 5.49: Density of crude in GTL302 in 1:1 predicted from the Peng-Robinson 

equation of state
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Density of Crude in GTL302 in 1:3
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Figure 5.51: Density of crude in GTL302 in 1:3 predicted from the Peng-Robinson 

equation of state
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Density of Crude in GTL344 in 3:1
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equation of state
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CHAPTER 6

CONCLUSIONS AND RECOMMENDATIONS

6.1 Conclusions

1. From the various experiments conducted in the laboratory it is clear that the 

addition of GTL to the ANS crude oil in the TAPS under current TAPS operating 

conditions does not pose a problem related to multi phase flow.

2. Considering the low pipeline temperature and high flow pressure it is determined 

that if GTL were to flow through TAPS in either the batch mode or as 

commingled mixture, under current TAPS operating conditions, the fluid will 

always exist as a single phase liquid through out the pipeline conditions.

3. It is necessary to understand that the GTL under study may not be the GTL that 

will be manufactured at the North Slope, however the prediction model evaluated 

under this study could be used for the determination of the properties of another 

type of GTL that would flow through the TAPS.

4. The results from the experiments were used to model the Equation of State for 

predicting the phase properties of the GTL and crude oil blends. Results indicate 

that the Soave-Redlich-Kwong and The Peng-Robinson equation of state should 

be used for the prediction of the phase properties.

5. Density and viscosity experiments were conducted for modeling these properties 

at high-pressure conditions. The Peng-Robinson equation of state was used for the 

determination of density under high pressure; the Pedersen principle of 

corresponding state was used for the viscosity determination under high-pressure 
condition.
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6. Considerable improvement in prediction of density by the EOS is obtained by 

introducing volume shift or volume translation technique of Peneloux.

7. The models discussed above can also be used for the determination of other fluid 

properties like thermal conductivity, compressibility, liquid and vapor mole 

percent, etc. These data are very important for pressure drop calculations.

6.2 Recommendations

1. More representative GTL samples are required for more realistic measurements. 

The samples should be delivered in welker cylinders so as to preserve the lighter 

hydrocarbons of the GTL samples.

2. Online density and viscosity measurements on GTL samples would be very 

beneficial for obtaining more confidence in the prediction models

3. Additional bubble point measurements on the phase envelope would be valuable 

for an even rigorous evaluation of the EOS models.
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