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ABSTRACT

Wax deposition during crude oil production is a major problem that has plagued 

the oil industry for decades especially in cold environments such as Alaska North Slope 

(ANS) fields, with adverse consequences in huge mitigation cost and lost production. It 

is therefore imperative to adequately and accurately identify the conditions for wax 

precipitation and deposition in order to optimize operation of the production systems of 

ANS. In order to assess ANS crude’s potential for wax precipitation, Viscometry and 

Cross Polarization Microscopy (CPM) are used to determine the temperature at which 

paraffins begin to precipitate from ANS dead oils. Wax dissolution temperatures 

(WDT) are also determined by CPM. Results show that wax precipitation is possible at 

temperatures as high as 41°C (106°F) while it takes up to 50°C ( 1 2 2 °F) to get all waxes 

back into solution. The CPM technique was more sensitive while Viscometry results did 

not provide a high level of certainty in some samples and therefore appear over

estimated relative to CPM results. Previous thermal history was observed to influence 

test results. Pour point, viscosity, density and specific gravity have also been measured.

Pour point results indicate that oil could form gel in the temperature range 12°C 

(53.6°C) to less than -31°C (-23.8°F).
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CHAPTER ONE 

INTRODUCTION

1.1 Alaska North Slope Background

The Alaska North Slope (ANS) plays host to major oil and gas reserves in the 

United States and accounts for approximately 15% of oil production in the nation. It is 

located in an arctic environment north of the Brooks Range of mountains with an 

underlying thick permafrost zone that remains frozen all year, extending to about 2 0 0 0 ft 

below the land surface. The North Slope area receives an average of 10 inches of annual 

precipitation while the temperature averages from 40°F in summer to about -20°F in 

winter.

With oil exploration and exploitation starting in the early to mid 1900s, most of 

the fields have reached the mature stage. Oil production has been in the decline since 

the late 90s. This is expected of mature fields like those of the ANS. The legendary 

Prudhoe Bay field is declining at the rate of 3.5 % every year

('http://www.usatodav.com, 8/14/2006). Though additional discoveries will add to 

production, it is still expected that production will be in the low rate range. Heavy oil 

resources constitute a great portion of undeveloped reserves of the ANS. As a matter of 

fact, they are the largest undeveloped heavy oil accumulations in the United States with 

an estimated recoverable resource of about 1 0  to 2 0  billion barrels, using currently 

available technology (http://www.netl.doe.gov).

1
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The continued production of ANS oil is therefore faced with challenges, one of 

which is the problem of wax deposition. ANS crude is prone to wax deposition due to 

reasons that include:

1. Location: The location of the ANS in the arctic environment and the underlying 

thick permafrost puts the produced fluid in a condition of enormous heat loss 

which is critical to the wax deposition problem.

2. Age: The age of the reservoirs make them prone to wax problems. This is 

because the light ends of the crude which serves as solvents for the heavy 

paraffin components tend to leave the reservoir first, increasing the 

concentration of the heavy components in the crude oil.

3. Declining rate of production: The decline in the production rate currently 

experienced in ANS reservoirs could increase the chance of wax problems for 

the crudes as low rates are known to favor wax deposition. This scenario is 

illustrated in figure 1 .1 , a history of production and projection for future 

production, including producing fields, producing plus identified development, 

and mean estimates of undiscovered development in a thousand barrels per day, 

for ANS fields.

2
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Figure 1.1: Production History and Projection of ANS (DOE/EIA, 2001).

1.2 Crude Oil Wax

Wax is a component of crude oil that remains in solution until operating 

conditions are favorable to its precipitation. This is caused by changes in the 

temperature -  pressure equilibrium of the crude oil. Upon precipitation (crystallization), 

wax is deposited on the components of the production system by different mechanisms 

including molecular diffusion, shear dispersion, Brownian diffusion and gravity settling. 

Brownian diffusion and gravity settling are not very significant in the dynamic 

conditions of crude oil production. Wax deposition has been reported in all facets of the 

production system including the reservoir, well bore, tubing, flow lines and surface 

facilities. Wax deposition causes loss of production, reduced pipe diameter, increased 

horsepower requirements and general severe production economics. The available 

remedial measures include mechanical, chemical and thermal techniques.



Though temperature reduction / heat loss is a dominant factor in wax problems, 

given that wax begins to precipitate from crude when the temperature falls to or below 

the cloud point (wax appearance temperature -  WAT), other factors such as pressure, 

oil composition, gas-oil ratio, water-oil ratio, flow rate, well completion and pipe 

surface roughness also contribute to the problem of wax deposition.

Laboratory experimental work, using stock tank oil (STO), done under static 

conditions has predominated wax deposition research in the past. Recent investigations 

have centered on the use of live oil, at reservoir temperature and pressure, which is 

more representative of the reservoir oil in experimental work under dynamic conditions. 

Thermodynamic modeling of wax deposition and validation with experimental data is 

gaining wide acceptance. The onset of wax deposition (true cloud point) is yet to be 

achieved due to the fact that all the available techniques require some crystals to be 

formed for detection, thus giving a value that is less than the true cloud point. The 

improvement of existing techniques or development of new ones to detect the onset of 

wax crystallization is a major challenge to research in this area.

1.3 Concern for Wax Deposition

The problem of wax deposition has plagued the petroleum industry for decades 

arousing two main worries upon its occurrence — technical and economic concerns. 

Wax deposition can be mild and can as well be severe enough that it can not be 

managed (Figure 1.2). The earlier the problem is diagnosed in the life of a reservoir (or 

well), the easier it will be to design preventive or control management plans. This will
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reduce or eliminate some of the technical and economic problems associated with wax 

deposition.

Figure 1.2: Severity of Wax Deposition (Weispfennig, 2006).

Technical issues associated with wax deposition include:

■ Permeability reduction and formation damage when it occurs around the 

wellbore and its vicinity.

■ Reduction in the interior diameter and eventual plugging of production strings 

and flow channels (Figure 1.2).

■ Changes in the reservoir fluid composition and fluid rheology due to phase 

separation as wax solid precipitates.

■ Causes additional strain on pumping equipment owing to an increased pressure 

drop along the flow channels consequent to rheological changes as wax begins 

to crystallize.



■ Has a limiting influence on the operating capacities of the entire production 

system.

The critical role of economics in crude oil production makes wax deposition a 

big economic concern to the industry due to the following

■ Capital investment and operating costs are increased when developing 

paraffinic crude oil fields (Paso, 2004). This could cause serious financial strain 

on the operator of such a field or even lead to abandonment when it becomes 

uneconomical due to blockage of facilities by wax deposits. UK Lasmo is 

reported by Paso (2004) to have abandoned and decommissioned its platform in 

November 1994 due to the recurrence of wax blockage. The United States 

Minerals Management Service published 51 severe wax -  related plugs reported 

in Gulf of Mexico flow lines between 1992 and 2002.

■ Lost production.

■ Risk element in development, a problem that could jeopardize the development 

of marginal fields given the prevailing economic situations. The additional cost 

of controlling and managing wax puts a greater risk of abandonment on such 

fields.

1.4 Objective of Study

It has become increasingly imperative to adequately identify the conditions for 

wax precipitation and deposition in order to optimize the operation of the production 

systems of the Alaska North Slope. The technical and economic feasibility of the



production of these waxy crude oils is a function of accurate information about the 

potential for wax and the extent of wax deposition. Temperature is a critical factor in 

the problem of wax precipitation and deposition. Wax deposition occurs when the oil 

temperature falls below the cloud point. Other operational variables are believed to 

contribute to wax deposition problems encountered during oil production. The objective 

of this study is to experimentally characterize ANS crude oils for wax deposition as 

follows:

• Measure the gravity of ANS stock tank oil samples as function of temperature at 

atmospheric pressure. This shall include gravity at 60°F from which the API 

gravity of oil samples shall be calculated.

• Measure the viscosity of ANS stock tank oil samples as function of temperature 

at atmospheric pressure. The viscosity measurement shall be for the purpose of 

inferring wax appearance temperature of oil samples.

• Evaluate the temperature conditions for wax appearance in ANS stock tank oil 

samples by two techniques -  viscometry (viscosity measurements) and cross 

polarization microscopy.

• Compare the wax appearance temperature results obtained from viscometry and 

cross polarization microscopy techniques.

• Measure the wax dissolution temperature of ANS stock tank oils by cross 

polarization microscopy.

• Determine the effect of thermal history on wax appearance temperature by the 

viscometry technique.

7



• Evaluate the temperature conditions at which ANS crude samples will cease to 

flow under quiescent conditions.



CHAPTER TWO 

LITERATURE REVIEW

2.1 Introduction

Wax precipitation and deposition problems in the petroleum industry have been 

an issue for decades. It has been reported in almost all the oil producing provinces and 

fields in the world, occurring in both black oil and volatile oil wells as well as gas 

condensate wells. The petroleum industry spends millions of dollars every year in wax 

related research and in combating wax deposition both by preventive and control 

measures. Studies of wax deposition are better done early in design phase of new field 

development in order to predict potential tendency of the oil system towards wax 

deposition so as to adopt suitable preventive and/or control measures for optimum field 

operation. Wax will crystallize and/or deposit from crude oil when the production path 

crosses the wax deposition envelop (Figure 2.1), a region defined by temperature and 

pressure where there is likelihood of wax deposition for a particular crude oil. 

Leontaritis & Leontaritis (2003) has defined this region as the locus of all 

thermodynamic points in a pressure-temperature diagram at which wax crystallization 

occurs.
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Figure 2.

2.2 Nature and Chemistry of Waxes

Waxes occurring in petroleum reservoir fluids consist of mixtures of paraffin 

hydrocarbons. They have high molecular weight and high carbon number and are 

generally highly saturated and non-reactive (Kabir et al., 2001; Jamaluddin et al., 2003). 

The minimum carbon number generally reported is C 15 while the longest is currently 

unknown but chain length of C 103 (Barker et al., 2001) has been reported. Major 

constituents of waxes are the normal paraffin (straight-chain alkanes). The iso-paraffin 

and cyclo-paraffin (branched chain and cyclic alkanes) occur in small amounts. These 

three different structures of paraffin molecules are shown in Figure 2.2.

1: Petroleum Solids Deposition Envelops (www.slb.com/welltesting).

http://www.slb.com/welltesting
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Figure 2.2: Different Wax Structures (Courtesy: Geochemical Services).

When wax precipitates, it forms crystals which cluster together forming a crystalline 

structure. They are thermo-plastic in nature and could exist as solid or liquid in solution 

depending on the temperature and pressure conditions of the crude oil.

2.3 Wax Crystallization and Deposition

2.3.1 Wax Crystallization

Crystallization generally is the process of separation of solid phase from a 

homogenous solution, the separated solid phase appearing as crystals. Paraffins (waxes) 

remain in solution as natural components of crude oil until temperature gets to or below 

their solubility limit. The separation of wax (solid phase) out of the oil (liquid phase) at 

favorable prevailing conditions (Hammami et al., 2003) is referred to as wax 

precipitation or crystallization. Crystallization and precipitation have been used 

interchangeably in wax deposition studies and will be used to mean one and the same 

process in this work. Two types of wax crystals have been distinguished (Elsharkawy et



al., 1999). They are the macro-crystalline wax composed mainly of normal paraffin and 

micro-crystalline wax from iso-paraffins and naphthenes (cyclo-paraffms).

Wax crystal formation involves two stages, nucleation and growth stages, with 

nucleation preceding the growth stage. As the solubility limit is approached, the kinetic 

energy of the paraffin molecules gets reduced as a result of temperature reduction. 

Consequent to this reduced kinetic energy, the motion of the wax molecules is hindered 

leading to continuous reduction and closure of the space between the molecules. At a 

stage, as this process continues, the wax molecules get tangled together forming clusters 

which grow in size and become stable upon reaching a certain critical size. The critical 

size is dependent upon the prevailing conditions. However, the clusters re-dissolve 

when critical size is not attained and they are unstable. These clusters are referred to as 

nuclei. Nuclei that achieve critical cluster size will have more and more molecules 

continue to cling to them as the prevailing condition remains favorable to crystal 

formation leading to increase in size of formed wax crystals. This process of increase in 

size is known as the wax crystal growth stage. Nucleation and growth do go on 

simultaneously in the oil system, with one predominating at a time.

2.3.2 Wax Deposition

Deposition is erroneously used interchangeably with precipitation sometimes in 

the literature but they are different concepts. While precipitation is as defined in section 

2.3.1, wax deposition is the formation of a layer of the separated solid phase and 

eventual growth of this layer on a surface in contact with the crude oil. This could be

12



formed from already precipitated solid phase (wax) through mechanisms of shear 

dispersion, gravity settling and Brownian motion, or from dissolved wax molecules 

through the molecular diffusion mechanism. Precipitation does not necessarily lead to 

deposition as precipitated wax may not deposit due to other prevailing operating 

conditions. Thus precipitation though an important condition for deposition, is not 

necessarily sufficient for wax deposition. Singh et al. (2001) reports that there are two 

stages or steps that are involved in wax deposition - wax gel formation followed by 

aging of deposited wax gel. Petroleum wax deposits contain some crude oil, water, 

gums, resins, sand and asphaltenes, depending on the nature of the particular crude oil, 

which are entrapped during the crystallization and deposition process. The trapped oil 

causes diffusion of wax molecules into the gel deposit and counter-diffusion of oil out 

of the gel deposit, a process that depends on the critical carbon number of the oil. The 

critical carbon number is unique for different waxy crude oils and also depends on the 

prevailing operating conditions (Singh et al., 2000). The fraction of molecules with 

carbon number greater than the critical carbon number increases, while that of 

molecules with carbon number less than the critical carbon number decreases in the gel 

deposit. The process of diffusion and counter-diffusion leading to hardening of the gel 

deposit, increase in size of deposit, and increase in the amount of wax in gel deposit, is 

called aging, the second stage of wax deposition. Molecular diffusion is therefore very 

critical to aging and hardening of wax gel deposits.

Singh et al. (2000) reports that the deposition of wax gel on the pipe/tubing wall 

follows a process that can be described by the following five steps:



1. Gelation of the waxy oil (or formation of incipient gel layer) on the cold surface.

2. Diffusion of waxes (hydrocarbons with carbon numbers greater than the critical 

carbon number) towards the gel layer from the bulk oil.

3. Internal diffusion of these molecules through the trapped oil.

4. Precipitation of these molecules through the trapped oil.

5. Counter diffusion of de-waxed oil (hydrocarbons with carbon numbers lower 

than the critical carbon number) out of the gel deposit layer.

Steps 3, 4, and 5 are reported to be responsible for the increase in the solid wax content 

of the wax gel deposit (aging of the wax deposit).

2.3.3 Factors Leading To Wax Precipitation and Deposition

Wax precipitation occurs when the wax molecules contained in the crude oil 

reach their solubility limit due to change in equilibrium conditions in the crude, 

resulting to loss of paraffin solubility. The solubility limit is directly dependent on 

temperature, and as such is defined by temperature given other specified conditions. 

There are other factors that affect the precipitation of wax and thus wax deposition. 

While some of these factors influence wax precipitation by shifting the solubility limit 

in terms of temperature upwards/downwards, others provide a favorable environment 

for deposition to occur. Such factors include oil composition plus available solution gas, 

and pressure of the oil which affects the amount of gas in solution. Others are flow rate, 

completion and pipe or deposition surface roughness.
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Temperature: Temperature seems to be the predominant and most critical factor in 

wax precipitation and deposition due to its direct relationship with the solubility of 

paraffin. Sadeghazad et al. (1998) reported that temperature and the amount of light 

constituents are the two most important factors affecting wax precipitation and 

deposition. Paraffin solubility increases with increasing temperature and decreases with 

decreasing temperature.

Singh et al. (2000) working with food grade wax in a model oil solvent 

consisting of mineral oil and kerosene mixed in ratio of 3:1 showed the relationship 

between wax solubility and temperature. Wax precipitates from crude oil when the 

operating temperature is at or below the wax appearance temperature (cloud point 

temperature). It has been reported that wax deposition will not occur until the operating 

temperature falls to or below WAT (Erickson et al., 1993). All other factors actually 

lead to wax deposition when the temperature is already at or below the cloud point. The 

ambient temperature around the pipe is generally less than the oil temperature in the 

pipe. Thus there is loss of heat through the pipe wall to the surroundings because a 

temperature gradient exists between the bulk oil and the colder pipe wall. This 

temperature gradient leads to wax deposition when the pipe wall temperature falls 

below the cloud point. The rate of wax deposition is in direct proportion to the 

temperature difference between the bulk oil and the pipe wall (Eaton et al., 1976) when 

bulk oil temperature is fixed. However Haq (1981) showed that keeping the pipe wall 

temperature constant at a value below the cloud point of the oil and varying the bulk oil



temperature reduces the amount of wax deposited as temperature difference between the 

bulk oil and pipe wall increases (Figure 2.3).

The temperature gradient between the cold tubing/pipe wall and the bulk oil 

initiates a concentration gradient in the paraffin molecule distribution. Paraffin 

molecules near the pipe wall crystallize out of the oil as wall temperature falls below 

the cloud point leading to a reduction in the amount of dissolved paraffin molecules 

around the wall inducing a radial concentration gradient. The simple law of diffusion is 

then obeyed as dissolved paraffin molecules in the oil diffuse towards the wall, causing 

additional precipitation and further deposition. This leads to increasing wax deposit 

thickness with time. Cole & Jessen (1960) opined that it is the difference between the 

cloud point temperature and the temperature of the pipe wall that most importantly 

determines the rate of wax deposition.
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Figure 2.3: Effect of Temperature Gradient on Wax Deposition (Haq, 1981).

Crude Oil Composition: Crude oil is composed of saturates, aromatics, resins and 

Asphaltenes (SARA), the distribution of which in a particular crude oil system is shown 

by the SARA analysis. SARA determines the susceptibility of the crude to deposition of 

wax solids, and thus the stability of the crude oil. Saturates are flexible in nature, the 

flexibility being highest in normal paraffins because of the fact that they are straight 

chain compounds. The very high flexibility of normal paraffins makes it possible for 

them to easily cluster together and crystallize. The Iso-paraffins equally enjoy a high 

level of flexibility but form more unstable wax. Cyclo-paraffms (Naphthenes) are least 

flexible due to their cyclic nature and do not contribute much to wax deposition



These components are in thermodynamic equilibrium at the initial reservoir 

conditions. It is known that aromatics serve as solvents for high molecular weight 

saturates which are the sources of paraffin waxes in crude oil while the polar 

components especially asphaltenes induce wax nucleation (Hammami et al., 1999). 

Singh et al. (2001) however reported that the solubility of paraffins in aromatic, 

naphthenic and other organic solvents becomes low at room temperature (low 

temperatures). Light ends of saturates equally help to keep the high molecular weight 

heavy ends in solution. The onset of production results in the loss of these light ends, as 

they are first to leave the reservoir. This alters the original composition of the oil 

system, resulting in decreased solubility of the paraffin waxes. This loss of solubility 

could lead to precipitation and deposition of wax. Pan et al. (1997) reported in a model 

study that increasing the percentage of light end (C5) in a synthetic oil system decreased 

the cloud point temperature, reducing the chance of wax deposition. Generally, the 

weight percent of the saturates in the crude oil, the structural distribution of the paraffin 

components and occurrence of other solids like formation fines, corrosion materials and 

presence of asphaltenes which could form nucleating sites all contribute to wax 

precipitation and deposition. Oils containing high C30+ (especially normal paraffin C30+) 

concentrations exhibit high cloud point temperatures (Ferworn et al., 1997).

Therefore knowledge of the oil composition (SARA) gives a fair idea about the 

wax deposit potential of the crude, hence the oil stability. Oil stability has been reported 

to depend on its solids content and the balance between aromatics and saturates. By



SARA analysis, the distribution by weight percent of saturates, aromatics, resins and 

asphaltenes components, for stable and unstable crude oils, is as follows:

Unstable crude: Saturates > Aromatics > Resins > Asphaltenes 

Stable crude: Aromatics > Saturates > Resins > Asphaltenes.

This is to be expected since the aromatics keep the heavy paraffin wax in solution, 

while a crude oil system that displays a large amount of saturates (paraffin) is likely to 

be unstable (Carbognani et al., 1999) and precipitate and deposit wax.

Pressure: Pressure, as an important parameter in the exploitation of reservoir fluids, 

plays a significant role in wax precipitation and deposition. The pressure profile during 

oil production is such that the reservoir pressure declines with production and the 

pressure of the flow stream drops all the way from the reservoir to the surface. The 

lighter components of the reservoir fluid tend to be the first to leave the reservoir as 

pressure depletes. This brings about an increase in the solute solvent ratio, since the 

light ends serve as solvent to the wax components. The solubility of wax is hence 

reduced with loss of these light ends.

Brown et al. (1994) studied the effect of pressure on cloud point of dead oil as 

well as live oil by measuring cloud point at atmospheric pressure and higher pressures. 

The wax appearance temperature increases with increase in pressure above the bubble 

point, at constant composition. This implies that increase in pressure in the one phase 

liquid region (above bubble point pressure) will favor wax deposition. The situation is 

different below the bubble point where there is two phase existence. Here wax 

appearance temperature decreases with increase in pressure up to the bubble point



pressure (Brown et al., 1994) due to dissolution of light ends back into the liquid phase. 

WAT increases with increase in pressure for stock tank oil commonly referred to as 

dead oil (Brown et al., 1994; Karan et al., 2000). Pan et al. (1997) reported that WAT 

increases with increase in pressure for a fixed component liquid mixture.

Other Contributing Factors: Though temperature, composition and pressure of oil 

play the most significant role in wax deposition, other factors that have been identified 

to contribute to wax deposition include flow rate, gas-oil ratio and pipe/tubing wall 

roughness. Laboratory investigations have revealed that wax deposition is influenced 

more by laminar flow than when flow is in the turbulent regime. Increasing flow rate 

from laminar to turbulent reduces maximum deposition rate and at the same time lowers 

the temperature at which maximum deposition rate occurs (Hsu et al., 1994), a scenario 

that is expressed in figure 2.4. Low flow rates offer the moving oil stream longer 

residence time in the flow channel. This increased residence time gives room for more 

heat loss to the surroundings, leading to higher chance of the bulk oil temperature 

falling below WAT and enough time available for wax precipitation and final 

deposition. Jessen & Howell (1958) believed that when flow is in the laminar regime, 

wax deposition increases with increase in flow rate. Increase in flow rate in the laminar 

regime makes more fluid available for wax deposition. However wax deposition 

decreases as flow moves to the turbulent regime. Turbulent flow streams exert a kind of 

viscous force which tends to drag or slough the wax deposits off the pipe wall. When 

this viscous drag exceeds the resistance to shear in the deposits, the wax then sloughs 

off and is lodged back into the liquid. This removal mechanism has a significant impact
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on wax deposition rate (Hsu et al., 1994). There is a difference in texture between wax 

deposited at high flow rates and that deposited at low flow rates (Jessen & Howell, 

1958; Tronov, 1969; Haq, 1981). Paraffin wax deposited at high flow rates appears 

harder, being more compact, more firmly attached to the deposition surface and the 

molecules having good cohesion among them.

In his study of the effect of deposition surface roughness on paraffin deposition, 

Hunt (1962) concluded that deposits do not adhere to metals themselves but are held in 

place by surface roughness which acts as wax nucleating sites. Jorda (1966) observed 

that paraffin deposition increases with increase in surface roughness. Jessen & Howell 

(1958) in their wax deposition study with pipes of different materials concluded that the 

amount of wax deposited on a smooth surface is less than that deposited on steel. 

However, Patton & Casad (1970) could not see any correlation between wax deposition 

and surface roughness but opined that the adhesion bond at a surface should be 

proportional to the total contact area and therefore related to surface roughness.

Gas/Oil ratio (GOR) influences wax deposition in a manner that depends on the 

pressure regime. Above the bubble point where all gas remains in solution, solution gas 

helps to keep wax in solution. Luo et al. (2001) reported that wax appearance 

temperature will be high with low GOR while Singh et al. (2004) observed that 

injection of lift gas in a closed loop reduced wax deposition by causing a depression in 

wax appearance temperature as a function of pressure. High GOR would result in more 

expansion and subsequent cooling as pressure of the oil system depletes, a situation that 

can aggravate wax deposition problems. In a study to reduce wax appearance
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temperature by injection of diluents lift gas, Singh et al. (2004) noted that good results 

were not obtained in high GOR wells.

T E M P E R A T U R E .  F

Figure 2.4: Effect of Flow Rate on Wax Deposition Rate (Hsu et al., 1994).

2.3.4 Wax Appearance Temperature Measurement Techniques

The precipitated wax could be detected in different forms by different 

techniques. The signal could be in the form of amount / quantity of wax precipitated 

(relative to oil quantity), the size of the wax crystals and the number of wax crystals. All 

these affect the sensitivity of the measurement techniques. It is also known that some 

techniques detect wax crystals at the microscopic level (nucleation stage of wax crystal 

formation) while others detect at the early stage of growth. In terms of nature of signals, 

the different techniques can be grouped as follows:



Amount of wax precipitated -  Differential Scanning Calorimetry (DSC), Viscometry 

Size of wax crystals -  Microscopy, Viscometry, Cold filter plugging test 

Number of wax crystals -  Light Transmittance (LT), Light Scattering (NIR, FTIR).

It is believed that none of the available techniques is able to measure the true 

wax appearance temperature, where the first crystal appears under true thermal 

equilibrium (Hammami et al., 2003). Though the cross polar microscopy is presently 

reported as the most acceptable and conservative method because it is able to detect 

wax at the microscopic level by visual observation (Hammami et al., 1999), Coutinho et 

al. (2005) reports that no definite conclusion has been established on how cloud points 

should be measured, even the most conservative technique-CPM performs poorly for 

some oils due to the fact that some oils contain naturally, certain substances that inhibit 

crystal growth. The different techniques have different qualities inherent in them that 

introduce certain error in the WAT result or make the result subjective and dependent 

on individual judgment.

ASTM Standard Techniques: The American Society for Testing and Materials 

standard procedures ASTM-D2500 and D3117 methods are respectively used for cloud 

point of petroleum products and wax appearance point of distillate fuels. The methods 

use visual technique to detect the cloudiness of the fluid sample in a glass jar as the 

temperature is reduced. The sample fluid is required to be transparent to a layer 

thickness of about 30-40 mm (Hammami et al., 2003; Leontaritis & Leontaritis, 2003) 

and therefore cannot be used for opaque crude oils. The obtained WAT / cloud point is 

dependent on the subjective decision of the operator. The cooling rates and temperature
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measurements could affect results obtained from this technique. It operates under static 

condition which is not representative of the scenario in the crude oil production. Kruka 

et al. (1995) reports temperature lag between the thermometer and sample as well as the 

fact that the sample is never stirred in the course of the test, as some of the 

shortcomings of this technique.

Cold Finger Testing: The basic concept in this testing technique is that a cold surface 

(cold finger) is placed in a sample of heated crude oil and cooling fluid is circulated 

through the interior of the cold finger. The cooling fluid is provided by a thermostated 

circulating heating and cooling bath. The oil is maintained at a temperature above 

WAT. It is gently agitated about the cold finger with a magnetic stirrer. Deposits form 

on the cold finger’s surface. The deposit gives a measure of the problem that can be 

encountered in the field producing the oil. Cold Finger Testing does not have a standard 

duration. This makes the duration individual dependent. The durations that have been 

used over time lie between 3 and 40 hours. The conclusions reached here are therefore 

not justified based on the differences of shear and residence duration of field fluids 

versus those of the device. The method is semi-quantitative. It is difficult to recover the 

deposits for good quantitative measurements of the deposited wax.

Cold Filter Plugging Test: The concept used in this technique is that wax particles 

obstruct free flow of fluid through fine openings in a filter. The pressure drop across the 

filter is continuously monitored by pressure transducer(s) as oil flows through it in a 

temperature controlled flow loop or flow through (Leontaritis & Leontaritis, 2003) 

system. The filter could be any of the following types; fine mesh wire screens, glass



frits, formation core samples, special metal filters, etc. The test starts at some 

temperature above the wax appearance temperature and as the temperature is reduced at 

a certain rate, the pressure drop across the filter increases. A plot of the pressure drop 

versus temperature reveals a point where a dramatic rise in pressure drop begins as 

crystallization onset temperature (Figure 2.5). Cold Filter Plugging Test is operated 

under dynamic condition which gives a close picture of real production conditions. It 

can be used for both live oil and dead oil and at variable pressure conditions. The flow 

rates affect the result due to the shear at the filter, that is to say, the cloud point here is 

flow rate dependent. Low flow rates are preferred to reduce shear at the filter thereby 

increasing sensitivity and accuracy. The accuracy of the WAT is a function of the size 

of the filter openings. The accuracy is higher with decreasing size of the filter pores. 

The result obtained could be erroneous when there are sands, emulsions or other 

discontinuities in the crude oil. These discontinuities could block the filter openings 

causing an apparent high pressure differential that will be interpreted as onset of wax 

crystallization thus prefilteration of sample may be required (Monger-McClure et al., 

1999).
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Figure 2.5: Cold Filter Plugging WAT Technique (Leontaritis & Leontaritis, 2003). 

Sonic Testing Technique: This involves a collection of electromechanical sending and 

receiving devices that are interfaced to a computer through an analog to digital 

converter. Sound is employed in this technique as a means of imparting shear forces to 

the oil sample. The unit is modular and could form a component of another test unit. 

The interpretation of the signal output is somewhat complex and may require some 

experience to be able to distinguish between the different signals. The sonic testing 

device is portable and could be used in remote applications. Its modular nature makes it 

possible to tie it to another testing unit as a complimentary component. It can be used 

for live oils at high pressures. The signals require that large fractions of solids are 

formed for a detectable change to occur.

Infra-Red (IR) Methods: The infra-red techniques detect cloud point by measuring the 

increase in energy scattering associated with wax solidification. The absorbance 

associated with molecular vibrations present in the analyzed sample is measured. This



could be the near infra red (NIR) or Fourier transform infra red (FTIR), thus making the 

wave lengths in use variable and approach dependent. The IR techniques work on the 

principle that absorption of light by a component in solution follows Beer’s law which 

illustrates the relationship between light absorption and transmittance. The integrated 

absorbance in the range 735 -  715cm'1 (Roehner & Hanson, 2001), increases linearly 

with temperature above wax appearance temperature. Monger-McClure et al. (1999) 

used mid-infrared wave lengths between 4000 and 650 in their FTIR cloud point 

measurement. The precipitation of wax crystals is believed to cause a significant change 

in the slope of integrated absorbance versus temperature. A break in the absorbance 

versus temperature plot indicates the cloud point/WAT as is shown in a typical spectra 

and integrated concentration versus temperature for the ANS crude oil in figure 2.6.
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Figure 2.6: FTIR Spectra and WAT Plot for ANS Crude (Roehner & Hanson, 2001).

The infra-red (IR) method can be said to be a simplistic technique and of 

relatively high precision. The technique can be used for all kinds of fluids and all



thermodynamic conditions. It equally offers potential for online monitoring of process 

streams (Roehner & Hanson, 2001). The measurement by this technique could be 

affected by baseline drift.

Viscometry: This technique employs the linear relationship between fluid viscosity and 

temperature. Wax formation changes the crude oil from Newtonian to non-Newtonian 

fluid behavior. The viscosity (fa), of Newtonian fluids is related to the temperature in a 

linear fashion by the Arrhenius principle given by equation 2.1.

H =  C exp Ea / RT (2.1)

where

(a = viscosity in Pa.s

C = constant dependent on entropy

Ea = Activation energy of viscous flow in J/mol

R = universal constant

T = Absolute temperature in K.

WAT is determined from a plot of natural log of viscosity (LN Viscosity) versus inverse 

of absolute temperature (1/T) to be the point at which deviation from linearity occurs as 

temperature is lowered (Figure 2.7). Viscometry can be used for opaque fluids. It is a 

more conservative technique than some other techniques in cloud point measurement. 

The method requires a considerable volume fraction of wax crystals to be able to detect 

the phase transition, which gives the cloud point. The wax appearance temperature 

determined depends on the sharpness of the deviation from linearity of the viscosity

28



29

versus temperature plot. The result becomes subjective when there is no remarkable 

sharpness in the deviation.

Figure 2.7: Typical Viscosity-Temperature Relationship for WAT.

Light Transmittance (LT) Technique: The Light transmittance technique relies on the 

variation of light transmission by different phases such as solid and liquid. The intensity 

of light transmitted through or scattered by a sample as the temperature varied, is 

measured. When this is applied to oil samples in a cooling process, the variation in light 

transmission due to appearance of crystals indicates WAT. The light transmission 

versus temperature curve shows a marked decrease in light transmission at the wax 

appearance temperature. This technique minimizes the error that is inherent in visual 

inspection techniques, by presenting a more objective and sensitive approach (Kruka et



al., 1995). It requires a certain quantity of crystals to be formed before a detectable 

reduction in transmitted light can be obtained, thus the measured cloud point would be 

lower than the true cloud point. The cloud point is detected at the growth stage of wax 

formation. Light Transmittance technique can be used for all fluids both opaque and 

transparent depending on light source and also for high pressure cloud point 

measurement (Coutinho et al., 2005). This implies it can be used for determination of 

WAT of live oils.

Differential Scanning Calorimetry (DSC): Differential Scanning Calorimetry is an 

excellent tool for tracing thermal transition of solutions. It can be used among other 

things to determine thermodynamic properties associated with the crystallization 

process such as the crystallization temperature and enthalpy (heat) of crystallization 

both for isothermal and non-isothermal conditions. It measures the heat released by wax 

crystallization, in the determination of WAT. The onset temperature of exothermal peak 

on DSC curve is taken as WAT (Elsharkawy et al., 1999). The heat increase seems to be 

small at the onset of crystallization hence care must be taken to obtain stable baseline 

(Monger-McClure et al., 1999). The cloud point quality depends on paraffin distribution 

of the oil. It seems to be better for low n-paraffin component crude than high n-paraffm 

crude oils, making the WAT fluid dependent. Differential Scanning Calorimetry can be 

used for opaque fluids. When there is limited quantity of fluid, this technique can be 

used because it requires only a small volume of sample. It is less time consuming when 

compared to some other techniques. This method requires often high temperature 

scanning rates, which leads to super cooling problems since low cooling rates are



required for thermodynamic equilibrium. However, low temperature scanning rates 

seem to reduce its sensitivity (Monger-McClure et al., 1999). The result could be 

unreliable when calibration made on heating cycle is used for cooling measurements. 

NMR Spectroscopy: Nuclear Magnetic Resonance (NMR) technique is based on the 

fact that the nuclei of atoms have magnetic properties that can be utilized to yield 

chemical information. The amplitude of NMR signals is proportional to the number of 

protons in the phase. This makes it possible to evaluate the number of protons 

belonging to either the liquid phase or the solid phase (wax crystals). Fast sampling is 

required to get enough points for analysis. The NMR Spectroscopy produces high 

resolution signals. This actually eliminates subjective judgment in the cloud point. 

There is no baseline drift like in Infra Red technique. Ruffier-Meray et al. (1998) while 

using the Bruker minispec PC20 pulsed NMR spectrometer, operating at 20MHz found 

out that though this technique could measure amount of solid precipitated to an 

accuracy of 5%, its sensitivity is not high enough for the detection of onset of wax 

crystallization. It requires high concentration of solid fraction (wax fraction) to detect 

cloud point to a reasonable accuracy.

Flow Loop / Dynamic Test Loop: Flow loops are used for wax deposition studies 

under dynamic condition. The oil is usually circulated in closed loops designed to suit 

the aim / objective of the research. Pumps are used to circulate the fluid at 

predetermined rates. The number of transducers / censors depends on the desired 

information. Flow loops / Dynamic test loops are used for both STO and Live Oils, and 

for both opaque and transparent fluids. They are usually flexible tools where the



conditions of pressure, temperature, pump rate, etc can be varied. Flow loops are 

designed to suit the research interest and this makes them unique in most cases. A 

typical flow system used by Leontaritis & Leontaritis (2003) in their deposition study 

where pressure drop across a test section is measured and plotted against temperature to 

give cloud point is shown in figure 2.8. In dynamic test loops, the dynamic condition of 

the actual crude oil production scenario is mimicked. This is believed to generate results 

that depict the actual field situation, when compared to other techniques.

Figure 2.8: Flow Loop (Flow Through) WAT Technique (Leontaritis & Leontaritis, 

2003).

Cross Polarization Microscopy (CPM): This technique exploits the fact that wax 

crystals rotate the plane of transmitted polarized light but liquid hydrocarbons do not. 

The basic components of the microscope are the polarizer and the analyzer (Figure 2.9). 

While some authors have used a small drop of oil sample placed on microscope glass 

slide and covered with a cover slide, others have preferred sample on micro slides



placed on glass slide. The procedure remains the same in either case. The slide 

containing the sample is placed on thermal microscope stage, brought into focus and 

viewed under polarized light where wax crystals appear as bright spots on a dark 

background. Digital camera or video camera is employed to capture the appearance of 

wax crystals thereby enhancing the accuracy.

Figure 2.9: Schematic of a CPM Apparatus (Hammami et al., 1999).

It can detect crystals of wax of size between 0.5jim and l|o,m depending on the 

magnification used. It employs a visual technique for WAT determination as well as 

providing a record of the crystal growth and morphology. CPM appears to be a 

conservative technique, having high sensitivity and giving higher WAT values when 

compared to most other techniques. Hammami et al. (1999) reported that Cross



Polarization Microscopy technique is one of the WAT measurement techniques used for 

opaque fluids (black oils). At the microscopic level when CPM detects WAT, wax is 

believed to be at the nucleation stage of formation. A digital camera captures a 

photomicrograph of oil sample with precipitated wax on microscope slide. A typical 

photomicrograph from cross polarization microscopy showing precipitated wax on dark 

background is shown in figure 2 .1 0 .

Figure 2.10: Typical CPM Photomicrograph.

It is used for STO while high pressure cross polar microscopy is used for high pressure 

WAT measurements.



CHAPTER 3 

SAMPLE PREPARATION

3.1 Sample preparation

Rheologically, crude oil can be described as a low viscosity Newtonian fluid at 

high temperature but it exhibits non-Newtonian behavior due to the crystallization of 

wax as the crude oil cools to low temperatures (Leontaritis & Leontaritis, 2003). The oil 

samples used in this research work were supplied from Alaska North Slope fields by 

ConocoPhillips Alaska Inc. These are stock tank oil (dead oil) samples. In the course of 

shipping and handling, the oil samples have been kept at different ambient 

temperatures. Crude oil composition as well as wax precipitation is sensitive to changes 

in temperature and pressure.

Laboratory testing with crude oil requires some preliminary preparation of the 

oil sample to ensure that a representative sample is used. This preparation produces a 

homogenous oil sample used for test. Different tests may require different techniques 

depending on the expected result, test standard procedure, and sensitivity of equipment. 

Generally most crude oil tests would require that the oil be heated to a high temperature 

and rocked/stirred during the heating period to produce a homogenous fluid.

The method of preparation for all the tests carried out in this work is generally 

the same. WAT test requires that all paraffin remain in solution prior to commencement 

of testing. It is believed that these oil samples are exposed to temperatures cold enough 

(below the wax appearance temperature of oil samples) to cause wax precipitation. 

There exists therefore wax in the crude oil samples, which is referred as wax memory.



There is need then to erase this memory and restore the crude oil to a homogeneous 

single phase that is wax free. This is accomplished by heating oil sample to a 

temperature of about 60°C to 80°C (in order to dissolve all precipitated wax back into 

solution). Oil samples are heated as well prior to the gravity test. Pour point test 

requires the heated test sample to sit under room temperature for a minimum of twenty- 

four hours before testing. This follows specified test procedure according to ASTM 

standard D97 for pour point.

A water bath as well as an air bath (oven) was used in this work to heat oil 

samples during the tests. The samples were hand rocked intermittently in both cases. 

Using the water bath involved a simple procedure outlined as follows:

• Power on the heating bath and set to a temperature of about 60°C to 80°C.

• Immerse the sample container in the heating bath and allow for several hours 

(about 10 to 20 hours) depending on the gravity of the oil sample. The crude oils 

with low density are heated to 60°C and allowed for shorter time than crudes 

having high density. This minimizes the loss of light ends from the crude oil 

sample.

• Occasionally agitate the oil sample manually with a stirrer during the heating 

process.

• Bring out the sample container from the heating bath at the end of the heating 

period and stir.

• Draw sample for test.
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The oven was much easier to use in getting a homogenous oil sample for tests. The oil 

container is placed in the oven and the oven door closed. The power switch is turned on 

and the oven is set to the desired temperature. The oil sample is allowed to heat for a 

specified length of time, during which it is intermittently hand-stirred or agitated. The 

stirring enables the oil to be mixed up very well to become a homogenous mixture. 

When heating is complete, bring oil sample out from oven and agitate once more, then 

draw the sample for the test. Figure 3.1 shows one of the oil samples sitting in the oven 

ready for heating prior to conducting the experimental test.
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Figure 3.1: Oil Sample in the Oven Ready for Heating.



WAX APPEARANCE AND WAX DISSOLUTION TEMPERATURES

4.1 Wax Crystallization Point

The point defining when paraffin separates into solid phase from the bulk oil 

liquid phase is a very important thermodynamic parameter in wax deposition studies. 

Sadeghazad et al. (1998) described it as very important parameter that affects wax 

precipitation and is basic to wax deposition problem. It has been reported that 

Theologically, crude oil is a low viscosity Newtonian fluid but exhibits non-Newtonian 

behavior at low temperature (Leontaritis & Leontaritis, 2003), a phenomenon attributed 

to paraffin wax solid phase separation. This point of separation, defined by temperature 

happens to be unique for a particular pressure as well as oil composition and is 

interchangeably referred to as wax appearance temperature or cloud point. Cloud point 

temperature has been defined as the temperature at which paraffin wax begins to 

crystallize from crude oil solution (Kruka et al., 1995; Karan et al., 2000). Monger- 

McClure et al. (1999) defined measured cloud point as the highest temperature at which 

wax solids are detected when an oil sample is cooled at a controlled rate. This is 

different from thermodynamic cloud point (which can be referred to as true cloud point) 

defined as the highest temperature at which a paraffin wax will exist in a crude oil at a 

given pressure (Hammami et al., 2003). Whereas true cloud point lies on the solid- 

liquid phase envelope, laboratory or experimentally measured cloud point lies within 

the solid-liquid phase envelope (Karan et al., 2000). Below WAT a solid phase of wax 

exists in the crude oil. Figure 4.1 shows a typical WAT diagram of crude oil whose
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bubble point is about 2000 psia, indicating the point of wax (solid) separation from the

crude shown by the curve.

Figure 4.1: WAT Diagram of Typical Crude Oil.

As is seen from figure 4.1, the crystallization temperature decreases as pressure

increases from zero to the bubble point, then increases with pressure above the bubble

point.

Measuring the exact cloud point or wax appearance temperature has not been

easily achievable despite the several techniques available for determining such. The

wax appearance temperature is a unique oil property that is dependent upon many

factors including oil composition, measurement technique, thermal history of oil, and

oil properties relating to crystal nucleation and growth (Hammami et al., 2003). The

cooling rate employed during test affects the result. When oil samples are cooled fast,



there seem to be a supercooling problem that tends to depress the measured WAT. 

Hammami et al. (2003) reported that in the event of supercooling, the oil is cooled 

beyond the wax appearance temperature without wax crystallization. Nucleation sites 

will then be required to initiate wax formation. Where there are no nucleation sites, wax 

crystallization becomes spontaneous at such low temperature.

4.2 Wax Deposition Mechanisms

Wax deposition, which is the main cause of wax related problems in oil 

production and flow assurance (Jamaluddin et al., 2003) occurs by four different 

mechanisms. These include; molecular diffusion, shear dispersion, Brownian diffusion 

and gravity settling. However one mechanism could be predominant over the rest 

depending on the part of the production system where deposition is taking place and 

also on the prevailing conditions especially bulk oil and ambient temperature difference. 

Molecular diffusion: A temperature difference results when the bulk fluid temperature 

is greater than ambient temperature. This creates a temperature gradient in the radial 

distance. Oil around the pipe wall gets saturated with wax when the pipe wall 

temperature is below WAT. There is precipitation of paraffin molecules around the 

tubing/pipe wall which reduces the concentration of dissolved paraffin molecules in this 

region. This leads to a paraffin concentration gradient between the dissolved wax 

molecules in the bulk fluid and those around the pipe wall.

Wax deposition by molecular diffusion is governed by Fick’s diffusion equation: 

n = pD (dC/dr) = pD (dC/dT) (dT/dr) (4.1)



where

n = mass flux of dissolved wax molecules to the pipe wall in mol/m /s 

p = density of solid wax in kg/m3

D = diffusion coefficient of dissolved wax molecules in m /s

dC/dr = concentration gradient of dissolved wax close to the pipe wall with respect to 

distance

dT/dr = radial temperature gradient close to the pipe wall.

The diffusion coefficient D is empirically defined as

D = B/jj. (4.2)

Where

B = constant for a particular fluid system 

p = dynamic viscosity of the crude oil in Pa.s.

Molecular diffusion is driven by temperature gradient. Brown et al. (1993) believes that 

under zero heat flux, deposition by molecular diffusion would not occur. Bern et al. 

(1980) reported that wax in solution is transported by molecular diffusion while 

precipitated wax is transported by shear dispersion.

Shear dispersion: The shear rate in a fluid system is highest at the pipe wall where the 

shear stress is highest. When fluid flow is laminar, suspended particles tend to move 

with the average velocity of the surrounding fluid and in the direction of the fluid also. 

But the difference in the rate of shear can induce the suspended particles to move in the 

lateral direction. This process is known as shear dispersion, the movement of suspended 

wax particles in a direction perpendicular to flow due to a velocity gradient inherent in
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the system. The volume of precipitated wax is small relative to the bulk liquid volume 

in the crude oil system. Eckstein (1975) and Bailey (1975) suggest that the shear 

dispersion coefficient Ds is given approximately by:

Ds = (a2yCw) / 10 (4.3)

2Ds = shear dispersion coefficient in m /s 

Cw= concentration of solid wax at the wall in (mol/m )/m 

y = shear rate in s '1 

a = particle diameter in m.

The rate of wax deposition at the solid / liquid interface by shear dispersion (Brown et 

al., 1993; Burger et al., 1981) is given empirically by:

r = KCwyA (4.4)

where

K = a constant which must be determined for each particular deposition system (Burger 

et al., 1981)

r = rate of wax deposition in mol/m /s 

Cw= concentration of solid wax at the wall in (mol/m3)/m 

y = shear rate in s '1 

A = deposition area in m2.

Brownian diffusion: Brownian motion of oil molecules in the crude oil system will 

make them continuously bombard the precipitated small wax crystals in suspension. 

Brownian motion is the random movement of molecules of a substance or of particles 

suspended in a fluid. This could result in the wax particles being laterally transported to



the pipe wall. The Brownian diffusion coefficient, Db, for spherical non-interacting 

particles (Green & Lane, 1957) is given by:

Db = RTa / (67i|j,aN) (4.5)

where

Db = Brownian diffusion coefficient in m /s

R = universal gas constant 8.314472m3PaK'1m or1

Ta = absolute temperature in K

p. = viscosity in Pa.s

a = particle diameter in m

N = Avogadro’s number.

Gravity settling: This refers to a situation where the precipitated wax could settle in the 

gravity field as a result of the difference in density between the liquid and the solid. The 

wax particles could be deposited at the bottom of pipes and surface facilities by gravity. 

Gravity settling and Brownian diffusion are considered insignificant under flowing 

conditions encountered in the oil production system (Brown et al., 1993). Sadeghazad et 

al. (1998) also noted that though wax density is greater than oil density, the difference is 

so small that gravity settling can be considered insignificant in crude oil wax deposition.

4.3 WAT and WDT Measurement Apparatus (CPM)

The cross-polarization microscopy (CPM) apparatus comprises mainly of four 

major components; a microscope, a digital camera, temperature controller and a PC. 

The microscope used in this work as shown in figure 4.2 is equipped with an analyzer



and a polarizer, a light source (6V, 30W halogen bulb), a stage on which is mounted a 

temperature controlled thermal stage, and four objectives of different magnifications 

(4X, 10X, 20X and 40X). The polarizer is adjusted by rotating it relative to the analyzer 

to produce the desired cross-polarized light required for the experiment. The cross

polarized light results in a dark background in the entire field of view. The plane of 

polarization of polarized light is rotated by crystalline materials such as wax crystals. 

The wax crystals can be seen as they appear as bright spots in the dark background 

when they crystallize from the cooling crude oil samples.

Dieital Camera

Computer

Microscope

Temoerature Controller

Figure 4.2: CPM Apparatus.



Infinity 2, digital camera from Lumenera Corporation is used in this work. It is a 

low light camera powered through a USB 2.0 port and runs on 450 MHz Pentium III PC 

or higher compatible and at least 128 MB RAM. The camera is mounted on the 

microscope for taking photographs of micro slides. The camera is equipped with 

infinity capture software that provides an easy means of controlling and using the 

camera. Launching infinity capture opens two windows simultaneously - life preview 

window and main window. Image preview window opens as soon as an image is 

captured, to display the captured image (Figure 4.3). Detailed description on how to use 

the software and operate the camera as well as the capabilities of the Infinity software 

and camera can be obtained from the Lumenera Infinity Capture user’s manual.

Life preview 
window

■ Image preview 
window

Main window

Figure 4.3: Infinity Capture Windows.



The PC provides the enabling environment for plugging in the camera, installing 

infinity capture software and controlling the camera as all commands are given on the 

PC. All captured images are saved on the PC as well.

Physitemp Temperature Controller TS -  4 ER is used to control temperature of 

the oil sample during the experiment. The unit has operating temperature range of -20°C 

to 100°C, designed to a control accuracy of 0.1 °C. TS -  4 ER can also serve as 

independent thermometer measuring temperature within the range of -100°C to +200°C. 

This feature helps to verify the temperature of the thermal stage and ensure that accurate 

temperatures are recorded. The temperature control unit is designed to operate with 

water running at about Vi to 1 liter per minute to take off excess heat from the thermal 

stage. The excess heat can damage the stage if not removed. The unit is to be turned off 

as quickly as possible in the event of inadequate water supply.

4.3.1 CPM Test Procedure

Cross polarization microscopy test is carried out following the steps described

below.

Check sample purity: The purity of the sample is critical to accuracy of test results as 

any obscurity would affect both test result and duration. Contaminants such as 

formation fines, water and other sediments are common in oil depending on the basic 

sediment and water (BS&W) of the oil. These contaminants could be seen as bright 

spots under cross-polarized light during test and be mistaken for wax crystals. To 

establish the level of purity of oil sample, place a drop of oil on microscope slide and



place a cover slide on top. Place this on microscope stage and view under both normal 

and cross-polarized light. Water mostly appears as round droplets seen under normal 

light and sometimes under polarized light. Samples that have significant observed clear 

area are considered pure and good enough for test. Other samples have to go through 

high temperature centrifugation to remove contaminants before test.

Centrifugation of contaminated samples: Beckman centrifuge is used for this 

purpose. Oil sample is heated in air bath (oven) to about 60°C to 80°C for at least one 

hour. The Beckman centrifuge is preheated to 60°C before sample is transferred to the 

centrifuge. Oil sample is rocked and transferred as quickly as possible to the centrifuge. 

Centrifugation is performed at 1000 rpm for about 4 hours. At the end of centrifugation, 

50 -  70 % of top part of centrifuged sample is transferred immediately into a clean 

sample bottle using a syringe. The purified sample is then used for wax appearance 

temperature test.

Micro thermocouple calibration: The Omega precision fine wire thermocouples for 

tests are calibrated before use. They are compared with a certified digital fluke 

thermometer in air, ice water and hot water. This is to ensure that they give accurate 

temperature reading. The thermocouple reading is not to vary by more than 0.5°F from 

that of the digital fluke thermometer.

Slides preparation: The Fisherfinest premium microscope plain slides for wax 

appearance temperature tests are cleaned to make sure they do not have particles which 

can be confused with wax. Each slide is washed with toluene and acetone in sequence 

and dried with Kimwipes lent free delicate task wipers. Air drying of washed slides
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should be avoided. The washed slides can be viewed through the microscope under 

polarized light to make sure they are cleaned thoroughly. Vitro Com Incorporated 0.03 

x 0.3mm ID micro slides (micro capillary cells) required for test are collected with 

small forceps and dropped in a sample bottle containing test sample that has been 

heated to about 60 -  80°C in air bath and the bottle covered immediately. The bottle 

with its contents is then allowed to cool to room temperature. The micro slides are 

withdrawn from sample bottle using forceps after cooling, wiped with kimwipes lent 

free wipe. Position a micro slide on the microscope slide as shown in figure 4.4. Place a 

micro thermocouple on the slide close enough to the micro capillary cell. Mix the two 

part epoxy and carefully place it on both ends of the micro capillary cell as well as the 

tip of the thermocouple to stick them to the glass microscope slide. The set up is 

allowed to sit undisturbed for about 30 minutes or more for the epoxy to cure properly.
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Figure 4.4: Making Slide for CPM Test.

Determine oil wax appearance temperature: The prepared microscope slide with 

micro capillary cell and thermocouple is placed on the microscope stage and held in 

position with clips. The polarizer is then adjusted to change from normal light to 

polarized light. The sample is then observed for any wax particles. If there is none, only 

cooling from room temperature will be required for test. When wax crystals are 

observed at room temperature, oil sample will be heated to 60°C to 100°C, to dissolve 

the wax crystals present. Equilibration time of about 15 minutes or more is allowed 

after setting temperature before making any observation with different objectives to 

ensure all wax crystals have melted and sample has clear dark field of view.



Wax appearance temperature of sample is then first estimated by setting the 

temperature controller to 45°C and allowing 15 minutes or more before observation. 

45°C is chosen because most crude oil WAT is reported below 45°C. If wax crystals can 

not be observed, the temperature controller is set at 40°C, 15 minutes is allowed and 

observation made. The process of 5°C reduction is continued until wax crystals can be 

observed. At this point the temperature is noted and the controller temperature set high 

again to melt all the wax crystals.

The precise determination of wax appearance temperature follows about the 

same process used in its estimation. The controller is set at 60°C after melting all the 

wax crystals and 15 minutes or more allowed for equilibration before observations. The 

controller is then set to temperature close to the lowest temperature about 10°C above 

the estimated WAT as indicated previously. Temperature is then lowered in 1°C steps 

while observing the sample each time after 15 minutes on each set temperature until 

wax crystals can be seen. Record the determined wax appearance temperature, take 

photographs of slide using infinity capture and lower the temperature more below WAT 

to observe more crystals appear. Take photographs of slide at each set temperature 

below WAT. All observations should be made while room lights are turned off. 

Determine oil wax dissolution temperature: Upon determination of wax appearance 

temperature, the sample is reheated to determine the temperature at which the last 

crystal will dissolve back. Increase the temperature by 5°C interval from the last set 

temperature below WAT during WAT test. If all wax is not dissolved at WAT, increase 

the temperature by 1°C interval from this point. Allow 15 minutes at each set



temperature for equilibration. The last set temperature at which the final crystal 

disappears is recorded as the wax dissolution temperature.

4.4 WAT and WDT Results and Discussion

Research has shown that STO wax appearance temperature results have proved 

to have close matching with field experience (Hammami et al., 1999). STO WAT gives 

higher value than live oil WAT of same crude oil. This is to be expected as light ends 

increase the solubility of paraffin molecules (Huanquan et al., 1997) while increase in 

pressure depresses wax appearance temperature below the bubble point pressure 

(Brown et al., 1994). The entire wax deposition process is complex. Karan et al. (2000) 

reported that a likely reason why STO WAT closely matches field experience could be 

the difference between bulk oil temperature which corresponds to field deposition 

temperature and tubing wall temperature where actual deposition occurs. Stock tank oil 

WAT remains relevant in wax deposition studies and in characterizing waxy crude oils 

partly because of the apparent difficulty in obtaining and handling live oil samples 

(Karan et al., 2000).

WAT test is the most important and critical among other diagnostic tests carried 

out on a crude oil sample for wax precipitation and deposition. It tells whether or not 

wax precipitation or deposition will be an issue during oil production. Oil composition 

as well as properties change at the WAT as wax begins to precipitate. Viscosity and 

density of the crude increase with increase in amount of wax precipitated. The aim 

therefore is to ensure that the temperature of the producing oil as it arrives at the surface



is above its WAT. Also the tubing wall temperature should be kept above the oil WAT 

to avoid deposition by molecular diffusion.

Result of STO WAT performed using two different techniques -  viscometry and 

CPM is hereby presented. In addition to the diagnostic purpose, these experimental 

results can be used to tune a wax deposition model to predict wax appearance 

temperature and deposition rates of the ANS crudes.

4.4.1 WAT by Cross Polarization Microscopy

Cross polarization microscopy is one of the most acceptable standards in the 

industry today. It was used in this work to evaluate conditions for onset of wax 

crystallization (WAT) and wax dissolution temperature (WDT). It was observed that all 

tested samples showed evidence of wax precipitation at room temperature (about 

23.8°C) and therefore had to be heated to dissolve all wax first. This is already 

described in detail in experimental procedure. The measured WAT is in the range of 

25.7°C to 40.6°C (Table 4.1). The CPM measurement is accurate within ± 0.2°C.
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Table 4.1: Wax Appearance Temperature by CPM.

Sample no WAT WAT
deg C deg F

1 27 80.6
2 27.9 82.2
3 25.7 78.3
4 31.8 89.2
5 40.6 105.1
6 33.8 92.8
8 29 84.2
10 30.5 86.9
14 28 82.4
23 31.5 88.7
24 36 96.8
25 33.6 92.5
26 34.2 93.6
28 29.8 85.6

The photomicrographs taken during the tests show that wax crystals begin to 

appear at the wax appearance temperature. Wax is a complex mixture of long chain, 

high molecular weight paraffins. The highest molecular weight (longest chain) paraffins 

will tend to crystallize first. At 40.6°C, Figure 4.5a, the oil has cooled to its WAT where 

the paraffin molecules have clustered together enough to form a stable crystal visible 

under the microscope. Below WAT at 37°C (Figure 4.5b) more wax crystals are 

observed. The crystallization process could still be in the nucleation stage at figures 

4.5a and 4.5b. Further reduction in temperature below WAT (Figures 4.5c, 4.5d, 4.5e) 

produced increased number and size of wax crystals. At this stage, the process has 

transformed to the growth stage where additional molecules get attached to the already 

crystallized particles. The crystal growth will depend on the oil composition and how



much paraffin is contained in the oil. The photomicrographs shown in figures 4.5a to 

4.5e are for oil sample number five.
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Figure 4.5a: Sample Five at 40.6 deg C (WAT).
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Figure 4.5c: Sample Five at 34.5 deg C.



Figure 4.5d: Sample Five at 28.8 deg C

Figure 4.5e: Sample Five at 24 deg C.



All results of wax appearance temperature measured by viscometry technique 

are shown in table 4.2. These results were obtained from plots of natural log of viscosity 

versus inverse of absolute temperature of measurement. The simple Arrhenius principle 

is the basis for the viscosity WAT plot. WAT by viscometry is affected by homogeneity 

of oil test sample, amount of precipitated wax crystals and size of wax crystals. Non- 

homogenous oil sample will yield false viscosity results and therefore erroneous WAT 

result. It is therefore necessary to ensure that the test sample is homogenous prior to 

viscosity test to obtain accurate results. The volume of wax precipitated in oil sample 

should be large enough to cause a detectable signal (sharp deviation from linearity). The 

volume is influenced by both size and amount of wax precipitated. Oil samples that 

have small wax content or samples that form small size wax crystals would yield 

viscosity WAT plots that do not have point of deviation from linearity. Those samples 

that have high wax content or form large size wax crystals will produce large volume of 

wax to cause a sharp increase in viscosity at the WAT. All the WAT plots are shown in 

appendix C, while two have been presented here for the purpose of this discussion. The 

accuracy of WAT measured by Viscometry is ± 1°C.

4.4.2 WAT by Viscometry
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Table 4.2: Wax Appearance Temperature by Viscometry Technique.

sample number deg C deg F

1 28.1 82.58
2 30 86
3 41.1 105.98
4 30 86
5 36.1 96.98
6 29.1 84.38
7 44.2 111.56
8 27.1 80.78
9 36.5 97.7
10 43.2 109.76
13 44.2 111.56
14 46.2 115.16
16 53.4 128.12
17 54.3 129.74
23 30 86
24 32.1 89.78
25 36.1 96.98
26 32 89.6
27 34.1 93.38
28 29.1 84.38

This technique is very subjective, lending itself most times to personal judgment and 

experience. The accuracy of the technique depends on the distinctiveness of the point of 

deviation from straight line as fluid behavior transits from Newtonian to non- 

Newtonian. Arrhenius simple relationship between viscosity and temperature (Equation 

2 .1) shows a linear relationship between natural log of viscosity and inverse of absolute 

temperature in the Newtonian range. Viscosity of crude oil samples like most other fluid 

systems tends to increase with temperature reduction thus oil samples become less 

viscous with addition of heat. Crystallization of wax from the homogenous oil system 

causes a sharp increase in viscosity at that particular temperature. Figure 4.6 shows 

WAT plot from viscosity measurement for oil sample number four, one of the samples



that shows reasonably distinctive point of deviation from linearity when Arrhenius 

relationship is applied to determine WAT.
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Figure 4.6: Viscometry WAT Plot for Sample Number Four.

However, this is not the case for some crude oil owing to some other inherent 

factors such as wax content and size of wax crystals. Coutinho et al. (2005) report that 

volume fraction of wax crystals should be large enough to cause viscosity change to no 

longer be linear but exponential. Wax appearance temperature can not be therefore said 

to be measured in the strict sense, but inferred from viscosity measurement. When this 

point can not be conspicuously pinpointed, then WAT could be over-estimated or 

under-estimated, given the particular judgment of the personnel involved. Sample 

number ten (Figure 4.7) is one of such oil samples whose plot failed to produce a sharp 

point of deviation.
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Figure 4.7: Viscometry WAT Plot for Sample Number Ten.

As is expected, WAT inferred from figure 4.7 for sample number ten indicated as 

43.2°C is over-estimated when compared with CPM WAT result obtained for the same 

sample as 30.5°C.

The WAT result obtained from viscosity measurement of samples sixteen and 

seventeen may not be due to presence of wax but some other high molecular weight 

compounds, possibly asphaltenes. The two samples did not show any sign of wax when 

tested by the cross polarization microscopy. It could be expected that the two samples 

will be highly waxy given their measured low API gravity and high pour point. It has 

been shown that heavy oil (low API gravity) does not necessarily correlate paraffin 

content (Jayasekera & Goodyear, 1999) but mixture of complex compounds having 

high melting and pour points, moreover heavy oils have typically very low levels of 

paraffin content (http://www.cpchem.com/enu/docs drilling/heavyoils.pdf). It is 

therefore suggested that multiple techniques be employed when measuring wax

http://www.cpchem.com/enu/docs


appearance temperature. WAT from viscometry technique should not be used alone in 

crude oil wax characterization because of these inherent shortcomings. However it 

could be used to estimate the WAT in the absence of any other technique like CPM.

4.4.3 Wax Dissolution Temperature by CPM

The dissolution temperature of precipitated wax crystals is important in 

designing control measures for waxy oil problems. Thermal control technique requires 

that deposited wax be heated to a temperature high enough to dissolve the deposit. Wax 

dissolution temperature (WDT) has been determined by cross polar microscope by 

observing and noting the temperature at which the last wax crystal disappears (melts or 

dissolves) on a thermal stage.

Table 4.3: CPM WAT and WDT Results.

Sample no WAT (CPM) WDT
deg C deg C

1 27 31.3
2 27.9 33
3 25.7 32.4
4 31.8 40.8
5 40.6 50.1
6 33.8 46.2
8 29 41.1
10 30.5 43.2
14 28 41.3
23 31.5 39.1
24 36 43.7
25 33.6 39.2
26 34.2 38.5
28 29.8 38

It is observed that wax appearance temperature and wax dissolution temperature 

for particular crude sample differ by 5°C to 15°C, WDT being higher than WAT as



shown in figure 4.8. In general true WAT is higher than measured WAT because some 

wax will form before detection. CPM though highly sensitive still requires some 

microscopic wax crystal to form for detectable signal. The cooling and heating rates are 

often not low enough to achieve the required equilibrium. This leads to a lag between 

both measurements. When oil is heated, the last wax crystal is expected to dissolve back 

into solution at the true WAT under true thermodynamic equilibrium. However, true 

thermodynamic equilibrium is difficult to attain in the laboratory. This is as result of 

superheating and supercooling effects due to fast rates. Therefore measured WDT is 

higher than this thermodynamic point (true WAT/WDT). Since true WAT is higher than 

measured WAT, and measured WDT is higher than true WAT, it is therefore 

understandable why measured WDT is higher than measured WAT. A graphical 

illustration of the difference between measured WAT and WDT is shown in figure 4.8, 

an observation that supports previous publications available from literature.
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Figure 4.8: Difference between CPM WAT and WDT.

Paso (2004) in his work “wax deposition and aging in sub-sea flow lines: a component- 

based investigation” measured WAT and WDT of his oil sample by cross polarization 

microscopy as 26.7°C and 31.7°C respectively, the two conditions differing by 5°C. 

Elsharkawy et al. (1999) in their study of wax deposition from Kuwaiti crudes using 

differential scanning Calorimetry technique observed that WDT was always higher than 

WAT by 10°C to 29°C. They equally reported that ROnningsen et al. (1991) 

encountered the same trend during their study with North Sea crudes, measured WDT 

being higher than WAT by about 5°C to 28°C. They attributed this phenomenon to 

super-cooling and superheating effects resulting in non-equilibrium condition due to 

fast temperature scanning rates. Since WDT and WAT ought to coincide at the true 

equilibrium solid-liquid temperature, Hammami et al. (2003) reported that WDT is



usually accepted as depicting more accurately the equilibrium solid-liquid coexistence 

temperature, which ideally is same for WAT and WDT.

4.4.4 Comparison between Viscometry and CPM WAT Results

In as much as wax appearance temperature measurement techniques available 

today have not been able to measure the true wax appearance temperature due to the 

major fact that each technique requires some amount of wax to form for a detectable 

signal, the sensitivity and mode of detection varies for all techniques. Two techniques, 

viscometry and cross polarization microscopy used in this work to determine wax 

appearance temperature of Alaska North Slope dead oils are compared. The results 

obtained from these two techniques on stock tank oil samples are presented in table 4.4. 

Table 4.4: Comparison of WAT from CPM and Viscometry.

Sample number CPM Viscometry
deg C deg C

CPM higher than 
Viscometry

4 31.8 30
5 40.6 36.1
6 33.8 29.1
8 29 27.1

23 31.5 30
24 36 32.1
26 34.2 32
28 29.8 29.1

Viscometry 
higher than CPM

1 27 28.1
2 27.9 30
3 25.7 41.1
10 30.5 43.2
14 28 46.2
25 33.6 36.1



Table 4.4 presents comparison of WAT measured by CPM and Viscometry. The 

comparison of the results will dwell on such samples that showed clear point of 

deviation from linearity in the viscosity WAT plot. In these samples with higher WAT 

by CPM, the results are in fair agreement with each other. The CPM WAT in these 

samples is higher by 1°C to 4°C as shown in table 4.4. This is due to the fact that CPM 

detects WAT at the microscopic level which is at the nucleation stage of wax crystal 

formation. While WAT inferred from viscometry method is at the growth stage of wax 

crystal formation as certain volume of wax is required to cause a sudden change in 

viscosity. This result agrees with other findings in the literature (Coutinho et al., 2005; 

Hammami et al., 1999) where viscosity inferred WAT and CPM measured WAT have 

been compared for same oil samples. CPM is a more accurate and convincing WAT 

technique than viscometry. Seemingly then, the viscometry WAT that is higher than 

CPM WAT as shown in table 4.4 must be overestimated. These oil samples have not 

generated enough wax volume to cause a sudden leap in viscosity. The WAT becomes 

difficult to determine from viscosity measurement for these samples. Viscometry is 

therefore not a rigorous technique for crude oil that is not capable of generating a large 

enough volume of wax to cause the required sudden increase in viscosity. The results 

obtained from such samples can only be good enough for an estimate of WAT to be 

compared with and confirmed by results from more accurate techniques like the CPM.



Oil samples are reconditioned in the laboratory prior to experiments to erase any 

previous history that might exist in such samples. This is particularly necessary in wax 

crystallization and deposition tests where such memories are believed to influence test 

results (Hammami et al., 2003). The effect of previous memory was investigated with 

some selected samples in the wax appearance temperature test using viscometry 

technique. Sample number four, five and six were selected because they showed very 

distinctive points of deviation at the wax appearance temperature. The WAT results 

obtained from these samples before and after erasing previous history is shown in table

Table 4.5: Effect of Previous History on WAT.

4.4.5 Effect of Thermal and Shear History

Sample no. WAT (°C) WAT(°C)

with history History erased

04 26.4 30

05 31.8 36.1

06 20.3 29.1

Table 4.5 shows that lower WAT results are obtained when the test was conducted 

without first reconditioning the oil samples. This could be attributed to the fact that 

some wax crystals must have precipitated out of the bulk oil before samples were drawn 

for the test. This resulted in the test sample that is not representative of the original 

sample as some wax crystals could have settled on the bottom and wall of the container. 

Thus lower WAT values are obtained since wax content influences WAT. It is also



possible that some lighter ends are lost during heating process since the sample 

containers are not heated under air-tight condition. Therefore it can lead to a greater 

concentration of heavier ends which will result in higher WAT. The plot of natural log 

of viscosity versus inverse of absolute temperature for samples number four and five 

showing both cases are presented in figures 4.9 (a and b) and figures 4.10 (a and b).

S am ple  04

1/T (1/k)

Figure 4.9a: Viscometry WAT Plot for Sample Number Four (history erased).
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Figure 4.9b: Viscometry WAT Plot for Sample Number Five (history erased).

Figure 4.10a: Viscometry WAT Plot for Sample Number Four (history not erased).
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Figure 4.10b: Viscometry WAT for Sample Number Five (history not erased).

After samples were reconditioned by heating to a temperature of about 80°C and 

allowing for about ten hours while hand-rocking samples occasionally during heating, 

higher WAT results were obtained. Reconditioning the samples ensured that all pre

crystallized wax get re-dissolved back into the oil thereby erasing any thermal and shear 

history and producing homogenous samples for test. Figure 4.11 compares viscometry 

WAT results before and after previous thermal and shear history has been erased. This 

confirms the need for starting viscometry WAT test with a homogenous oil sample. It 

equally applies to other WAT techniques that require WAT to be inferred from change 

in measured oil property.
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Effect of Thermal History

Figure 4.11: Effect of Thermal History.

4.4.6 Effect of Cooling Rate on WAT

The effect of cooling rate on WAT was investigated by using the viscometry 

technique. As mentioned previously, WAT is affected by cooling rate among other 

factors (Hammami et al., 1999). WAT is a thermodynamic property under which 

paraffin crystals will precipitate as wax. WAT will be close to the true value as 

thermodynamic equilibrium condition is approached (Coutinho et al., 2005). Fast 

cooling rates tend to depress the WAT, while low cooling rates tend to elevate WAT 

(Hammami et al., 2003; Monger-McClure et al., 1999).

Three stock tank oil samples with three different cooling rates (0.25°C/min, 

l°C/min and 3°C/min) were tested to investigate effect of cooling rate on WAT. The
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results for Sample five at different cooling rates are shown in Figures 4.12 to 4.14 as 

illustration. All results on effect of cooling rate on WAT are presented in appendix D.

1/T (1/K)

Figure 4.12: WAT Plot for Sample Number Five at 3°C/min.

1/T (1/K)

Figure 4.13: WAT Plot for Sample Number Five at l°C/min.
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1/T (1/K)

Figure 4.14: WAT Plot for Sample Five at 0.25°C/min.

The results show that lower WAT is obtained for those three samples at the higher 

cooling rate while higher WAT is obtained at the lower cooling rate, as shown in figure 

4.15. The results proved that WAT is a thermodynamic property and it will be close to 

true value as the equilibrium time tends to infinity. Therefore, the lag between WAT 

and WDT, as presented in section 4.4.3, could be reduced with very low cooling and 

heating rates.
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Cooling Rate (deg C / min)

Figure 4.15: Effect of Cooling Rate on WAT.



CHAPTER 5 

MEASUREMENT OF OTHER OIL PROPERTIES

Fluid properties of waxy crude are required along side the thermodynamic 

properties for adequate diagnosis of fluid behavior. Wax appearance temperature and 

pour point are two such important properties of waxy crude oil. While WAT is a 

thermodynamic property, pour point is a rheological property of the crude. The 

separation of wax solids from crude oil affects the rheology of the crude as viscosity 

increases rapidly from WAT to pour point. A typical relationship between waxy crude 

oil flow behavior and temperature is shown in following figure 5.1.
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Figure 5.1: Flow Behavior of Waxy Crude Oil with Temperature (Smuk et al., 2002).



For temperatures above cloud point of crude oil, viscosity is totally independent of 

shear rate and it behaves as Newtonian fluid. However as the oil temperature decreases 

below cloud point, precipitation of wax solid changes the homogeneity of the oil and it 

becomes slightly non-Newtonian. The oil viscosity is more shear rate dependent near 

and beyond the pour point.

5.1 Viscosity Measurement

The experimental set up is the Brookfield Viscometer model LVDV-II+ as 

shown in figure 5.2. It consists basically of a small sample adapter which holds the 

sample, a spindle which is immersed in the sample in the holder. The spindle rotates by 

the action of a synchronous motor through a calibrated spring. Also part of the set up 

are heating/refrigerating circulating bath for temperature control through the jacket of 

the sample adapter and the interfacing computers which contain the software for 

gathering the viscosity data (WinGather) and controlling the temperature (EasyTemp).
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LVDV-II+
Viscometers Heating/Cooling 

Circulating BathData gathering PC

Figure 5.2: Viscosity Measurement Apparatus.

The Viscometer measures the torque required to rotate the immersed spindle. The 

deflection of the calibrated spring is an indication of the viscosity or resistance to flow 

and is a function of the rotational speed (RPM), and the spindle size and geometry. The 

spindle size and rotational speed are combined in such a manner as to produce a torque 

that lies between 10 and 100%. The accuracy improves as the torque approaches 100%. 

A slower speed and/or a smaller spindle is used for high viscous oils while a higher 

speed and/or a larger spindle is used for light oils with low viscosities. The viscosity 

values are digitally displayed in centipoise.

5.1.1 Viscosity Measurement Procedure

A satisfactory and accurate viscosity measurement requires the following 

standard procedure:



■ The interfacing computers for LVDV-II+ data collection and for temperature 

control of the heating/refrigerating circulating bath are turned on.

■ The Brookfield LVDV-II+ Viscometer is powered on and it auto zeros itself 

through a set of displayed instructions.

■ The Julabo heating/refrigerating circulating bath is turned on and set at the 

desired temperature using the EasyTemp software program in the interfacing 

computer.

■ The WinGather software is opened and communication between the viscometer 

and the interfacing computer is ensured.

■ The sample Adapter is removed from the jacket, a small sample (about 8ml) 

enough to cover the spindle up to the middle of the indentation, pipetted into it 

and it is inserted back into the jacket. Care must be taken to ensure the sample 

does not entrap any air during transfer into the sample Adapter. The sample 

Adapter and spindle were raised to a temperature of about 50 to 60°C before 

transferring the sample for test to avoid any precipitation of wax at the walls 

(cold) before test proper.

■ The micro thermocouple temperature probe is inserted at the bottom of the 

sample Adapter and the whole set up is allowed to reach the set temperature. 

This occurs when the set point temperature and the internal temperature of the 

bath as displayed equals the temperature displayed by the viscometer.

■ The viscometer motor is started by pressing the “MOTOR ON/OFF” button and 

the speed (rpm) selected depending on the expected viscosity range by using the



“SET SPEED” button. The rpm is chosen in such a manner that a good torque 

(>10%) is achieved and the whole profile traversed before a torque of 100% is 

reached. This is because the torque increases as temperature decreases during 

ramping.

■ The ramping profile is set up using the EasyTemp software by clicking on “Edit 

Profile” and then “Use Profile” to enable the computer to implement the given 

profile. A typical profile for ramping from 60°C to 0°C at 1°C cooling per 

3minutes looks like this: 00.00 03:00, where 00.00 is the desired final 

temperature and 03:00 is the time in hours and minutes respectively, required to 

ramp from the set point temperature to the final temperature.

■ The “Start Profile” button is selected to start the ramping profile.

■ The “Start Gather” button indicated by an icon showing a viscometer connected 

to a computer is selected on the WinGather program, “Time Stop” selected and 

appropriate values imputed in the “Number of Readings” and “Time Interval” 

windows. Typical is “ 100” and “03:00” which instructs the computer to gather 

information from viscometer 100 times, once every 3 minute (180 seconds).

■ Click on “OK” to commence data gathering when the profile is started.

■ The run is complete when the profile is exhausted or the torque displayed on the 

viscometer has reached 100%, the maximum potential and an error message 

(EEE) is displayed. The message EEE indicates that the maximum viscosity 

range of the viscometer for that spindle and rpm combination has been 

exceeded. Select “Stop” on the WinGather program and then respond in



affirmative to “Stop Gather” and “Gather Complete” prompts respectively. Stop 

the viscometer by pressing the “MOTOR ON/OFF” button.

■ The data is saved by selecting Lotus file*wks which allows the data to be easily 

stored in Microsoft Excel.

■ The saved data is analyzed by computing the natural log of viscosity and the 

inverse of absolute temperature. A plot of the natural log of viscosity (LN 

Viscosity) versus inverse of absolute temperature (1/K) gives the wax 

appearance temperature (WAT) at the point of deviation from a linear trend.

■ The sample Adapter and Spindle are cleaned up with toluene and acetone 

following correct procedures and the process repeated for another run.

5.1.2 Viscosity Results

Viscosity is the property that determines the flowability of crude oil. It is 

influenced by wax precipitation. Crude oil viscosity plays a significant role on wax 

deposition rate. When oil viscosity is high, wax deposition rate tends to be low because 

diffusion of wax molecules to the walls of the tubing/pipe is made more difficult. All 

mechanisms for wax deposition (molecular diffusion, shear dispersion, Brownian 

diffusion and gravity settling) seem to be influenced by oil viscosity. Both molecular 

diffusion coefficient and Brownian diffusion coefficient are inversely related to the oil 

viscosity (Equation 4.2 and Equation 4.5). Shear dispersion and gravity settling 

mechanism involve the movement of precipitated wax particles through the crude oil. 

The higher the oil viscosity, the greater is the resistance to movement of wax particles.



The rate of dispersion and settling will then be slower. Thus the rate of wax deposition 

will be reduced. It is then important to measure oil viscosity because of its impact on 

wax deposition rate (Golczynski & Kempton, 2004). High viscosity hampers rate of 

diffusion of paraffin, the predominant mechanism for wax deposition, thereby reducing 

wax deposition rate.

Experimental result for oil sample number five is presented in table 5.1 while all 

results are shown in appendix B. These viscosity measurements were not taken strictly 

for rheological purposes as is the case for most viscosity measurements (Jamaluddin et 

al., 2003), rather for viscometry wax appearance temperature determination. Waxy 

crude oils are known to exhibit two kinds of rheological behavior, Newtonian and non- 

Newtonian depending on the temperature and the cloud point of the oil.
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Table 5.1: Viscosity of Oil Sample Number Five as a Function of Temperature

(WAT = 36.1°C).

Temperature Viscosity Temperature Viscosity
°C CP °C CP

59 . 2 3 . 7 36.1 6.23
58 . 2 3 . 75 35.1 6.54
57 . 2 3 . 82 34 . 1 6 . 89
56 . 2 3.89 33 . 1 7.29
55.2 3 . 98 32 . 1 7 . 71
54 . 1 4 . 05 31 . 1 8 . 15
53 . 1 4 , 12 30 . 1 8 . 65
52 . 2 4 . 22 29.1 9 . 14
51 . 1 4 . 34 28 . 1 9 . 68
50 . 1 4 .41 27 10 . 2
49.1 4 . 5 26 10 . 8
48 . 1 4 .59 25 11 . 4
47 4 . 71 24 12
46 4 . 83 23 12 . 7
45 4 . 94 22 13 . 4
44 . 2 5 . 06 20 . 9 14 . 1
43 . 1 5 . 2 19 . 9 14 . 9
42 . 1 5 . 32 19 15 . 7
41 . 1 5 .46 18 16 . 6
40 . 1 5 . 58 17 17 . 6
39.2 5 . 72 16 18 . 7
38 . 2 5 . 9 15 19 . 9
37 . 1 6 .05 14 21 . 3

Viscosity measurements show that below the wax appearance temperature viscosity 

increases at a higher rate with each degree reduction in temperature. For sample number 

five (Table 5.1), the highest pre-cloud point increase in viscosity is 0.15cp/°C whereas 

post-cloud point first increment per degree reduction in temperature is about 0.31cp/°C. 

Burger et al. (1981) observed a reduced gravity settling rate for wax particles due to this 

increased viscosity. Both density (oil gravity) and viscosity measurements shall be used 

for modeling.



Samples sixteen and seventeen showed very unique behavior in all tests 

especially for viscosity measurement. They have similar properties; viscosity, pour 

point and API gravity (19.34 and 20.32 API gravity respectively). The two samples fall 

within the range of heavy oil defined by DOE as 10.0° -  22.3°API. These samples 

exhibited a behavior that could be described as shear thinning during viscosity test. At a 

temperature of 60°C, the sample viscosity was observed to decrease with time at 

constant shear rate, a non-Newtonian, time dependent behavior. This viscosity time- 

dependency could vary from a few seconds to several days, prior to attaining final 

viscosity. At 60°C and 30 rpm constant shear rate, it took between 2 and 2.5 hours for 

these samples to attain stable viscosity, the initial and stable values differing by as much 

as 8cp. The initial and stable values for sample sixteen are 32cp and 26.7cp while those 

of sample seventeen are 37cp and 28.9cp.

5.2 Density Measurement

The density measurement apparatus consists of Mettler-Paar digital density 

meter (DMA-45) with a connected Brookfield heating/refrigerating bath for temperature 

control as shown in figure 5.3. The density meter consists of a glass oscillator 

(DURAN-50) filled with heat conducting gas sealed and inserted into a glass housing 

consisting o f two coaxial tubes. The electronic part of the meter excites the glass 

oscillator which begins to oscillate at a certain frequency.



83

Figure 5.3: Density Measurement Apparatus.

The period of oscillation is measured by a built-in quartz clock in approximately 

every two seconds, which is then transmitted to a built-in processor that calculates the 

density and displays the result in gram per cubic centimeter (g/cc) via numerical display 

(LCD). Measured density is only accurate if oscillator is completely filled. The 

observation window as well as built-in light is used to ensure that this is achieved. The 

U-tube oscillator is accessible via two ports -  upper and lower port. While the lower 

port is for injecting test sample, the upper port serves as means for supply of dry air to 

flush out the sample after measurement and dry the tube during cleaning of tube. The 

dry air is supplied by a built-in pump activated by turning pump switch on. Only plastic 

syringes are allowed for injection through the port and must be carefully and accurately 

inserted into the lower port (filling inlet) in an axial direction to completely seal the



inlet. The use of force during this injection should be avoided. This, especially radial 

force from inserted syringe, could break the measuring cell.

5.2.1 Density Measurement Procedure

The calibration of the density meter is necessary prior to measurement of sample 

density with the instrument. The calibration procedure follows a sequence of steps:

1. Adjust the constant temperature bath to the desired temperature and allow time 

for the bath to attain the set temperature (°C).

2. The display selector is set to the position “T” to display the period on the 

numerical display. About 0.7cc of distilled water is injected into the lower inlet 

port using a syringe, while being observed through the observation window with 

the light switched on. The water has to exceed the upper of the two thickenings 

on the oscillator for injection to be complete. The syringe is left in the lower port 

while the light is switched off for temperature stability. The period on the 

numerical display is allowed to stabilize and the value is recorded as period 

(Tw) for water-filled oscillator.

3. Switch on the pump to flush out the water after the syringe has been removed. 

Switch off the pump and inject alcohol to wash off the water and dry the U-tube. 

Then switch on the pump to blow dry air until the value on the display is 

constant, then switch off the pump and wait for about 30 seconds for 

temperature equilibrium. The displayed value is noted as period (Ta) for air- 

filled oscillator.
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4. The calibration constants A & B are then calculated from the following 

expressions:

A = (Tw2 - T a2)/(pw- p a) (5.1)

B = Ta2 -  (A x pa) (5.2)

Where: pw and pa are water and air densities (g/cc) respectively, at the 

temperature of calibration. Ta and Tw are periods in seconds for air-filled 

oscillator and water-filled oscillator respectively.

The density of air is calculated from the equation:

pa = [(0.0012930) /(l+ (0 .00367x t)]x  P/760 (5.3)

Where t is temperature in degrees Centigrade (°C) and p is pressure in Torr 

The density of water corresponding to that temperature and period is obtained 

from the instructions manual or from any standard density source.

5. This procedure is repeated for any desired temperature to determine the 

appropriate calibration constants for that temperature.

The density (gravity) of oil samples can then be measured using the Mettler-Paar 

density meter after calibration of the instrument following these procedures.

■ Turn the power switch in the on position.

■ Switch on the light to observe the sample through the observation window.

■ Ensure that the cell is clean and dry.

■ Set the display selector to density position and enter the calculated calibration 

constants for the measurement temperature in the constant buffer of the density 

meter by adjusting with a small screw driver.



■ Draw the sample volume of about 0.7cc with a syringe, ensuring that there is no 

air bubbles at all in the sample. Inject the sample into the cell through the lower 

injection port and ensure that the sample exceeds the upper of the two 

thickenings on the oscillator.

■ Observe the cell carefully to make sure that there is no air bubbles entrapped as

this will affect the stability of the density value and give erroneous display.

■ Turn the illumination light off to ensure temperature stability.

■ Allow the sample to attain the set temperature of the constant temperature bath 

and the density value on the numerical display to stabilize.

■ Record this value as the density in gram per cubic centimeter of the sample.

■ Switch the pump on to flush the sample, wash and dry the cell, and check the 

calibration before introducing the next sample.

5.2.2 Density Results

Density/API gravity is one of the preliminary diagnostic tests for wax precipitation and 

deposition problem in crude oil. This property gives an insight into the ability of the oil 

to suspend the precipitated wax particles. The ability to suspend wax crystals is a

function of the difference between the gravities of the oil and the wax crystals. The

settling velocity of these wax particles in oil can be expressed in a modified version of 

Stokes law in equation 5.4 (Burger et al., 1981). The crude oil is treated here as a non- 

Newtonian Pseudo-plastic fluid.
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where

U = settling velocity of wax particles ms’1

3Ap  = difference between gravity of wax and gravity of oil in kgm"

a = particle diameter in m

2g = acceleration due to gravity in kgms’

K 1 = viscosity power law parameter for pseudo-plastic fluid in s’1

n 1 = power law parameter for pseudo-plastic fluid in Pa.

The buoyant force generated by the oil to suspend the precipitated wax crystals is higher 

with increase in oil density. Deposition rate from crystallized wax is therefore reduced 

when the oil can keep the wax crystals suspended as the oil is produced.

Density measurements were taken at different temperatures ranging from 15°C -  

35°C as well as 15.6°C (60°F). Density measured at 60°F gives the specific gravity from 

which the API gravity of samples is calculated (Equation 5.5) and presented in table 

5.2. Other density measurements are shown in appendix A. In addition to indicating the 

ability of oil to suspend wax crystals, gravity values are required as input parameters for 

equation of state modeling of the phase behavior of the crude oil.

API = (141.5/SG) — 131.5 (5.5)

Where SG = specific gravity and API is in degrees.
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Table 5.2: Specific Gravity and API Gravity of Oil Samples.

sample no
Specific
Gravity API Gravity

1 0.7967 46.11
2 0.7938 46.76
3 0.7947 46.55
4 0.8354 37.88
5 0.8549 34.02
6 0.8283 39.33
7 0.7971 46.02
8 0.8445 36.05
9 0.7566 55.52
10 0.8738 30.44
11 0.7477 57.75
12 0.7572 55.37
13 0.8618 32.69
14 0.8744 30.33
16 0.9381 19.34
17 0.932 20.32
18 0.7649 53.49
19 0.7576 55.27
20 0.7596 54.78
21 0.7639 53.73
22 0.7598 54.73
23 0.8356 37.84
24 0.8337 38.23
25 0.8371 37.54
26 0.8336 38.25
27 0.8358 37.80
28 0.8329 38.39

It can be observed from table 5.2 that measured oil sample gravity ranges from 0.7477 

(57.75°API) to 0.9381 (19.34°API). The accuracy of measured density is ±0.0002g/cc. 

Oil samples sixteen and seventeen are really dense with gravity of 19.34°API and 

20.32°API respectively. Density for all samples has shown an inverse relationship with 

temperature, as expressed in figure 5.4.
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Figure 5.4: Typical Oil Density -  Temperature Relationship.

5.3 Pour Point Measurement

Pour point is defined as the temperature at which the crude oil sample will no 

longer flow when held in a test jar in horizontal position for about five seconds, due to 

formation of wax gel network. It is an indicator of the gelling potential of the crude 

sample. Pour point measurement is believed to be affected by factors such as wax 

content, wax crystal size and number, pressure and solution gas as well as thermal 

history of crude oil (Alboudwarej et al., 2006; Golczynski & Kempton, 2004). Fast 

cooling rates tend to raise the pour point while slow cooling rates yield lower pour point 

values. Recent advances in pour point measurement have revealed that live oil pour 

point differs from stock tank oil pour point as solution gas tends to suppress pour point



(Figure 5.5). Pressure increase below the bubble point reduces pour point due to more 

gas in solution while above the bubble point, pressure elevates pour point. However it 

could be said that increase in pressure tends to elevate stock tank oil pour point as 

shown by Smuk et al. (2002) where stock tank oil pour point increased by more than 

2°C when oil is pressurized from 0.1 MPa to 6.9 MPa (Figure 5.6).

Figure 5.5: Effect of Solution Gas on Pour Point (www.slb.com/welltesting).

http://www.slb.com/welltesting
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Figure 5.6: Effect of Pressure on STO Pour Point (Smuk et al., 2002).

The pour point equipment used in this work is basically a three-bath bench 

model 334 from Lawler Manufacturing Corporation (Figure 3.7). The equipment has 

been designed for performing manual cloud and pour point tests in conformance with 

ASTM D2500 and ASTM D97 standard test methods. Each bath has four test ports 

machined to accept four test jars. The baths are preset at different temperatures; 0°C, - 

18°C and -33°C. When the equipment is powered, the baths preset and actual 

temperatures are displayed on the digital temperature indicator for each bath. Each bath 

will then cool to the preset temperature via the refrigeration system. The bath fluid level 

is checked every week when it is in use. Other accessories needed to run the pour point 

test include: copper jackets, test jars with fill line, o-rings, ASTM standard 5C 

thermometers, cork disc for bottom of jacket, and cork stopper with hole for 

thermometer. The copper jackets house the test jars to prevent any direct contact



between the cooling fluid (bath medium) and the test jars, while the o-ring and the cork 

disc for bottom of jacket prevent direct contact between the test jars and the copper 

jacket. This helps to ensure uniform cooling in whole test sample and prevent “partial 

gelling”.

Figure 5.7: Pour Point Measurement Apparatus.

5.3.1 Pour Point Measurement Procedure

The three baths are utilized during test as the test jar is moved around starting 

from the highest preset temperature bath. The test jar is placed first in the 0°C bath and



the test thermometer in the test jar monitored. If the oil still flows when the test 

thermometer reads 9°C, it is transferred to -18°C bath. The test jar is finally transferred 

to -33°C bath if the oil still moves when the test thermometer reads -6°C. The procedure 

for accurate pour point measurement using Lawler model 334 is outlined below.

■ Prepare the oil sample following ASTM D97 test procedure. This requires that 

oil samples of unknown thermal history or samples that have been heated to 

temperatures higher than 45°C be kept at room temperature for about twenty- 

four hours before testing.

■ Fill the glass test jar with oil sample up to the marked fill line and cover test jar 

with a cork stopper. Insert a 5C ASTM standard thermometer through the hole 

in stopper into the sample and put an o-ring on the test jar as shown in figure 

3.8.

■ Power on the equipment by pushing the power button and watch the bath preset 

temperatures displayed. Each bath then stabilizes at the preset temperature. Bath 

temperatures should be allowed to stabilize before using it.

■ Place the test jar from step two into the copper jacket immersed in the bath 

medium.

■ Insert a 5C ASTM thermometer into the bath medium through the hole provided 

for it. This thermometer serves as a check to the bath temperature display on 

Lawler 334 pour point equipment.

■ Start observing sample for no flow at about 9°C above the expected pour point 

of the oil sample. Remove the test jar, tilt it to observe movement of sample and



replace it if there is movement, back into the copper jacket. Do all these in not 

more than three seconds. Repeat the checking process after every 3°C drop in 

temperature until no movement is observed. Then hold the test jar in horizontal 

position for five seconds and observe flow.

■ Record the observed reading of the test thermometer at the point when no flow 

was observed in the oil as the test jar is held in horizontal position for five 

seconds.

■ Add 3°C to the recorded temperature and report such as the pour point of oil 

sample by ASTM D97 standard.
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Figure 5.8: Test Sample for Pour Point Measurement.



It will be an improper procedure to start the test jar in either the -18°C bath or the -33°C 

bath. It will also be wrong to move the test jar from 0°C bath to -33°C bath without 

following the sequence. Doing this will cool the oil sample at a faster rate. The faster 

cooling rate will yield erroneously higher pour point temperatures.

5.3.2 Pour Point Results

The ANS oil samples tested have unexpectedly low pour points (Table 5.3), 

reported in the range of 12°C to <-31°C. The measured pour points are accurate within 

± 1°C. Nineteen out of the tested twenty-seven oil samples have pour points less than - 

31°C as shown in Figure 4.9. However some of the samples are almost congealing at - 

31°C, showing slow movement while some are still very much liquid-like (Figure 5.10).
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Table 5.3: Measured Oil Sample Pour Points.

samples
recorded pp 

°C
reported pp 

°C
reported pp 

°F
Remark at 

-31 °C
(recorded+3)

1 <-31 Liquid-like
2 <-31 Liquid-like
3 <-31 Liquid-like
4 -21 -18 -0.4 measured
5 6 9 48.2 measured
6 -24 -21 -5.8 measured
7 <-31 Liquid-like
8 <-31 almost gel
9 <-31 Liquid-like
10 <-31 almost gel
11 <-31 Liquid-like
12 <-31 Liquid-like
13 -24 -21 -5.8 measured
14 -3 0 32 measured
16 9 12 53.6 measured
17 9 12 53.6 measured
18 <-31 almost gel
19 <-31 Liquid-like
20 <-31 Liquid-like
21 <-31 almost gel
22 <-31 Liquid-like
23 -27 -24 -11.2 measured
24 <-31 almost gel
25 <-31 almost gel
26 <-31 almost gel
27 <-31 almost gel
28 <-31 almost gel

Pour point qualitatively indicates the temperature at which the crude oil gels under 

static condition. The gelling is as a result of the build up of network of wax crystals. 

The network build up depends on the wax content of the oil and the wax particle size 

and number. The wax particle size and number tend to be influenced by cooling rate. 

The large difference between the WAT and pour point could be attributed to low wax 

content. It could also be as a result of small wax particle size or small number of wax



particles. Low wax content crude will not precipitate enough wax to form a network to 

gel the oil at a high temperature. The precipitation of small size wax crystals, as is 

found in some oils, will require large quantity of wax to gel the crude. Generally, as 

high molecular weight wax precipitates out of the oil, the lighter components still 

enable flow until temperature drops significantly. The possibility of the presence of 

natural wax crystal growth inhibitors in these crudes could also cause the pour point to 

be depressed. The low pour point values would mean that gelling of oil in the wells will 

not be expected. This is because these oils will have lower pour points in the live oils. 

The presence of solution gas in the live oil will cause the pour point to be depressed 

further. The measured pour point temperatures shall be matched in the dynamic wax 

model to tune the model for the ANS crudes.

20 T

p p >  0  P P  =  o  0 > p p > - 3 1  p p < - 3 1

Pour point deg C

Figure 5.9: Pour Point Distribution for Oil Samples.
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Figure 5.10: Oil Samples having Pour Points less than -31°C.
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CHAPTER 6 

CONCLUSIONS AND RECOMMENDATION

1. A review of wax precipitation and deposition studies as well as wax appearance 

temperature measurement techniques shows that no currently available 

technique is able to detect this thermodynamic property accurately. However 

cross polarization microscopy remains the most acceptable technique due to its 

higher accuracy and certainty in comparison to other techniques.

2. The viscometry technique for wax appearance temperature should not be used 

independently for wax appearance temperature measurements but along with 

other techniques of greater certainty and accuracy. Results inferred from 

viscometry could be misleading especially when the change in fluid behavior 

does not produce a distinctive point. This could be extended to all techniques 

that infer wax appearance temperature from a change in measured fluid 

properties.

3. Most results of wax appearance temperature obtained from the cross polarization 

microscopy are higher than viscometry results for the same crude oil sample. 

This supports all other reports that the cross polarization microscopy is more 

sensitive and more accurate than viscometry.

6.1 Conclusions
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4. Wax appearance temperature measurement is found to be sensitive to thermal 

history. Results obtained without erasing previous history gave misleading low 

wax appearance temperatures. It is therefore suggested that all previous memory 

should be erased from oil samples before tests in order to produce reliable 

results.

5. Wax appearance temperature is affected by cooling rate. While high cooling rate 

tends to depress WAT, low cooling rate elevates WAT.

6. The wax dissolution temperature measured by cross polarization microscopy is 

higher than the wax appearance temperature for all tested oil samples though 

they should be the same under true thermodynamic equilibrium. The lag 

between WAT and WDT could be reduced by very low cooling and heating 

rates.

7. The waxy crude oils of the Alaska North Slope tested are found to have high 

wax appearance temperatures (as high as 40°C/104°F). The implication of this is 

that wax begins to precipitate at such high temperature any time oil temperature 

drops to that value. This could be a serious problem given the arctic nature of 

the environment where the tubing wall temperature could easily drop due to 

considerable heat loss to the environment.



8. Although the ANS oil samples have shown high wax appearance temperatures, 

pour points measured are remarkably low in the range of 12°C - <-31°C (53.6°F 

- <-23.8°F). Oil gelling is therefore not a likely problem given the recorded low 

pour points.

9. Both density and viscosity of crude oil increase below WAT as wax begins to 

precipitate. Viscosity increases more significantly than density below WAT.
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6.2 Recommendations

1. Wax appearance temperature is a property that depends heavily on oil 

composition and distribution of oil components. Aromatic components of crude 

oils are believed to help keep paraffin molecules in solution while some crude 

oils contain natural wax crystal modifiers that inhibit wax crystal formation 

growth. It is therefore necessary to carry out a detailed compositional analysis of 

oil samples for better interpretation of the wax appearance temperature results 

and design of effective mitigation strategies.

2. The bulk wax content test is equally necessary to understanding the wax 

deposition tendency of ANS crude oils when matched with compositional 

analysis. It gives an insight into the amount of wax that can be expected to 

deposit from a crude oil especially when combined with a deposition rate test.

3. Solution gas and pressure are the two parameters that distinguish live oil from 

dead oil. They are believed to greatly influence wax appearance temperature 

results. Evaluating the effect of these two properties on wax appearance 

temperature in comparison with dead oil results will give a clearer picture of 

wax deposition potential of Alaska North Slope oils, in as much as dead oil wax 

appearance temperature measurements have been reported by some authors to 

match closely with field wax deposition.
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4. Some other solids present in crude oils are reported as influencing wax 

precipitation and deposition by acting as nucleation sites for wax crystals. Some 

of the ANS oil samples used in this work have shown evidence of presence of 

other solids. Evaluating the presence of asphaltenes and their effect on wax 

precipitation gives an in-depth understanding of wax deposition and prevention 

for Alaska North Slope oils.
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Appendix A

Stock Tank Oil Density Results

Table A l : Density of Oil Samples at Different Temperatures.

Temp (°C) 15 16 18 20 23 25 30 35
sample no

1 0.7971 0.7964 0.795 0.7937 0.7918 0.7907 0.7882 0.7856
2 0.7942 0.7936 0.7921 0.7907 0.7887 0.7874 0.7848 0.782
3 0.7951 0.7945 0.7935 0.7921 0.7898 0.7886 0.786 0.7833
4 0.8359 0.835 0.8328 0.831 0.8267 0.8246 0.8201 0.813
5 0.8555 0.8545 0.8516 0.8486 0.8452 0.8444 0.8391 0.8327
6 0.8289 0.8279 0.8251 0.8234 0.8206 0.818 0.8117 0.8045
7 0.7975 0.7969 0.7956 0.7943 0.7924 0.7914 0.789 0.7864
8 0.8449 0.8443 0.843 0.8417 0.84 0.8389 0.8368 0.8345
9 0.7561 0.7554 0.7538 0.7522 0.75 0.7485 0.7456 0.7423
10 0.874 0.8733 0.872 0.8707 0.8688 0.8678 0.8655 0.8633
11 0.7481 0.7474 0.7451 0.743 0.7402 0.738 0.733 0.7255
12 0.7578 0.7569 0.755 0.7531 0.7501 0.7482 0.7434 0.7368
13 0.8621 0.8613 0.8599 0.8585 0.8567 0.8556 0.8533 0.8509
14 0.8746 0.874 0.8724 0.8711 0.8692 0.8681 0.866 0.8636
16 0.9382 0.9376 0.9365 0.9354 0.934 0.9331 0.9314 0.9296
17 0.9321 0.9315 0.9301 0.9291 0.9274 0.9265 0.9247 0.9227
18 0.7654 0.7645 0.7623 0.7602 0.7569 0.7545 0.7493 0.7424
19 0.7581 0.7574 0.7557 0.7541 0.7514 0.7494 0.7447 0.7381
20 0.7602 0.7592 0.7573 0.7553 0.7524 0.7503 0.7457 0.739
21 0.7644 0.7635 0.7615 0.759 0.7557 0.7534 0.7484 0.7413
22 0.7603 0.7595 0.758 0.7557 0.752 0.7492 0.7446 0.7375
23 0.8359 0.8351 0.8338 0.8324 0.8305 0.8293 0.8268 0.8243
24 0.8341 0.8335 0.8321 0.8307 0.8289 0.8279 0.8257 0.8232
25 0.8376 0.8368 0.8355 0.8342 0.8323 0.831 0.8278 0.8226
26 0.8339 0.833 0.8316 0.8302 0.8283 0.8271 0.8246 0.8221
27 0.8363 0.8355 0.834 0.8326 0.8306 0.8295 0.8271 0.8244
28 0.8332 0.8325 0.8311 0.8298 0.8279 0.8267 0.8244 0.8217
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Table B1: Oil Samples 01, 02 and 03 Viscosities at Different Temperatures. 

S I 01 SI 02   S I 03_____________

Appendix B

Stock Tank Oil Viscosity Results

Temperature Viscosity
°C cP
59.1 1.32
58.2 1.32
57.1 1.33
56.2 1.35
55.1 1.36
54.1 1.41
53.1 1.41
52.1 1.42
51.1 1.44
50.1 1.44
49.1 1.5
48.1 1.51
47.0 1.53
46.0 1.56
45.0 1.59
44.1 1.6
43.1 1.6
42.1 1.66
41.1 1.69
40.1 1.71
39.2 1.74
38.1 1.77
37.1 1.77
36.1 1.83
35.1 1.83
34.1 1.83
33.1 1.87
32.1 1.87
31.1 1.89
30.0 1.95
29.1 1.98
28.1 2.01
27.1 2.05
26.0 2.07
25.0 2.08
24.1 2.13
23.0 2.17
22.0 2.2
20.9 2.23
19.9 2.29
19.1 2.35
18.1 2.37
17.0 2.41
16.0 2.46
15.0 2.5
14.0 2.55
13.0 2.58
12.0 2.65
10.9 2.7

Temperature Viscosity
°C cP
59.0 1.26
58.2 1.27
57.2 1.29
56.2 1.3
55.1 1.33
54.1 1.33
53.1 1.35
52.1 1.36
51.1 1.39
50.1 1.39
49.1 1.42
48.0 1.44
47.0 1.45
46.0 1.47
45.0 1.5
44.1 1.51
43.1 1.54
42.1 1.56
41.1 1.56
40.0 1.57
39.1 1.6
38.1 1.63
37.0 1.65
36.0 1.66
35.0 1.69
34.1 1.72
33.0 1.74
32.1 1.77
31.0 1.78
30.0 1.81
29.1 1.86
28.1 1.92
27.0 1.93
26.0 1.98
25.0 2.01
24.0 2.04
22.9 2.08
21.9 2.11
20.9 2.16
19.8 2.22
19.1 2.23
18.1 2.28
16.9 2.32
16.0 2.37
15.0 2.41
14.0 2.46
13.0 2.53
12.0 2.58
10.9 2.64

Temperature Viscosity
° c ............. cP
59.1 1.3
58.2 1.3
57.2 1.32
56.1 1.35
55.2 1.36
54.1 1.36
53.1 1.41
52.1 1.42
51.1 1.44
50.1 1.44
49.0 1.48
48.0 1.5
47.0 1.51
46.0 1.54
45.0 1.56
44.2 1.59
43.1 1.6
42.1 1.62
41.1 1.63
40.1 1.68
39.1 1.69
38.1 1.71
37.1 1.71
36.1 1.77
35.1 1.78
34.1 1.8
33.1 1.81
32.1 1.87
31.1 1.87
30.0 1.92
29.1 1.95
28.1 1.95
27.1 1.99
26.1 2.05
25.0 2.07
24.0 2.11
23.0 2.13
22.0 2.17
20.9 2.23
19.9 2.25
19.1 2.31
18.1 2.32
17.0 2.37
16.0 2.43
15.0 2.52
14.0 2.53
13.0 2.58
12.0 2.62
11.1 2.68
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Table B2: Oil Samples 04, 05 and 06 Viscosities at Different Temperatures. 

S /0 4  S /05________________________  S I 06_________
T e m p e r a t u r e V i s c o s i t y

°C CP
5 9 . 1 2 . 2 6
5 8 . 1 2 . 2 9
5 7 . 2 2 . 3 4
56 . 1 2 . 3 8
5 5 . 2 2 . 44
54 . 2 2 . 4 9
53 . 2 2 . 53
5 2 . 1 2 . 5 9
5 1 . 1 2 . 65
5 0 . 1 2 . 7
4 9 . 0 2 . 74
48 . 1 2 . 8
47 . 0 2 . 86
4 6 . 0 2 . 91
45 . 0 2 . 98
44 . 1 3 . 06
43 . 1 3 . 1
42 . 1 3 . 1 9
4 1 . 1 3 . 25
40  . 1 3 . 3 4
3 9 . 1 3 . 4
38 . 1 3 . 48
37 . 1 3 . 58
36 . 1 3 . 6 7
3 5 . 1 3 . 75
34 . 1 3 . 85
33 . 1 3 . 94
3 2 . 1 4 . 03
3 1 . 1 4 . 1 5
30 . 1 4 . 2 6
29 . 1 4 . 3 6
2 8 . 1 4 . 53
27 . 0 4 . 77
26 . 1 4 . 96
25 . 0 5 . 16
24 . 0 5 . 3 7
23 . 0 5 . 5 6
2 1 .  9 5 . 7 6
2 0 . 9 5 . 97
19 . 9 6 . 1 9
1 9 . 1 6 . 4 3
18 . 1 6 . 66
17 . 0 6 . 91
16 . 0 7 . 2
15 . 0 7 . 4 8
14 . 0 7 . 8
1 3 . 0 8 . 14
12 . 0 8 . 4 9
1 1 .  0 8 . 8 9
10 . 0 9 . 3 1
9 . 2 9 . 7 9
7 . 9 10 . 3

T e m p e r a t u r e V i s c o s i t y

°C CP
5 9 . 2 3 . 7
5 8 . 2 3 . 7 5
5 7 . 2 3 . 8 2
5 6 . 2 3 . 8 9
55 . 2 3 . 9 8
54 . 1 4 . 0 5
53 . 1 4 . 12
5 2 . 2 4 . 2 2
5 1 . 1 4 . 34
5 0 . 1 4 . 4 1
49  . 1 4 . 5
48 . 1 4 . 5 9

47 4 . 71
46 4 . 83
45 4 . 94

44 . 2 5 . 0 6
43 . 1 5 . 2
4 2 . 1 5 . 3 2
4 1 . 1 5 . 4 6
4 0 . 1 5 . 5 8
3 9 . 2 5 . 72
3 8 . 2 5 . 9
3 7 . 1 6 . 0 5
3 6 . 1 6 . 2 3
3 5 . 1 6 . 5 4
34 . 1 6 . 89
3 3 . 1 7 . 2 9
3 2 . 1 7 . 71
3 1 . 1 8 . 1 5
3 0 . 1 8 . 65
2 9 . 1 9 . 1 4
2 8 . 1 9 . 6 8

27 10 . 2
26 1 0 . 8
25 1 1 . 4
24 12
23 12 . 7
22 13 .4

2 0 . 9 14 . 1
1 9 . 9 14 . 9

19 1 5 . 7
18 1 6 . 6
17 1 7 . 6
16 1 8 . 7
15 19 . 9
14 2 1 . 3

13 . 1 22 . 8

Temperature Viscosity
°C cP
59.1 2.77
58.2 2.79
57.2 2.79
56.2 2.81
55.2 2.88
54.2 2.91
53.2 2.95
52.2 3
51.1 3.05
50.1 3.12
49.1 3.16
48.1 3.23
47.0 3.3
46.1 3.37
45.0 3.44
44.0 3.49
43.2 3.59
42.2 3.63
41.2 3.7
40.1 3.8
39.2 3.87
38.1 3.94
37.1 4.03
36.1 4.12
35.1 4.19
34.1 4.29
33.1 4.38
32.1 4.48
31.1 4.59
30.0 4.71
29.1 4.85
28.1 5.06
27.0 5.3
26.1 5.53
25.0 5.76
24.0 6.02
22.9 6.3
21.9 6.56
20.9 6.84
19.9 7.12
19.0 7.45
18.0 7.8
17.1 8.15
16.0 8.55
15.0 8.95
14.0 9.44
13.0 9.96
12.0 10.5
11.0 11.2
9.9 11.8
9.1 12.6
8.0 13.5
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Table B3: Oil Samples 07, 08 and 10 Viscosities at Different Temperatures.

SI 07 SI 08 SI 10
Temperature Viscosity

°C cP
59.1 1.4
58.3 1.4
57.1 1.4
56.2 1.4
55.2 1.4
54.1 1.4
53.1 1.4
52.1 1.4
51.1 1.4
50.1 1.4
49.1 1.5
48.1 1.5
47.0 1.5
46.0 1.5
45.0 1.5
44.2 1.5
43.1 1.6
42.1 1.6
41.1 1.6
40.1 1.6
39.1 1.7
38.1 1.7
37.1 1.7
36.1 1.7
35.1 1.7
34.1 1.8
33.1 1.8
32.1 1.8
31.1 1.8
30.0 1.9
29.2 1.9
28.1 2.0
27.1 2.0
26.1 2.0
25.1 2.0
24.0 2.1
23.0 2.1
21.9 2.2
20.9 2.2
19.9 2.2
19.1 2.3
18.1 2.3
17.0 2.4
16.0 2.4
15.0 2.5
14.1 2.5
13.1 2.5
12.0 2.6
10.9 2.7
10.0 2.7
9.1 2.8
8.3 2.9

Temperature Viscosity
°C cP
59.1 3.14
58.2 3.21
57.2 3.26
56.2 3.33
55.1 3.37
54.1 3.44
53.1 3.49
52.1 3.59
51.1 3.66
50.1 3.73
49.1 3.8
48.1 3.89
47.0 3.96
46.0 4.05
45.0 4.1
44.0 4.19
43.2 4.26
42.1 4.36
41.1 4.43
40.1 4.55
39.1 4.69
38.1 4.76
37.1 4.85
36.1 4.99
35.1 5.08
34.1 5.23
33.1 5.41
32.1 5.51
31.1 5.67
30.1 5.79
29.1 5.95
28.1 6.12
27.1 6.26
26.1 6.44
25.1 6.65
24.0 6.89
23.0 7.08
22.0 7.31
21.0 7.52
19.9 7.85
19.1 8.06
18.1 8.32
17.1 8.67
16.0 8.95
15.0 9.3
14.1 9.7
13.0 10.1
12.0 10.6
11.0 11.2
9.9 11.8
8.9 12.4
8.1 13.1

Temperature Viscosity
°C cP
59.1 4.71
58.2 4.76
57.2 4.85
56.2 4.92
55.2 5.04
54.1 5.18
53.2 5.27
52.1 5.39
51.1 5.51
50.1 5.65
49.1 5.79
48.1 5.95
47.0 6.09
46.0 6.23
45.0 6.4
44.2 6.54
43.2 6.75
42.2 6.91
41.1 7.1
40.1 7.29
39.1 7.52
38.1 7.73
37.1 8.08
36.1 8.37
35.0 8.62
34.1 8.93
33.1 9.23
32.1 9.58
31.1 9.89
30.0 10.2
29.1 10.6
28.1 11
27.0 11.4
26.0 11.8
25.0 12.2
24.0 12.7
23.0 13.1
21.9 13.6
20.9 14.1
19.9 14.7
19.1 15.2
18.1 15.8
17.0 16.5
16.0 17.2
15.0 17.9
14.0 18.7
13.0 19.5
12.0 20.5
11.0 21.5
10.0 22.6
9.2
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Table B4: Oil Samples 13, 14 and 16 Viscosities at Different Temperatures.

Temperature Viscosity
°C cP

59.3 28.9
58.4 29.2
57.4 29.4
56.4 29.7
55.4 30.1
54.4 30.8
53.4 31.6
52.4 32.3
51.3 33.4
50.4 34.5
49.3 35.8
48.3 37
47.3 38.3
46.3 39.8
45.4 41.4
44.3 43
43.5 44.7
42.5 46.6
41.5 48.4
40.5 50.3
39.5 52.5
38.5 54.7
37.5 57
36.6 59.5
35.5 62.3
34.5 65.3
33.6 68.6
32.7 72.2
31.6 75.8
30.6 79.8
29.6 84
28.7 88.7
27.7 94
26.7 99.5
25.7 105.4
24.7 112
23.7 118.9
22.7 126.4
21.6 134.7
20.6 143.4
19.6 153.6

Temperature Viscosity
°C cP
59.1 6.12
58.3 6.23
57.2 6.4
56.3 6.54
55.3 6.7
54.3 6.87
53.3 7.03
52.3 7.22
51.3 7.38
50.3 7.59
49.2 7.78
48.3 7.99
47.3 8.2
46.2 8.44
45.2 8.72
44.3 8.95
43.4 9.23
42.4 9.49
41.4 9.79
40.4 10.1
39.4 10.4
38.5 10.7
37.5 11.1
36.5 11.4
35.5 11.8
34.5 12.2
33.6 12.6
32.5 13.1
31.5 13.5
30.6 14
29.5 14.6
28.6 15.1
27.6 15.7
26.6 16.4
25.6 17.1
24.6 17.8
23.6 18.6
22.5 19.4
21.5 20.3
20.5 21.3
19.6 22.4
18.7 23.6

Temperature Viscosity
°C cP

59.1 4.5
58.2 4.57
57.2 4.69
56.3 4.78
55.3 4.87
54.2 4.99
53.2 5.08
52.2 5.23
51.3 5.32
50.2 5.44
49.2 5.53
48.2 5.67
47.3 5.81
46.2 5.95
45.2 6.12
44.2 6.26
43.4 6.42
42.4 6.56
41.4 6.75
40.4 6.91
39.4 7.12
38.5 7.33
37.4 7.52
36.5 7.73
35.4 7.97
34.5 8.22
33.6 8.46
32.5 8.72
31.5 9
30.5 9.3
29.5 9.61
28.6 9.91
27.5 10.3
26.6 10.6
25.6 11
24.6 11.3
23.6 11.7
22.6 12.2
21.5 12.6
20.6 13.1
19.6 13.6
18.7 14.2
17.7 14.8
16.7 15.4
15.7 16.1
14.7 17
13.8 18
12.8 18.9
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Table B5: Oil Samples 17, 23 and 24 Viscosities at Different Temperatures.

S 117 S /23 SI 24
Tem pera tu re V is co s ity

°C cP
59.1 26.6
58.3 26.7
57.3 27.2
56.3 27.8
55.2 28.4
54.3 29.4
53.2 30.3
52.2 31.2
51.2 32.2
50.1 33.3
49.1 34.5
48.1 35.8
47.1 37.2
46.0 38.7
45.0 40.3
44.1 41.9
43.2 43.7
42.1 45.5
41.1 47.5
40.1 49.7
39.2 51.7
38.2 54.2
37.1 56.7
36.1 59.5
35.1 62.3
34.1 65.6
33.1 69.2
32.1 72.8
31.1 76.7
30.0 80.9
29.2 85.5
28.1 90.4
27.1 95.9
26.1 101.5
25.1 107.9
24.0 114.8
23.0 122.5
22.0 130.8
21.0 139.7
19.9 149.8

Tem pera tu re V is co s ity
°C cP
59.1 2.69
58.3 2.72
57.2 2.77
56.1 2.79
55.2 2.84
54.2 2.91
53.1 2.93
52.2 2.98
51.1 3.05
50.1 3.09
49.1 3.14
48.1 3.19

. 47.0 3.26
46.0 3.33
45.0 3.4
44.2 3.47
43.2 3.51
42.1 3.61
41.1 3.66
40.0 3.73
39.2 3.8
38.2 3.87
37.1 3.96
36.0 4.03
35.1 4.1
34.1 4.19
33.1 4.31
32.1 4.38
31.0 4.5
30.0 4.59
29.1 4.71
28.1 4.85
27.0 4.99
26.1 5.11
25.1 5.25
24.0 5.41
23.0 5.55
22.0 5.72
20.9 5.88
19.8 6.07
19.1 6.26
18.1 6.44
17.0 6.68
16.0 6.91
15.0 7.19
14.0 7.45
13.0 7.76
12.0 8.04
11.0 8.41
9.9 8.79
8.9 9.23
7.9 9.68

Tem pera tu re V is co s ity
°C cP
59.1 2.46
58.2 2.5
57.2 2.53
56.2 2.58
55.2 2.62
54.2 2.68
53.2 2.73
52.1 2.79
51.1 2.83
50.1 2.89
49.1 2.95
48.1 3.01
47.0 3.07
46.0 3.13
45.0 3.21
44.2 3.27
43.1 3.34
42.1 3.42
41.1 3.49
40.1 3.57
39.2 3.66
38.2 3.73
37.1 3.82
36.0 3.93
35.1 4
34.1 4.11
33.1 4.2
32.1 4.3
31.1 4.41
30.0 4.53
29.1 4.65
28.1 4.78
27.0 4.92
26.1 5.05
25.0 5.19
23.9 5.35
22.9 5.52
21.9 5.68
20.9 5.85
19.9 6.03
19.1 6.22
18.1 6.43
17.0 6.66
16.0 6.9
15.0 7.15
14.0 7.42
13.0 7.72
12.0 8.05
10.9 8.43
19.9 6.03
8.9 9.21
8.1 9.63
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Table B6: Oil Samples 25, 26 and 27 Viscosities at Different Temperatures.

SI 25 SI 26   SI 27
Temperature Viscosity Temperature Viscosity Temperature Viscosity

°C cP °C cP °C cP
59.1 2.53 59.1 2.65 59.1 2.65
58.3 2.56 58.2 2.67 58.2 2.69
57.2 2.61 57.2 2.72 57.2 2.74
56.2 2.65 56.2 2.77 56.2 2.77
55.2 2.71 55.2 2.81 55.2 2.81
54.2 2.77 54.1 2.86 54.1 2.86
53.2 2.82 53.1 2.91 53.1 2.91
52.1 2.85 52.1 2.98 52.2 2.95
51.1 2.92 51.1 3.02 51.1 3.02
50.1 2.95 50.1 3.07 50.1 3.07
49.1 3.01 49.0 3.14 49.1 3.14
48.1 3.1 48.0 3.21 48.1 3.19
47.0 3.13 47.0 3.28 47.0 3.23
46.0 3.22 46.0 3.33 46.0 3.3
45.0 3.3 45.0 3.4 45.0 3.37
44.0 3.36 44.1 3.47 44.2 3.44
43.1 3.45 43.1 3.56 43.2 3.51
42.1 3.51 42.1 3.63 42.1 3.59
41.1 3.57 41.0 3.7 41.1 3.68
40.1 3.61 40.0 3.77 40.1 3.73
39.1 3.75 39.1 3.84 39.2 3.8
38.1 3.81 38.1 3.89 38.1 3.87
37.1 3.9 37.1 3.96 37.1 3.91
36.1 3.94 36.0 4.03 36.1 4.01
35.0 4.06 35.1 4.1 35.1 4.08
34.1 4.18 34.1 4.19 34.1 4.17
33.1 4.29 33.1 4.29 33.1 4.26
32.1 4.36 32.0 4.36 32.1 4.36
31.1 4.47 31.1 4.48 31.1 4.48
30.0 4.57 30.1 4.57 30.0 4.57
29.1 4.71 29.1 4.69 29.1 4.69
28.1 4.86 28.1 4.8 28.1 4.83
27.1 4.96 27.1 4.92 27.1 4.97
26.0 5.14 26.0 5.08 26.0 5.11
25.0 5.26 25.0 5.23 25.1 5.23
24.0 5.4 23.9 5.34 23.9 5.39
22.9 5.59 23.0 5.48 23.0 5.55
22.0 5.73 21.9 5.65 21.9 5.72
20.9 5.91 20.8 5.83 21.0 5.88
20.0 6.1 19.9 6 19.9 6.02
19.1 6.33 19.1 6.19 19.1 6.23
18.1 6.49 18.0 6.35 18.1 6.47
17.0 6.7 17.0 6.58 17.0 6.7
15.9 6.97 16.0 6.82 16.0 6.91
14.9 7.21 15.0 7.05 15.0 7.19
13.8 7.53 14.0 7.31 14.0 7.47
12.9 7.78 13.0 7.62 13.0 7.78
12.1 8.08 12.0 7.92 12.0 8.11
11.0 8.47 10.9 8.25 11.0 8.46
9.8 8.89 10.0 8.62 9.9 8.86
9.4 9.22 9.2 9 9.1 9.3
7.9 9.75 8.1 9.47 7.9 9.77
7.1 10.2 6.8 9.98 6.9 10.3



Table B7: Oil Sample 28 Viscosity at Different Temperatures.

S /28
Tem pera tu re V is co s ity

°C cP
59.1 2.62
58.3 2.65
57.2 2.67
56.2 2.74
55.2 2.77
54.2 2.81
53.1 2.84
52.1 2.88
51.2 2.93
50.1 2.98
49.1 3.02
48.1 3.12
47.0 3.16
46.0 3.21
45.1 3.28
44.0 3.35
43.2 3.42
42.2 3.49
41.1 3.56
40.1 3.66
39.1 3.73
38.1 3.8
37.1 3.87
36.1 3.94
35.1 4.01
34.1 4.1
33.1 4.19
32.1 4.29
31.1 4.41
30.0 4.5
29.1 4.62
28.2 4.73
27.0 4.87
26.0 5.01
25.0 5.16
24.0 5.3
23.0 5.44
21.9 5.58
21.0 5.74
19.9 5.9
19.1 6.12
18.1 6.3
17.0 6.51
16.0 6.77
15.0 7.01
14.1 7.29
13.0 7.57
12.0 7.9
11.0 8.25
9.9 8.62
9.0 9.04
7.9 9.49
6.9 9.94
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Appendix C

Viscometry Wax Appearance Temperature Plots

S a m p le  01

1/T (1/K)

Figure C l: Sample 01 Viscometry WAT Plot.

Sam ple 02

1/T (1/K)

Figure C2: Sample 02 Viscometry WAT Plot.



Sample 03

1/T (1/K)

Figure C3: Sample 03 Viscometry WAT Plot.

Sample 04

1/T (1/k)

Figure C4: Sample 04 Viscometry WAT Plot.
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Sample 05

1/T (1/K)

Figure C5: Sample 05 Viscometry WAT Plot.

Sam ple 06

1/T (1/K)

Figure C6: Sample 06 Viscometry WAT Plot.
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Sample 07

1/T (1/K)

Figure C7: Sample 07 Viscometry WAT Plot.

Sample 08

1/T (1/K)

Figure C8: Sample 08 Viscometry WAT Plot.



Sample 10

1/T (1/K)

Figure C9: Sample 10 Viscometry WAT Plot.

Sample 13

1/T (1/K)

Figure CIO: Sample 13 Viscometry WAT Plot.
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Sample 14

1/T (1/K)

Figure Cl 1: Sample 14 Viscometry WAT Plot.

Sample 16

1/T (1/K)

Figure C l2: Sample 16 Viscometry WAT Plot.
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Sample 17

1/T (1/K)

Figure C l 3: Sample 17 Viscometry WAT Plot.

Sample 23

1/T (1/K)

Figure C l4: Sample 23 Viscometry WAT Plot.
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Sample 24

1/T (1/K)

Figure C l 5: Sample 24 Viscometry WAT Plot.

Sample 25

1/T (1/K)

Figure C l6: Sample 25 Viscometry WAT Plot.
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Sample 26

1/T (1/K)

Figure C l 7: Sample 26 Viscometry WAT Plot.

Sample 27

1/T (1/K)

Figure C l8: Sample 27 Viscometry WAT Plot.
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Sample 28

1/T (1/K)

Figure C l 9: Sample 28 Viscometry WAT Plot.
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Appendix D 

Effect of Cooling Rate on WAT

1/T (1/K)

Figure D1: WAT Plot for Sample 04 at 3°C/min.

1/T (1/K)

Figure D2: WAT Plot for Sample 04 at l°C/min.
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1/T (1/K)

Figure D3: WAT Plot for Sample 04 at 0.25°C/min.

1/T (1/K)

Figure D4: WAT Plot for Sample 05 at 3°C/min.
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1/T (1/K)

Figure D5: WAT Plot for Sample 05 at l°C/min.

1/T (1/K)

Figure D6: WAT Plot for Sample 05 at 0.25°C/min.
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1/T (1/K)

D7: WAT Plot for Sample 06 at 3°C/min.

1/T (1/K)

Figure D8: WAT Plot for Sample 06 at l°C/min.
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1/T (1/K)

Figure D9: WAT Plot for Sample 06 at 0.25°C/min.


