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ABSTRACT 


The rheological behavior of waxy crude oils is crucial in the design of pipelines 

for transportation and down-stream processing equipment. Most of these types of crude 

oils exhibit a combination of time-independent and time-dependent rheological 

properties. 

A differential Scanning Calorimeter was used to investigate the phase behavior of 

the paraffinic mixtures. Additional experiments for the wax appearance temperature 

were performed using video-microscopy, differential scanning calorimetry, viscometry 

and a visual method. 

The rheological measurements were performed using a concentric cylinder viscometer. 

Experiments were performed with prepared samples of paraffinic mixtures, using 

dodecane or hexadecane as the solvent and a paraffin wax as the solute. The effects of 

mixture composition, cooling rate and shear rate on the apparent viscosity were studied 

over a range of temperatures. The variations in viscosity with composition and shear rate 

were found to be quite significant; however, the effect of cooling rate was not as 

appreciable. The experimental data have been correlated by the following equation for 

apparent viscosity: 

In ~pp = A + B 11 + C Y-D·5+ D w 
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CHAPTERl 

INTRODUCTION 


At higher temperatures, generally above 30-40·C, most waxy crude oils behave as 

simple Newtonian liquids. Below a certain critical temperature (known as the wax 

appearance temperature or WAT), which is unique for a given crude oil, wax crystals 

start to appear and become suspended in the Newtonian base liquid (Ronningsen, 1992). 

As the temperature is reduced further, wax crystals grow in size and precipitate from the 

solution. The precipitated wax may adhere to cold surfaces, which may give rise to 

problems during storage, transportation, handling and processing. Moreover, as more 

wax precipitates with a further lowering of temperature, the rheological behavior 

becomes distinctly non-Newtonian. The non-Newtonian behavior exhibited by these 

waxy crude oils ranges from time-independent characteristics such as Bingham 

plasticity and pseudoplasticity to more complex time-dependent characteristics such as 

thixotropy. Ultimately, the interaction of wax crystals gives rise to an interlocking 

structural network (Billington, 1960; Ronningsen, 1992). 

Because of the presence of a gel structure, waxy crude oils display complex rheology, 

and at least eight parameters affecting their flow behavior have been identified 

(Cawkwell et aI., 1989; Mehrotra, 1990). Of these, the more important variables are 

thermal history, shear history, aging and composition. 
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In order to study the rheological phenomena associated with the flow of crude oils, it 

is necessary to understand their time-dependent rheological behavior. The time

dependent behavior observed is largely due to the breakdown of the gel structure 

fonned during cooling. Although the exact nature of the structure is not well defined, it 

is believed to be a result of the fonnation of crystalline complexes by the paraffin, 

asphaltene and resin constituents (Petrillis et at., 1973). In general, the breakdown of 

the structure with shear produces a reduction in the apparent viscosity. Recovery after 

shear is generally slight; a complete recovery is attained only after reheating and 

recooling of the crude oil. 

Owing to the complex rheological behavior exhibited by waxy crude oils, 

measurement and modeling of their flow properties have been found to be very difficult. 

Various techniques have been used to measure the extent of thixotropy of different 

kinds of fluids. For the measurement of crude oil viscosity, which is a crucial design 

parameter, the most commonly used viscometers are cone and plate viscometers and 

concentric cylinder viscometers. A review of the different type of viscometers used has 

been done by Wardhaugh and Boger (1988). 

Numerous investigations, both theoretical and experimental, have been made to 

study the rheological behavior of thixotropic fluids . Many thixotropic and viscosity 

models have been proposed. Although these studies have led to a better understanding 

of the fundamental aspects of rheological behavior, when applied to calculate the 
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viscosity or time-dependent response of a crude oil, the results obtained from these 

models are far from satisfactory. 

1.1 Scope ofthe Study 

It was realized that, before a proper appreciation of the complicated wax mixtures 

present in oils can be hoped for, it is first necessary to examine simpler and well

defined systems. Accordingly, the main objectives of this study are as follows: 

• 	 To develop a model system, which has a close resemblance to actual crude oils. 

• 	 To study the rheological nature of the model system viz. pseudoplasticity, 

thixotropy, viscoelasticity. 

• 	 Investigate the effects of different variables viz. thermal history, shear rate and 

composition influencing the rheological behavior of the model system. 

• 	 To formulate a simple and reliable viscosity model. 

• 	 Study the effect of different techniques, viz. cross-polar microscopy (CPM) , 

differential scanning calorimetry (DSC), viscometry and a visual method, for the 

measurement of W AT. 
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• Study the phase behavior of the wax-solvent system. 

The present study thus constitutes an important step towards establishing a thorough 

understanding of the rheological and phase behavior of known paraffinic mixtures. It is 

anticipated that the results of this study will provide vital insight towards the 

understanding of more complex systems. 

Chapter 2 of the thesis presents a critical review of existing literature on rheological 

behavior of crude oils, in general, and waxy crude oilslknown paraffinic mixtures, 

particularly the factors affecting the rheological and phase behavior, existing 

rheological/viscosity and thixotropic models, and solid-liquid thennodynamic 

equilibrium models. 

Chapter 3 gives a detailed description of the experimental programme undertaken as 

part of this study. The discussion focuses on the materials used and their analysis, 

sample preparation, experimental procedures followed, and different instruments used 

to investigate rheological and phase behavior viz. concentric cylinder viscometer, 

Cannon-Fenske viscometer, constant stress rheometer and DSC. 

Chapter 4 presents the results of the rheological behavior and liquid-solid phase 

transfonnations. The need and reasons for using a model system and the model system 

used are described. The rheological nature of the model system with respect to 
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pseudoplasticity, thixotropy and viscoelasticity has been investigated. Pour point (PP) 

results as well as wax appearance temperature (W AT) results using different techniques 

are also discussed. W AT results have been compared with a solid-liquid thermodynamic 

equilibrium model. 

Chapter 5 presents the results of the effect of different factors viz. thermal history, 

shear history and composition on viscosity of wax-solvent mixtures. Effects of three 

shear rates (6.12, 24.47 and 61.18 S-I) and two cooling rates (5 and lOoC/h) on the 

viscosity of 6 different wax-solvent mixtures, at different temperatures are described. A 

non-Newtonian viscosity model is also developed and analyzed. 

Finally, Chapter 6 summarizes the important conclusions of this study and it presents 

some specific recommendations for future work in this area of research. 
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CHAPTER 2 

LITERATURE REVIEW 

2.1 Background ofthe Study 

The majority of crude oils and crude oil products contain substantial amounts of 

petroleum wax. Two types of waxes are commonly encountered in crude oils, i.e., 

macrocrystalline/paraffinldistillate waxes composed of mainly straight-chain paraffins (n

alkanes) with varying chain length (about C20 to Cso) and microcrystalline/amorphous 

waxes also containing a high proportion of isoparaffins (branched chain alkanes) and 

naphthenes (cyclic alkanes) with somewhat higher carbon numbers (C30 to C60) (Kok et 

ai., 1999). Depending on the kind of crude oil, the wax composition may range from 

predominantly low molecular weight n-alkanes to high proportions of high molecular 

weight isoalkanes and cyclic alkanes. Paraffin wax is the major constituent of most solid 

deposits from crude oils. Typically, waxy deposits from crude oils consist of about 40 to 

60% paraffin wax and less than 10% microcrystalline wax (Bucaram, 1967). The 

logarithm of mole fraction versus carbon number plot is linear for many crude oils 

(Pedersen et al., 1992). A semilogarithmic distribution of carbon number, typical of many 

naturally occurring petroleum fluids, is shown in Figure 2.1 (Carnahan, 1989). 
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Figure 2.1: Typical crude oil composition versus carbon number 

(Carnahan, 1989). 
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At sufficiently high temperatures, most crude oils, despite their compositional 

complexity, behave like simple Newtonian liquids, i.e. having a unique viscosity at any 

given temperature. A parameter of particular practical importance is the wax appearance 

or precipitation temperature (W AT or WPT), traditionally known as the cloud point (CP), 

at which visible crystallization commences, and below which deposition problems are 

likely to arise. A portion of the wax adheres to the cold surface/inner side of the wall and 

the rest precipitates in the bulk oil phase as solid particles. The wax particles in the bulk 

increase the apparent viscosity of the oil and give rise to an increased pressure drop in the 

pipeline. When present in sufficiently high concentrations, the wax particles gradually 

change the flow behavior of the crude oil from Newtonian to non-Newtonian behavior. 

This transition typically occurs about 1O-15°C below the W AT, but the temperature may 

vary depending upon the composition or "waxiness" of the crude oil. Ultimately, when 

cooled further towards the pour point, the oil turns into a gelled, solid-like state 

exhibiting highly non-Newtonian behavior. The non-Newtonian behavior exhibited by 

these waxy crude oils ranges from time-independent characteristics such as Bingham 

plasticity and pseudoplasticity to more complex time-dependent characteristics such as 

thixotropy. 

2.1.1 Different Treatment Techniques 

Because of the phenomenon of wax separation/precipitation from waxy crude oils at 

low temperatures, their production, transportation, storage and processing present 
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numerous problems. A large number of techniques are used for improving the flow 

properties of waxy crude oils to facilitate their transportation by pipelines. These include 

(Datta et al., 1990): 

• 	 Mixing with water and forming emulsions. 

• 	 Dilution with other hydrocarbons, such as less waxy oils or light distillate. 

• 	 Pre-heating the crude oil and subsequent heating of flow lines to maintain the oil 

above a certain minimum temperature. 

• 	 Subjecting the crude initially to a special heating/cooling treatment cycle designed to 

change the wax crystal structure in a way which reduces both the pour point and the 

viscosity at the pumping temperature. 

• 	 Injecting water to form a layer between the pipe wall and the crude oil. 

• 	 Injecting chemical additives called pour point depressents (PPDs) to modify the wax 

structure in the crude oil. 

A novel slurry process for transportation of waxy, high pour point crude was 

discussed by Drayer (1980). The process involved three major steps: 

• 	 Distillation of the crude oil into a low pour point overhead and a high pour point 

residual. 

• 	 Formation of solid particles from the residual. 
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• 	 Addition of the solid particles to the overhead fraction to a solid concentration 

suitable for pipelining. 

In all of the above-mentioned techniques, significant operational costs are incurred. 

Hence, in order to avoid the problems arising out of wax separation/precipitation from 

crude oils, it is necessary to understand the flow/rheological behavior of these oils. 

2.2 Types ofNon-Newtonian Fluids 

Non-Newtonian fluids are usually considered to be those for which the relation 

between the shear stress and the rate of shear is not linear, that is, the viscosity of a non

Newtonian fluid is not constant at a given temperature and pressure but depends on the 

rate of shear or, more generally, on the previous kinematic history of the fluid. Non-linear 

fluids in shear flow may be classified into three broad types (Figure 2.2): 

(a) Fluids for which the rate of shear at any point is some function of the shear stress at 

that point and depends on nothing else i.e. time-independent fluids; 

(b) More complex systems for which the relation between the shear stress and the rate 

of shear depends on the time the fluid has been sheared i.e. time-dependent fluids; 
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Figure 2.2: Different types of non-Newtonian fluids. 
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(c) Systems which have characteristics of both solids and fluids and exhibit partial 

elastic recovery after deformation; these are called viscoelastic fluids. 

2.2.1 Time-Independent Non-Newtonian Fluids 

Fluids of the first type whose properties are independent of time may be 

described, in a simple shearing experiment, where the only velocity component u is in the 

x-direction and all velocity variations are in the y-direction, by a rheological equation of 

the form 

du . 
-=f('t)='¥ (2.1)
dy 

This equation implies that the rate of shear ( '¥) at any point in the fluid is a function of 

the shear stress ('t) at that point. Such fluids may be conveniently subdivided into three 

distinct types depending on the nature of the function (2.1). These types are 

(a) Bingham plastics; 

(b) Pseudoplastic fluids; 

(c) Dilatant fluids. 

Typical flow curves for these three fluids are shown in Figure 2.3; the linear relation 

typical of Newtonian fluids is also shown. 
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2.2.1.1 Bingham Plastics 

A Bingham plastic fluid is characterized by a flow curve, which ,is a straight line 

having an intercept 't y , which is the magnitude of the stress that must be exceeded before 

the flow starts. 

The rheological equation for a Bingham plastic may be written as (y > 0 ) 

't -'t =11 y ; y , I p (2.2) 

where IIp, the plastic viscosity, is the slope of the flow curve. 

2.2.1.2 Pseudoplastic Fluids 

Pseudoplastic fluids show no yield stress and the typical flow curve for these materials 

indicates that the ratio of shear stress to the rate of shear, which is termed the viscosity, 

decreases progressively with shear rate and the flow curve becomes linear only at very 

high rates of shear. This limiting slope is known as the viscosity at infinite shear. The 

logarithmic plot of shear stress and rate of shear for these materials is often found to be 
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Figure 2.3: Shear stress versus shear rate curves: (a) Bingham plastic, (b) 

Pseudoplastic fluid and (c) Dilatant fluid. Dotted line represents 

Newtonian fluid. 
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linear with a slope between zero and unity. As a result, an empirical function known as 

'power law' is widely used to characterize fluids of this type. This relation may be written 

as 

n-I I (2.3)'t=ky y.
I 

where k and n are constants (n < 1) for the particular fluid: k is a measure of the 

consistency of the fluid, the higher k the more 'viscous' the fluid; n is a measure of the 

degree of non-Newtonian behavior, and the greater the departure from unity the more 

pronounced are the non-Newtonian properties of the fluid. The index may often be 

regarded as constant over several decades of shear rate. 

The viscosity of a power-law fluid may be expressed in terms of k and n since 

n- I 

Il='t /y =ky (2.4) 

and since n < 1 for pseudoplastics the viscosity function decreases as the rate of shear 

increases. Other empirical equations have also been used to describe pseudoplastic 

behavior (Wilkinson, 1960). One physical interpretation of this phenomenon is that with 

increasing rates of shear the molecules (or the structure) are progressively aligned. 
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Instead of the random intermingled state, which exists when the fluid is at rest, the 

major axes are brought into line with the direction of flow and the viscosity decreases. 

2.2.1.3 Dilatant Fluids 

Dilatant fluids are similar to pseudoplastics in that they show no yield stress but the 

viscosity for these materials increases with increasing rates of shear (n > 1). The power

law equation is again often applicable but in this case the index n is greater than unity. In 

the chemical process industry, dilatant fluids are much less common than pseudoplastic 

fluids. 

2.2.2 Time-Dependent Non-Newtonian Fluids 

Many real fluids cannot be described by a simple rheological equation such as 

equation (2.1), which applies to fluids for which the relation between shear stress and 

steady shear rate is independent of time. The rheology of more complex fluids depends 

not only on the rate of shear but also on the time the (constant) shearing has been applied. 

These fluids may be subdivided into two classes: 

(a) Thixotropic fluids 

(b) Rheopectic fluids 
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The shear stress decreases for thixotropic fluids and increases for rheopectic fluids 

with time when the fluid is sheared at a constant rate. 

2.2.2.1 Thixotropic Fluids 

Thixotropic materials are those whose consistency depends on the duration of shear as 

well as on the rate of shear. If a thixotropic material is sheared at a constant rate after a 

period of rest, the structure will be progressively broken down and the viscosity will 

decrease with time. More discussion on thixotrpy is presented later in this chapter. 

2.2.2.2 Rheopectic Fluids 

This is the case of gradual formation of structure by shear. When this kind of fluid is at 

rest, the structure gradually disintegrates. However this behavior is only noted at 

moderate rates of shear, for if shearing is rapid the structure does not form. 

2.2.3 Viscoelastic Materials 

In the classical linearized theory of elasticity, the stress in a sheared body is taken 

to be proportional to the amount of shear. In most materials, under suitable 

circumstances, effects of both elasticity and viscosity are noticeable. If these effects are 
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not further complicated by the time-dependent behavior mentioned above, the material 

is called viscoelastic. More discussion on viscoelasticity is presented later in this chapter. 

2.3 Rheology of Waxy Crude Oils 

Most waxy crude oils exhibit a combination of time-independent and time

dependent rheological properties. The presence of wax crystals leads to a wide range of 

non-Newtonian characteristics including yield stress, pseudoplasticity (shear thinning), 

time-dependency, but most importantly, a dependence of the flow properties on the prior 

treatment received by the oil, that is, on the shear and thermal history. Consequently, for 

a waxy or viscous oil, a wide range of viscosities are possible at a given temperature and 

rate of shear for different shear and thermal history. Hence, the measurement and 

modeling of the flow properties of waxy crude oils has been found to be difficult 

(Wardhaugh et ai., 1987). 

2.3.1 Factors Affecting Rheological Behavior 

Because of the presence of gel structure, waxy crude oils display complex 

rheology, and at least eight parameters affecting their flow behavior have been identified 

(Cawkwell et ai., 1989). Of these, the more important variables are the thermal history, 

shear history, aging and composition. The effects of these variables have been 

investigated by many researchers over the years; but some conflicting conclusions have 

been reported (Chang and Boger, 2000). 
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2.3.1.1 Effect o/Thermal History 

Thermal history includes the initial temperature to which a sample is heated, 

cooling rate, final temperature and isothermal holding time before testing. The effect of 

cooling rate on the rheological properties of crude oils has been studied by many 

researchers (Petrellis et ai., 1973; Wardhaugh, 1986, 1987; Ronningsen et aI., 1991; 

Ronningsen, 1992; Chang et aI., 2000). Petrellis et al. (1973) used 98 °FIh, 30 °FIh and 

shock cooling to investigate the effect of cooling rate on viscosity. Wardhaugh (1986, 

1987) used different cooling rates (5, 9, 17 and 45 °CIh), in different temperature regions, 

at a constant shear rate (29 S-l) to investigate its effect and concluded that the cooling rate 

(and its possible effect on crystal size and shape), given sufficient time of shear, has a 

negligible effect on the equilibrium flow properties. Ronningsen (1992) used two 

different cooling rates (6 and 9 °CIh) in different temperature regions. The influence of 

thermal history on the waxy structure of statically cooled waxy crude oil was studied, in 

detail, by Chang et al. (2000). The cooling processes with various cooling rates and 

isothermal holding times were recorded to observe the influence of the cooling process 

on the wax crystals and the structure. The authors concluded that the temperature is the 

most significant factor influencing the rheological properties of waxy crude oils; slower 

cooling rate results in larger wax crystals and more agglomeration; the effect of holding 

time before testing is less significant than the effect of temperature and cooling rate. 

However, the results for the effect of cooling rate on yield stress were not in agreement 

with results of the previous studies (Barry, 1971; Perkins et aI., 1971; Petrellis et al., 
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1973; Cawkwell et al., 1989; Ronningsen, 1992). Lack of strict temperature control has 

been mentioned as a possible reason for conflicting conclusions. 

One of the important features of all of these studies is that the researchers either 

used different cooling rates in different temperature regions or the cooling rates were too 

low or too high as compared to the range of cooling rates encountered in actual pipelines 

for transporting crude oils. Also, with some exceptions, they did not specify whether the 

data were time-independent or time-dependent and how much time was allowed for the 

sample to reach equilibrium at any test temperature. 

2.3.1.2 Effect ofShear History 

The effect of shear history on rheological properties has been studied by 

numerous researchers (Billington, 1960; Govier et aI., 1972; Petrellis et aI., 1973; 

Sifferman et al., 1979; Wardhaugh et aI., 1987, 1988, 1991; Lorge et aI., 1997; 

Ronningsen, 1991). Billington (1959) used four different shear rates in the range of 1 to 9 

S·l to study the effect of shear rate on viscosity with time. The viscosity and thixotropic 

measurements were made in the temperature range of 0 - 5°C and 0 - 37°C respectively. 

Petrellis et al. (1973) studied the effect of shear rate on viscosity in the range of 0.2 - 85 

S·l. Sifferman et al. (1979) studied the effect of shear rate (1 - 1000 S· l) on viscosity of 

Indonesian and Libyan crude oils. Wardhaugh et al. (1987) used shear rates in the range 

of 7 - 115 S·l to investigate its effect on the flow properties of waxy crude oils. Lorge et 
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ai. (1997) used shear rates in the range of 50 - 1000 S-1 to study its effect on viscosity of 

an Indonesian crude oil with 23% of n-paraffin (>C IO). Ronningsen (1991) used shear 

rates of up to 600 S-1 to study its effect on rheological properties of 8 North Sea crude oils 

(total wax: 10 -20 wt. %). All of these investigations concluded that the effect of shear 

history on rheological behavior is significant. However, the temperature and thermal 

history may not have been controlled strictly while investigating the effect of shear 

history. 

2.3. J.3 Effect ofComposition 

The effect of composition on rhelogical behavior was studied by many 

researchers (Agarwal et ai., 1989, 1994; Ronningsen et ai., 1991; Brown et ai. , 1994; 

Abdel-Waly, 1997; Lakshrni et ai., 1997). Agarwal et ai. (1989, 1994) used the method 

of urea abduction to deparaffinize the crude oil and then worked with different mixtures 

of deparaffinized crude oil and paraffins (upto 5 wt. %) abducted by urea. Ronningsen et 

ai. (1991) worked with 17 different crude oils obtained from the North Sea (total wax: 0 

20 wt. %). The rheological results at lower temperatures presented by Lakshmi et ai. 

(1997) are found to be inconsistent. They have reported a decrease in viscosity with 

decrease in temperature. 
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2.3.1.4 Effect ofAging 

The effect of aging on viscosity and yield stress was studied by Ronningsen 

(1991). He found that the difference between the measurements taken after 10 and 44 h 

aging periods was within the limits of experimental uncertainty and hence concluded that 

it is not a significant variable. It was also found, from Nuclear Magnetic Resonance 

(NMR) experiments (Pedersen et al., 1991a), that the same amount of wax was 

precipitated at a given temperature regardless of whether the sample was cooled at a rate 

of lO°C/h or was equilibrated for 24 hrs. However, Petrellis et ai. (1973) reported a 100% 

increase in the viscosity at room temperature in a time period of 24 h. 

2.3.2 Time-Dependency 

In order to study the rheological phenomena associated with the flow of crude oils, it is 

necessary to understand their time-dependent rheological behavior. Such behavior is 

common to many industrial fluids and consequently it has been of interest to rheologists 

for many years. This type of behavior can stern from one (or more) of three basic 

mechanisms; (1) elasticity of the fluid; (2) reversible thixotropy or antithixotropy; and (3) 

irreversible shear or other flow degradation. 

The time-dependent behavior observed is largely due to the breakdown of the 

crystalline structure formed during cooling. Although the exact nature of the structure is 
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not well defined, it is believed that it is a result of the fonnation of crystalline 

complexes by the paraffin, ashphaltene and resin constituents. In general, the breakdown 

of the structure with shear produces a reduction in the apparent viscosity. Recovery after 

shear is generally slight; a complete recovery is obtained only after reheating and 

recooling (Petrillis et aI., 1973). The rheological response of time-dependent thixotropic 

fluids is generally specified in tenns of a rheological equation of state involving a time

dependent structural parameter coupled with a rate expression for the time decay of this 

structural parameter. 

Billington (1959) studied the time-dependence of the viscosity of thixotropic fluids. He 

introduced a time-dependent yield value that relates the instantaneous value of the 

observed viscosity, for a given rate of shear, to a time-independent residual viscosity. 

Petrellis et al. (1973) presented a kinetic and rheological model which quantitatively 

described the shear degradation and equilibrium behavior. Ronningsen (1992) developed 

a model for the time-dependent viscosity as a function of equilibrium viscosity, viscosity 

of the Newtonian solvent, time and two material constants. 
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2.3.3 Thixotropy 

The concept of thixotropy is nearly as old as modem rheology. Together with the 

related effect of yield stress, it probably constitutes one of the major remaining problems 

in theoretical rheology. Research in this field has, so far, not resulted in a satisfactory 

picture of the mechanisms governing thixotropy. At present, there exists a rather general 

agreement to define thixotropy as the continuous decrease of apparent viscosity with time 

under shear and the subsequent recovery of viscosity when the flow is discontinued. 

However, many other definitions of thixotropy still exist. 

The ensuing mechanical response to stressing or straining of a structured liquid 

results in various rheological phenomena, either in the linear region where the 

microstructure responds linearly with respect to the stress and strain but does not itself 

change, or in the nonlinear region where the microstructure does change in response to 

the imposed stresses and strains, but does so reversibly (Barnes, 1997). The complication 

of thixotropy arises because this reversible microstructural change itself takes time to 

come about due to local spatial rearrangement of the components. This frequently 

observed time-response of a microstructure that is itself changing with time makes 

thixotropic behavior one of the greatest challenges facing rheologists today, in terms of 

its accurate experimental characterization and its adequate theoretical description. 
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When the network structure is disrupted by a uniform force, the shear stress/viscosity 

of a thixotropic liquid decreases until it reaches equilibrium. The microstructure is 

brought to a new equilibrium by competition between the processes of tearing apart by 

stress and flow induced collision. When the flow ceases, Brownian motion moves the 

elements of the microstructure around slowly to more favourable positions and rebuilds 

the structure. But here a distinction must be made between theoretical and practical scales 

of time. Theoretically, an equilibrium value of shear stress/viscosity of a fluid under the 

influence of constant external force can be reached after a very long time period. 

However, for all practical purposes a reasonable time, when the equilibrium value of 

shear stress/viscosity is nearly reached or when the rate of change of this equilibrium 

value is small, must be selected at which measurements are to be taken. The rebuilding 

process can take many hours to complete (Barnes, 1997). 

Mewis (1979) has given a general review of the time-dependent behavior associated 

with thixotropy. Experimental methods for the measurement of thixotropy, explanation 

for the occurrence of this phenomenon and a good theoretical description are also given. 

Recently, an excellent critical review, including the different definitions of thixotropy, its 

history, and description of the associated phenomena was presented by Barnes (1997). A 

list of the examples of systems exhibiting this phenomenon was also provided. Some 

complex mathematical models were also described. 
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Petrellis et al. (1973) used a simple hysteresis test to investigate the rheological 

response of crude oils at small shear rates . . The unstressed sample was subjected to a 

small sinusoidal increase and decrease in shear rate. They found that the structure 

appeared to experience a build-up with the repeated application of shear rate. This 

behavior is common to rheopectic suspensions in which the coagulation and the 

agglomeration of particles are facilitated by the movement of the fluid. Vinogradov et al. 

e1982) studied the thixotropic characteristics in conjunction with viscoelastic 

characteristics of highly paraffinic crude oils in different shear deformation mode: in the 

intermittent mode at different amplitudes and in the continuous mode at steady state flow. 

They also studied the influence of vibration on the viscosity, at different temperatures, as 

well as its variation with time after the deformation had ceased. The time-dependent 

thixotropic behavior of highly paraffinic crude oil was studied by Matveenko et al. 

(1995). They found the system to be pseudoplastic with clearly pronounced thixotropic 

properties, as indicated by the hysteresis loop. 

2.3.4 Viscoelasticity 

The term 'viscoelastic' means the simultaneous existence of viscous and elastic 

properties in a material. It is not unreasonable to assume that all real materials are 

viscoelastic, i.e. in all materials, both viscous and elastic properties coexist. The 

particular response of a sample in a given experiment depends on the time-scale of the 

experiment in relation to a natural time of the material. Thus, if the measurement is 

performed relatively slowly, the sample will appear to be viscous rather than elastic, 
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whereas if the experiment is relatively fast it will appear to be elastic rather than 

viscous. At intermediate time-scales, a mixed (viscoelastic) response is observed (Barnes 

et aI., 1989). 

2.3.4.1 Causes of Viscoelasticity 

Many polymeric liquids, being melts or solutions in solvents, have long chain 

molecules which in random fashion loop and entangle with other molecules. These 

molecules maintain a minimum energy state at rest. A deformation stretches the 

molecule, or at least segments of such a molecule, in the direction of the force applied. 

Stretching raises the energy state of the molecules. When the deformation force is 

removed, the molecules try to relax, i.e. to return to the unstretched minimum energy 

state. These long chain molecules do not act alone in an empty space but many of similar 

molecules interloop and entangle with each other. Non-permanent junctions are formed at 

entanglement points leading to a more or less wide chain network with molecule 

segments as connectors (Schramm, 1994). 

When SUbjected suddenly to high shearing forces, these types of fluid initially show a 

solid-like resistance against being deformed within the limits of the chain network. In the 

second phase, the connector segments elastically stretch, and finally the molecules start to 

disentangle, orient and irreversibly flow one over the other in the direction of the 

shearing force. When small forces are applied the molecules have plenty of time to creep 
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out of their entanglement and flow slowly past each other. At slow rates of 

deformation, polymer liquids generally show viscous behavior. 

2.3.4.2 Measurement of Viscoelasticity 

In linear viscoelasticity, it is required that the applied stress leads to a proportional 

strain response; doubling the stress should double the strain. In the linear theory of 

viscoelasticity, the differential equations are linear. Also, the coefficients of the time 

differentials are constant. These constants are material parameters, such as the viscosity 

coefficient and rigidity modulus, and they are not allowed to change with changes in 

variables such as strain. Changing the test conditions, i.e. choosing very high stresses 

leading to non-proportional strains will provide elasticity and viscosity data which are 

greatly influenced by the chosen set of test parameters and the geometries of the sensor 

system (Schramm, 1994). 

Two different types of tests are used for measuring the viscoelastic response in 

the linear deformation region: the creep and recovery test, and the forced oscillation 

(dynamic) test. In the creep and recovery test, a constant stress (below the yield value) is 

applied and the time-dependent strain is measured. Plotting the strain response as a 

function of time, the deformation shows initially a rapid, often step-like increase, which 

is followed by a gradually decreasing slope of the strain curve that eventually approaches 

asymptotically a constant strain level parallel to the time abscissa. Once the stress is 
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removed, the recovery phase starts and the strain starts to decrease and eventually 

becomes parallel to the time abscissa. 

In the forced oscillation (dynamic) test, an oscillating stress or strain (e.g. 

sinusoidal), is applied to the material instead of a constant stress as done in creep and 

recovery test. Dynamic tests relate the assigned angular velocity or frequency to the 

resulting stress or strain. 

Vinogradov et al. (1982) investigated the viscoelastic characteristics of highly 

paraffinic crude oils (total wax - 25 wt. %) under conditions of periodic deformation 

(dynamic tests) . In the dynamic tests, the real component (elasticity or storage modulus) 

and the imaginary component (loss modulus) were determined. The viscosity was 

calculated by dividing the complex modulus by the frequency of oscillation. The crude 

oil samples tested were found to be viscoelastic in nature at 25°C. 

2.4 Different Pretreatment Methods 

Since the rheological properties of waxy crude oils are dependent upon thermal 

and shear history, it is necessary to ensure that the material's memory be erased before 

any rheological measurement is done. The same is true for experiments related to wax 

appearance temperature, pour point, and DSC measurement. Generally, raising the 
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temperature above the wax crystallization point and mixing to ensure complete 

dissolution of the wax crystals is sufficient to remove the material's memory (Wardhaugh 

et aI., 1988), although caution must be used to minimize the loss of light ends from the 

oil sample. However, there is no general agreement among the researchers on the level of 

temperature the samples must be heated to. 

For DSC measurements, the oil samples were heated to 70°C and stirred 

thoroughly to ensure complete dissolution of precipitated solids. Then they were left to 

cool to an ambient temperature (at a cooling rate of 10 °C/h) and shaken again to ensure 

homogeneity before samples were taken out (Hansen et aI., 1991). Hammami and 

Mehrotra (1995, 1996) annealed the samples of mixture of binary/ternary alkanes to 

120°C for 2 min and then studied their thermal and phase behavior at different 

cooling/scan rates using DSC. The pretreatment method for rheological measurements, 

followed by Ronningsen (1992) is: heating the samples at 80°C for 2 h and then cooling 

to different temperatures at different cooling rates. The pretreatment procedure (Chang et 

ai., 1998) included heating the samples to 95°C for 15 min and then cooling to 65°C in 

20 min. The conditioning treatment prior to rheological measurements of Cheng et aI. 

(2000) included heating the samples, depending upon the kind of crude oil, to 95°C for 

15 min or to 85°C for 15 min, and then cooling to 65°C or 60°C in 20 min. 
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2.5 Study ofKnown Paraffinic Mixtures 

Relatively few studies have been done to investigate the rheological and phase 

behavior of known paraffinic mixtures. Holder and Winkler (1965) used individual n

paraffins and binary mixtures of n-paraffins, ranging from CI6 to C2s, to study the cloud 

and pour points. They concluded that n-paraffins crystallize from solutions of their binary 

mixtures both independently and as solid solutions. They also found that the cloud and 

pour point curves were not linear for the mixtures studied. Hammami and Mehrotra 

(1995, 1996) and Paunovic (1999) studied different binary and ternary mixtures of n

paraffins, ranging from C25 to C50, to study their thermal and phase behavior using DSC. 

Magri et al. (1997) studied the rheological behavior, including cloud point using 

microscopy, of commercial model waxes (CIS, C 26, C 2S , and C 30) in decane. Abdel-Waly 

(1997) used different mixtures of a petroleum paraffin wax (C IS- C39) and a refined base 

oil to study the effect of different factors affecting rheological behavior. Al-Zahrani et al. 

(1998) also used a paraffin wax and a Saudi base oil to prepare different samples for 

rheological measurement and modeling. Singh et al. (2001) used a model system (Wax

C12) to study the wax precipitation and deposition from the solution. 
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2.6 Modeling Rheological Behavior 

The modeling of rheological behavior of waxy crude oils has been found to be 

difficult. Nevertheless, various attempts have been made to model the rheological 

behavior of time-dependent thixotropic fluids. The rheological response of time

dependent thixotropic fluids is generally specified in terms of a rheological equation of 

state involving a time-dependent rheological parameter coupled with a rate expression for 

the time decay/growth of this structural parameter. 

Many thixotropic models have been proposed. Cross (1965) and Petrellis et al. 

(1973) proposed rheological models, which included equilibrium values of the viscosity 

and a structural parameter. Houska (1981) developed a thixotropic model, which 

extended the Carleton et al. (1974) model. These models are based on the time-dependent 

generalization of the Bingham and power-law rheological models and contain 5 to 8 

parameters. Quemada (1998) presented a model, capable of modeling both steady non

Newtonian and thixotropic behaviors under shear, in which viscosity was a function of a 

single scalar shear and time-dependent structural variable. de Kee et al. (1998) presented 

a model to describe shear thinning and thixotropy, based on the model proposed by de 

Kee and Fong (1994), as a function of shear rate with three model parameters. 

Pedersen et al. (2000) presented a shear-rate dependent viscosity model, which is 

based on a correspondence between viscosity and volume fraction of precipitated wax, 
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and used the Casson rheological fluid model. Some other researchers (Al-Farsiss et ai., 

1988; Abdel-Waly et ai., 1997; AI-Zahrani et ai., 1998) have developed empirical and 

semi-empirical correlations for viscosity as a function of one or more of the variables viz. 

temperature, shear rate, and wax content of the mixture. 

2.7 Wax Appearance Temperature (WAT) and Pour Point (PP) 

Measurement of pour point (PP) and wax appearance temperature (W AT), also 

called wax precipitation temperature (WPT) , is very important for the investigation of 

rheological behavior. They are good indicators of the range of temperatures over which a 

crude oil would behave in non-Newtonian manner. 

2.7.1 Wax Appearance Temperature (WAT) 

Wax appearance temperature, traditionally known as cloud point or CP, is the 

temperature at which the first wax crystals appear upon cooling an oil. The W AT 

increases with increasing wax content of the crude oil, in particular with increasing n

paraffin content. However, not only the wax content but also the composition of wax and 

crude oil influence the solubility of wax and hence WAT. Different techniques, viz. 

microscopy (Magri et ai., 1997; Cheng et al., 2000; Karan et ai., 2000; Ronningsen and 

Karan, 2001), DSC (Hansen et ai., 1991; Kok et aI., 1999), Viscometry (Kok et aI., 1999; 

Ronningsen et aI., 1991), have been used for the measurement of WAT. A review of the 
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different methods for measurement and estimation of cloud point is given by Kruka et 

al. (1995). 

2.7.2 WAT Modeling 

From the thermodynamic point of view, WAT is the maximum temperature at 

which the solid and liquid phases exist in equilibrium, at a fixed pressure. Various 

attempts have been made towards thermodynamic modeling of WAT. Won (1986) 

presented a thermodynamic prediction method of vapor-liquid-solid wax phase equilibria 

of paraffinic mixtures. He used a modified regular solution theory for the liquid-solid 

equilibria and the Soave-Redlich-Kwong (SRK) equation of state for vapor-liquid 

equilibria. To account for the nonidealities in the condensed phase, he proposed new 

solubility parameters for solid solution constituents. Because of the scarcity and absence 

of the necessary data of pure components as well as mixtures, approximate estimation 

methods were used to calculate the molecular parameters for heavy components. 

Based on the model of Won (1986), Hansen et al. (1988) presented a model for 

the solid-liquid equilibrium based on multicomponent polymer solution theory for the oil 

phase, while the solid phases was assumed to be ideal. They used measured cloud points 

to determine the interaction parameters in their model. Forty (40) pseudocomponents 

were used to represent the crude oil mixture. Won (1989) presented another model, based 

on his earlier model (Won, 1986), for solid-liquid equilibria based on the assumption of 
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an amorphous solid wax phase. Pedersen et al. (1991b) presented a liquid-solid model 

using regular solution theory for both of the phases. The solid-phase solubility parameters 

were increased as compared to the solubility parameters of n-paraffins and the assumed 

amount of heat liberated during the liquid-wax transition were reduced as compared to 

the melting enthalpies of n-paraffins. The difference between liquid and wax phase heat 

capacities was also taken into consideration. Erickson et al. (1993) used the model of 

Won (1989) to develop a new model with some improvements. A distinction between 

normal and isoparaffin was made in the compositional analysis and the model was tuned 

with binary phase behavior data. Pedersen (1995) presented a model for prediction of 

wax precipitation from crude oil based on the assumption of an ideal solid phase. In this 

model, only a part of the C7+ components was regarded as being able to enter into a wax 

phase. The potentially wax forming fraction of a given C7+ component was assumed to 

decrease with carbon number. 

Lira-Galeana et al. (1996) developed a model based on the experimentally 

supported assumption that precipitated wax consists of several solid phases. It was also 

assumed that each solid phase is a pure component or pseudocomponent that does not 

mix with other solid phases. 
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2.7.3 Pour Point (PP) 

Flow properties of waxy crude oils are greatly affected by their pour point. 

However, the ambient conditions, where the crude oil is produced, transported and 

processed are also very important and must be considered. The pour point of waxy crude 

oils depends on the amount of wax content in the crude oil, the crystallization habit of the 

wax, and the shear stability of different wax structures. Wax precipitation, which 

basically is a result of a decreased carrying capacity of the fluid solvent, commences 

when the crude oil is cooled below its WAT. The crystals formed may develop an 

interlocking 3D structure that can effectively entrap the solvent oil and lead to higher 

viscosity and gelling of the oil. The temperature at which this happens is known as the 

pour point, where viscosity and flow properties change dramatically. Even with as little 

as 2% precipitated wax, gelling may occur (Hansen et ai., 1991). 

2.8 Phase Behavior Using Differential Scanning Calorimetry (DSC) 

2.8.1 Differential Scanning Calorimetry (DSC) 

Thermal analysis is the measurement of changes in physical properties of 

a substance as a function of temperature while the substance is subjected to a controlled 

temperature program. Thermal instruments capable of providing quantitative data using 
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dynamic calorimetric techniques are often classified as differential scanning 

calorimeters in order to differentiate these devices from those that provide only 

qualitative data. Giavarani and Pochetti (1973) noted that DSC is relatively quicker than 

most conventional experimental techniques and it needs a very small quantity of the 

sample. The applications of DSC are varied, e.g. estimation of purity, measurement of 

phase transition temperatures and identification of materials. 

A sample and the reference are both maintained at the temperature predetermined 

by the program even during a thermal event in the sample. The amount of energy that has 

to be supplied to or withdrawn from the sample to maintain zero temperature differential 

between the sample and the reference is an experimental parameter which is displayed as 

the ordinate of the thermal analysis curve. 

A DSC curve is a plot of differential power against temperature or time. The 

ordinate signal is proportional to the specific heat (or latent heat) of the sample, assuming 

no reaction is taking place. The specific heat at any temperature determines the amount of 

thermal energy necessary to change the sample temperature by a given amount. Any 

transition accompanied by a change in specific heat produces a discontinuity in the power 

signal, and exothermic or endothermic enthalpy changes give peaks whose areas are 

proportional to the total enthalpy change. 

However, the main problem in applying DSC is that sufficient solids/paraffins 

must crystallize before the properties of crude oil change enough for a phase transition 
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point/cloud point to be detected (Erickson et al., 1993). Another problem is the choice 

of the cooling rate. If it is too low, the test takes a long time; if it is too high, there is 

considerable superheating or supercooling. Obviously there must be a compromise, but 

there is little information on what it should be and what errors are likely (Girnzewski and 

Audley, 1993). 

2.8.2 Application of DSC to Study Phase Behavior 

Hansen et al. (1991) used differential scanmng calorimetry to study wax 

precipitation from a series of North Sea crude oils by measuring glass transition 

temperatures, wax precipitation and dissolution temperatures, and wax precipitation and 

dissolution enthalpies in the temperature range from +70°C to -140°C. The oils ranged 

from light paraffinic condensates to heavy waxy crudes including biodegraded and 

asphaltenic oils. They found that the glass transition temperatures were not correlated 

with the wax content but with the concentration of light components in the oil matrix; 

however, the wax precipitation and dissolution temperatures were much more closely 

related to the wax content. Also, the dissolution enthalpies were higher than the 

corresponding precipitation enthalpies. Kok et al. (1999) studied the wax appearance 

temperatures of eight crude oils using DSC and viscometry. WAT was determined by the 

intersection of the baseline and extrapolation of the peak. 
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Many other researchers (Giavarani and Pochetti, 1972; Maroncelli et ai., 1985; 

Gimzewski and Audley, 1993; Hammami and Mehrotra, 1995, 1996) have used DSC to 

study the thermal and phase behavior of pure, binary and multicomponent mixtures of n

alkanes or petroleum products. Smith and Pennings (1973) studied the eutectic 

crystallization of pseudo binary systems of polyethylene and high melting diluents using 

DSC. A review of the different thermal methods of analysis, viz. differential thermal 

analysis (DTA), differential scanning calorimetry (DSC), thermogravimetry (TG), 

derivative TG (DTG), dilaotometry (DT) and penetrometry (TMA), for the investigation 

of the thermal behavior of many petroleum products are given by Wesolowski (1980). 

Butler and MacLeod (1961) studied the crystallization of waxes from their melts. They 

concluded that when mixtures of similar molecular weight paraffins are cooled, a solid 

solution is formed. However, mixtures of n-paraffins of widely different molecular 

weight form separate crystals and a eutectic. 
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CHAPTER 3 

EXPERIMENTAL 

3.1 Materials 

3.1.1 Paraffin Wax 

The paraffin wax (in the fonn of chunks) used in this study was obtained from 

Sigma-Aldrich (Oakville, ON, Canada) and contained a mixture of paraffinic compounds 

with carbon numbers (chain lengths) ranging from C20 to C4o. The melting point of the 

wax is in the range of 58-62°C. 

3.1.1.1 Characterization ofParaffin Wax 

The paraffin wax was characterized by Ms. Elizabeth Zalewski of the In-Situ 

Combustion Laboratory (Department of Chemical and Petroleum Engineering), using a 

HP 6890 series GC system equipped with a fused silica non polar column 10m X 0.53 

mm X 0.88 Ilm film, supplied by Separation Systems, Inc., FL, USA, a hydrogen-flame 

ionization detector (FID), and HP Chern Station software. The results of the GC were 

analyzed using SimDis Expert V6.3 software. Before the analysis, the GC was calibrated 

using the ASTM D2887 Extended method and a nonnal hydrocarbon standard (C5 - C66), 

SD-SS3E-05 was used, obtained from Separation Systems, Inc., FL, USA. The 

calibration was done for each carbon number from C5 to CI8 and for every alternate 
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carbon number from C20 to C66 . The composition of the wax is shown in Table 3.1 and 

the carbon number distribution of the wax is shown in Figure 3.1. The mean carbon 

number of the wax was found to be 30. 

3.1.2 Octane (C7), Dodecane (C12) and Hexadecane (C16) 

In this study, dodecane and hexadecane were used as the solvent (to prepare 

paraffinic mixtures of different composition) and were obtained from Sigma-Aldrich, 

Oakville, ON, Canada. Octane used only for the pour point experiments was obtained 

from Fisher Scientific and was of 99+ % purity. The purities as well as some physical and 

chemical properties of dodecane and hexadecane are listed in Table 3.2. No further 

purification of the samples was performed. 

3.2 Sample Preparation 

A prepared mixture of dodecanelhexadecane and the paraffin wax was heated to 

75°C for 1 h to ensure complete dissolution of the wax and homogeneity of the mixture. 

At this temperature, the required amounts of samples for different analytical 

measurements were taken and transferred to the actual instruments as discussed below. 

For pour point measurements, some additional samples using octane (solvent) and the 

wax (solute) were prepared according to the above-mentioned procedure. 
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Table 3.1 Percent composition (by mass) of the paraffin/Aldrich wax. 

Compound Percentage (by mass) in the paraffin Wax 

C20 0.04 

C21 0.19 

C22 0.66 

C23 1.68 

C24 4.17 

C25 8.34 

C26 12.40 

C27 14.58 

C28 13.89 

C29 13.12 

C30 10.71 

C31 8.28 

C32 5.96 

C33 2.70 

C34 1.58 

C35 0.61 

C36 0.43 

C37 0.22 

C38 0.19 

C39 0.11 

C40 0.10 
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Figure 3.1 Carbon number distribution of the paraffin! Aldrich wax. 
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Table 3.2 Some physical and chemical properties of dodecane and hexadecane. 

Dodecane Hexadecane 

Purity 99+% 99+% 

Water content Anhydrous Anhydrous 

Boiling point (OC) 215 287 

Melting point (OC) -12 16 

Specific gravity 0.748 0.773 

Vapor density (gIL) 5.96 7.8 

Flash point (OC) 83 135 

Auto-ignition temperature (OC) 201 

Vapor pressure (mmHg) 1 @ 105.3°C 
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3.2.1 Sample Preparation for DSC Measurements 

About 5 mg of each sample investigated was weighed on a microbalance and 

carefully distributed over the base of the aluminum crucible (sample container) to ensure 

a good thermal contact between the specimen and the DSC platform. The crucibles were 

then cold-welded to their special covers using a mechanical crucible sealer. A crimp

sealed empty aluminum crucible was used as a reference in all measurements. All the 

cooling/heating thermo grams were obtained at a scan rate of I°C/min as this was the 

minimurnscan rate possible with the DSC used. The effect of scan rate on phase transition 

temperatures was studied by Hammami (1994). 

3.3 Experimental 

3.3.1 Viscometry 

3.3.1.1 Newtonian Viscosity 

For viscosity measurements In the Newtonian range, a Cannon-Fenske type 

viscometer was used. A time period of 20 min was allowed for the sample to reach 

equilibrium i.e. to reach the test temperature. As this instrument is used to calculate 

kinematic viscosity, density of the sample at the test temperature is required to calculate 

viscosity. HYSYS 1.5 (Hyprotech-AEA, Calgary, AB, Canada) was used to calculate the 

density of the samples. Due to the limitations of this software with respect to simulating 



46 

higher carbon numbers (C35 and above), the wax composition of the mixtures was 

approximated by C30, which is the mean carbon number of the paraffin wax. The validity 

of the density data and hence the assumption of substituting C30 for the wax to calculate 

density of different mixtures was checked by measuring the density of different mixtures 

at 50°e. A density meter with temperature control, DMA-48 meter, supplied by PARR, 

Austria, was used for the density measurements. The HYSYS density values are 

compared with that of the actual density values in Table 3.3 and as can be seen, there is 

an excellent agreement between the two. 

3.3.1.2 Non-Newtonian Viscosity 

As mentioned earlier, the flow properties of waxy crude oil are greatly influenced 

by their thermal and shear histories. Hence, for a viscosity measurement to be 

meaningful, it must be related to the prior treatment received by the sample. Generally, 

raising the temperature to above the wax crystallization point and mixing to ensure 

complete dissolution of the wax crystal is sufficient to remove the sample's memory 

(Wardhaugh et ai., 1988). 

For viscosity measurements, three different compositions, 10%, 20% and 30% 

(±G.l %) of wax (by mass) in dodecane or hexadecane were studied. Based on the 

previous studies with waxy crude oils, the maximum wax concentration of 30 mass% was 

selected. 18 mL of the sample at 7SoC was transferred to a rotational type concentric 
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Table 3.3 Comparison of actual/measured densities with HYSYS values for 

different mixtures at 50°C. 

Wax percent Solvent Measured density (g/mL) HYSYS value (g/mL) 

(mass%) 

10 

20 

30 

10 

20 

30 

Cl2 

Cl2 

Cl2 

CI6 

CI6 

CI6 

0.7330 0.7328 

0.7388 0.7382 

0.7444 0.7437 

0.7564 0.7555 

0.7597 0.7591 

0.7625 0.7625 
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cylinder viscometer and maintained at the same temperature for 1 h. Then it was cooled 

at the rate of SOC/h or 10°C/h to the test temperature. The choice of the cooling rates was 

based on the data available in literature for waxy crude oils. During this cooling period, 

the sample was constantly sheared at the rate of 6.12, 24.47 or 61.18 S-I. The same 

cooling and shear rates were also maintained when decreasing the temperature to the next 

lower value for viscosity measrements. 

3.3.1.3 Obtaining Time-Independent Viscosity Data 

At each test temperature for viscosity measurement, the sample was allowed to 

reach steady state before taking the measurement. This is because at zero time (when the 

test temperature was just reached), the viscosity or the shear stress was at its maximum 

and not necessarily at an equilibrium value. It was necessary to continue shearing at the 

test temperature for some time during which the viscosity continued to decrease 

considerably and the time-dependent behavior diminished to a low and reproducible 

level. Based on some preliminary experiments, it was found that, after 30 min of 

shearing, while holding the temperature constant, the rate of change of viscosity became 

very small. A plot showing the decrease in apparent viscosity with time is shown in 

Figure 3.2. Hence, at all test temperatures in this study, the sample was sheared for 30 

min before taking the viscosity measurement. 
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Figure 3.2: Apparent viscosity versus time at constant temperature. 
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3.3.1.4 Design ofNon-Newtonian Viscosity Experiments 

To investigate the effect of a single independent variable on viscosity, it is 

important to keep all the other variables constant. It is also important to obtain 

experimental measurement at different conditions at a reasonably large number of points. 

Keeping this in view, a factorial design of experiments was performed using shear rates 

at 3 levels (6.12, 24.47 and 61.18 S-I), cooling rates at 2 levels (5 and IO°CIh) , 

compositions at 3 levels (10, 20 and 30 mass% wax in solvent) and 2 different solvents 

(el2 and CI6). Consequently thirty-six (36) experiments were performed for viscosity 

measurement at different conditions. Some preliminary experiments (about 10) along 

with experiments related to repeatability, thixotropy and pseudoplasticity were also 

performed. In each experiment, the apparent viscosity was measured at 3 to 8 different 

temperatures below the pour point. The average time required to complete one 

experiment was about 14 h (minimum - 10 h and maximum - 21 h). 

3.3.2 Thixotropy 

The alteration/reduction of structure and mechanical strength of a non-Newtonian 

liquid with time under a uniform shear force is called thixotropy, and the fluid is called a 

thixotropic fluid (Thuc et ai. , 1999). Thixotropy of a non-Newtonian liquid plays an 

important role in the measurement of its flow properties. The characterization of 

thixotropic properties of liquids can be classified based on: 
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(1) Measuring the flow curve from zero shear rate to a predetermined maximum 

shear rate, holding for some time there with the aim to maximize the destruction of built 

structure, and measuring a flow curve back to zero shear rate. If hysteresis exists between 

the ascending and descending curves, the substance can be considered as thixotropic and 

the area between the two curves corresponds to the amount/extent of thixotropy. 

(2) Determining the shear stress/viscosity of a fluid as a function of time at a constant 

shear rate and a constant temperature. 

(3) Measuring the regeneration of structure. The sample is first sheared continuously 

for a predetermined time at a high shear rate in order to destroy the built structure. The 

shear rate is then dropped to a lower value. The subsequent increase of the shear 

stress/viscosity is tracked as a function of time. 

In this study, the first two of the above methods were used to measure the 

thixotropy of the prepared samples. While measuring thixotropy with the first method, 

the minimum and maximum shear rates were 6.18 S-l and 61.18 S-l, respectively, and at 

any fixed shear rate the sample was held for 30 min for the structure to reach a near 

equilibrium value. 
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3.3.3 Viscoelasticity 

The conventional viscometric methods do not allow for the continuous variation of 

deformation, so that the influence of the latter on the breakdown process is determined by 

using a time factor. In this respect, investigations that do not disturb the structure at very 

low deformations can be important. Hence, the dynamic variant of the rheological 

approach plays an important role which allows a determination of the shear modulus of 

the system in the periodic deformation mode, reflecting the simultaneous accumulation of 

elastic energy as well as dissipation losses. At very small deformation amplitudes, the 

measured characteristics do not depend on the magnitude of deformation. This is the 

linear deformation region (Vinogradov et at., 1982). 

In order to investigate the linear viscoelastic behavior of the system, the response of the 

system with respect to small-amplitude oscillatory shear was investigated in this study. A 

stress sweep experiment was carried out to determine the linear deformation region, 

followed by a frequency sweep test. A Hakke RS-150 Rheometer was used for this 

purpose. All the experiments were carried out at 25°C. 

3.3.4 Pour Point (PP) 

The pour point is the lowest temperature at which any movement in the liquid 

sample can be observed when the tube is held in a horizontal position for 5 seconds. The 
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pour point of a waxy crude oil depends on the amount of wax, the crystallization habit 

of the wax, and the shear stability of different wax structures (Holder and Winkler, 1965). 

The pour points of all the mixtures studied were detennined according to a 

slightly modified ASTM D-97 method. The mixture was cooled from 75°C to 45°C before 

being transferred to pour point tubes. The tubes were then cooled in a temperature

controlled bath equipped with programmable temperature controller. The temperature 

was controlled within ±O.oi"c and the sample pourability was checked every 1°C. Four 

different compositions, 6%, 10%, 20% and 30% of wax (by mass) in dodecane or 

hexadecane and three different compositions, 10%, 20% and 30% of wax (by mass) in 

octane were considered for pour point measurements. 

3.3.5 Wax Appearance Temperature (W AT) 

When a waxy crude oil is cooled, the heavier paraffinic constituents begin to 

separate out as solid crystals when the solubility limit is exceeded (Karan and 

Ronningsen, 2000). Thermodynamically, the WAT is the true solid-liquid phase 

boundary temperature, i.e. it is the maximum temperature at which the solid and liquid 

phases exist in equilibrium at a fixed pressure. However, the experimental WAT 

represents the temperature at which the first crystals are detected and, therefore, depends 

on the type and sensitivity of the measurement technique and the equipment used. The 

experimental WAT would be expected to be lower than the thermodynamic WAT. 
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Four different techniques were used for the measurement of WAT: 

(1) Cross Polar Microscopy (CPM): The utilization of polarization microscopy for the 

study of wax crystallization is based on the fact that all crystalline materials with non-

cubic geometry are optically anisotropic, meaning that the crystals rotate in the plane of 

polarization of transmitted, polarized light. The measurement of W AT using CPM was 

done at DBR Research Inc, Edmonton. A detailed description of this technique is given 

by Ronningsen et al. (1991). 

(2) Differential Scanning Calorimetry (DSC): For the measurement of W AT using DSC, 

all the cooling/melting thermograms were obtained at a scan rate of (C/min. The peak 

temperature of the melting peak, corresponding to the wax, was taken as the WAT. The 

effect of scan rate on thermograms was studied by Hammami (1994). 

(3) Viscometry: Above the WAT, almost all crude oils are Newtonian fluids i.e., the 

viscosity is a single value which is a function of temperature in laminar flow, and can be 

expressed by a simple exponential Eyring equation 

~ 
A e RT (3.1)Jl 

where J1 is the Newtonian dynamic viscosity, Ea is activation energy of viscous flow, A is 

a constant, R is the universal gas constant, and T is the absolute temperature. However, 

below the WAT, wax starts to precipitate and rheological properties change drastically. 
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Utilizing the fact that the viscosity obeys Equation 3.1 until wax starts to precipitate, 

the W AT can be detennined by plotting the viscosity data against the inverse of absolute 

temperature. The point where there is a sudden change in the slope of the curve can be 

interpreted as the WAT. To get an accurate WAT with this method, a large number of 

data points are required near the WAT. 

(4) Visual observation: If the mixture/sample is not opaque, a visual method can be used 

to obtain an approximate value of the WAT. In this study, all samples were cooled to 

45°C at either 5 or IO°C/h, followed by cooling in steps of (c. At every lower 

temperature, the samples were held for 15 min before checking visually for the 

appearance of the wax crystals. 

3.3.6 Phase Behavior 

Phase behavior of the prepared mixtures was studied using differential scanning 

calorimetry (DSC). The sample was heated to 75°C and kept at that temperature for 10 

min to erase the thennal history of the sample. After the 10-min isothermal step, the wax

C16 samples were cooled to 11°C at the rate of 1°C/min and kept at that temperature for 10 

min. In the last step, the sample was heated to 75°C at a rate of 1°C/min. 

Nine (9) different compositions (0%, 4%, 6%, 8%, 10%, 20%, 30%, 75% and 

100%) of wax (by mass) in Cl6 were studied using DSC. Consequently a temperature

composition diagram for the wax-C l6 mixture was constructed to show different phases in 
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different temperature zones. A detailed description of DSC is given in the next section 

of this chapter. 

3.4 Instrumentation 

3.4.1 Cannon-Fenske Viscometer 

For viscosity measurements in the Newtonian range, two Cannon-Fenske type 

viscometers (size 50 and 100), supplied by Cole-Parmer Instruments Inc, IL, USA were 

used. This viscometer is modified Ostwald-type viscometer used for the kinematic 

viscosity measurement of transparent Newtonian liquids according to the ASTM D 445 

test. 

This viscometer works on the principle of measuring the time (efflux time) 

taken for a certain volume of liquid to pass through two points. A schematic of the 

instrument is shown in Figure 3.3. First the viscometer is inverted and suction was 

applied to tube A with tube B immersed in the sample liquid, drawing the sample to mark 

C. Viscometer was then turned to an upright position and inserted in the constant 

temperature bath using a holder. After leaving the charged viscometer in the bath long 

enough (20 min) to reach steady state, suction was applied to tube A so as to adjust the 

volume of the sample about 7 mm above mark D with the sample flowing freely. Efflux 

time was then measured for the meniscus to pass from mark D to mark C. To calculate 

the kinematic viscosity, the efflux time is multiplied by the constant of the viscometer 

tube. 
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Cannon-Fenske viscometer.Figure 3.3: 

. A 
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And to calculate the viscosity, kinematic viscosity is multiplied by density. The 

calibration of this viscometer is based on the primary standard - water at 20°C. 

The viscometer tube was partly immersed in a cylindrical bath. External 

circulation was used to control the temperature of the cylindrical bath and in turn the 

sample temperature. After reaching the test temperature, 20 min was allowed for the 

sample to reach the steady state. 

3.4.2 Concentric Cylinder Viscometer 

For all the experiments related to viscosity measurement in the non-Newtonian 

range and thixotropic measurements, a rotational type concentric cylinder viscometer 

Model RV8, supplied by Viscometers UK Ltd. , London, UK, was used. 

The viscosmeter operates on the principle of rotating a cylinder immersed in the 

material being tested, and measuring the torque necessary to overcome the viscous 

resistance to the rotation. The rotating cylinder is coupled via a spring to a drive shaft, 

which is turned at a known speed. The angle through which the spindle is deflected is 

measured electronically, giving a measurement of torque. Calculations are perfonned 

within the viscometer from the torque measurement, the spindle speed and the spindle 

characteristics, to give a direct readout of viscosity in centipoise (mPa s). Combinations 

of spindles and speed can be chosen to get an optimum range for any measurement within 

the range of the instrument. Measurements can also be made using the same spindle at 
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different speeds to determine the rheological properties of a material at different shear 

rates. The viscometer was calibrated using the viscosity standard S6OO, obtained from 

Cannon Instrument Company, Pa, USA. A schematic of the instrument is shown in 

Figure 3.4. 

The outer cylinder was partly immersed in a temperature-controlled bath, using a 

special arrangement, to maintain the sample at the same temperature as that of the bath. 

At steady state, the temperature of the sample was assumed to be equal to that of the bath. 

Any possible temperature gradient within the sample were ignored. Low centipoise 

adaptor (LCP adaptor) with spindle number 8 was selected for all the viscometric and 

thixotropic measurements in this study. With different speeds, it was possible to achieve 

a shear rate in the range of 0.61-122.2 S·I and measure the viscosity in the range of 10

10000 rnPa s. 
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Concentric cylinder viscometer. Figure 3.4 
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3.4.3 Temperature Controlled Bath 

To control the temperatures of the samples for viscosity measurements as well as 

to control the cooling rate, a programmable temperature controlled bath Model 1187, 

supplied by VWR Scientific Products, IL, USA, was used. It has built in Duplex pump, 

which can be used for internal circulation, closed loop circulation or circulation to an 

open bath. High pump speed/flow rate was used to ensure uniform temperature across the 

bath. A mixture of ethylene glycol and water (SO:SO) was used as the circulating fluid to 

control the temperature in the range of -2SoC to 100°e. The unit has a digital 

programmable controller and is also connected to a PC using RS 232 communication 

cable. A DOS-based software was used for complex time/temperature programming and 

data storage. 

3.4.4 Rheometer 

For the viscoelastic measurements, a parallel plate type Haake Rheometer Model 

RS ISO was used. This rheometer applies a controlled stress to the test substance by 

means of an extremely low inertia torque motor. The drive shaft is centered by an air 

bearing which ensures an almost frictionless transmission of the applied stress to the test 

fluid. The resulting deformation of the test fluid is detected with a digital encoder, 

processing 1 million impulses per revolution and capable of measuring extremely low 
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strains and shear rates. The sample was inserted between the two plates and the gap 

between the plates was kept at 0.5 mm. 

3.4.5 Differential Scanning Calorimeter 

The DSC results described in this study were obtained using a Mettler differential 

scanning calorimeter Model DSC 12E interfaced with a PC for automatic data 

acquisition. A Mettler System Software TA89E package allows the computer to control 

the microcontroller of the instrument thereby enabling the calorimetric signals to be 

recorded, stored and eventually analyzed off-line. The DSC measuring cell, shown 

schematically in Figure 3.5, was continuously purged with dry nitrogen to avoid contact 

of the sample with atmospheric oxygen. Following the recommended procedure of the 

DSC manufacturer, the calibration for temperature and heat flow measurements was 

performed using the melting point and enthalpy of fusion of high purity indiumIn this 

calorimeter, it was possible to melt and recrystallize a specimen many times without 

apparent thermal degradation and hence the same sample was used to obtain both heating 

and cooling thermograms. All DSC thermo grams presented in this study are plots of heat 

flow versus temperature. The exothermic changes are displayed in the positive ordinate 

direction, and endothermic changes in negative ordinate direction. A silicon based 

polymer liquid was used as a coolant to control the temperature and maintain the cooling 

rate of the DSC furnace. 
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The DSC 12E is a heat flow differential scanning calorimeter. The heat flows 

from the furnace across the defined thermal resistance (sensor) to the sample and 

reference side. The driving force for this heat flow is the temperature difference across 

the thermal resistance. If the heat capacity of the sample does not equal that of the 

reference (as a result of difference in weight, specific heat or reactions of the sample) the 

result is a net heat flow to or from the sample, leading to a temperature difference 

between sample and reference. The temperature difference ~T between sample and 

reference is measured as a function of time with thermocouples that are situated beneath 

the sensor. The sensor is made of chrome!. Two constantan wires are spot welded to the 

disc, one directly beneath the sample, the other directly beneath the reference. 
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Figure 3.5: Schematic representation of the Mettler DSC measuring cell. 
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3.4.5.1 Equilibrium Crystallization Temperature 

Many researchers (Evans et ai., 1950; Flory et ai., 1951 ; Mandelkern and Flory, 

1951; Roberts and Mandelkern, 1955) have demonstrated that when many crystalline 

polymers are heated slowly, the temperature at which the last traces of crystallanity 

disappear is well defined, reproducible and independent of any previous thermal history 

of the sample. It is believed that this temperature is the one of thermodynamic 

significance, for it is the temperature at which the most perfect crystallites are unstable 

relative to the pure melt. Hence, it can be identified as the equilibrium melting 

temperature of the crystalline material. 

However, the melting thermograms obtained in this study were quite blurred, for 

some reason, and it was not possible to locate the endothermic peaks. Therefore, cooling 

thermo grams were used to construct the temperature composition phase diagram showing 

different phases. For all the mixtures studied, thermal traces obtained from cooling 

thermograms were used to evaluate the equilibrium crystallization temperature. The peak 

value of the lower melting component (solvent) was taken as the equilibrium 

crystallization temperature. However, for the higher melting component (the paraffin 

wax), the temperatures corresponding to the 5% and 95% crystallization points were 

taken as the two boundaries of equilibrium crystallization temperatures. 
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The calculation of 5% and 95% crystallization points is based on the area of the 

exothermic/endothermic a-peak (higher temperature peak corresponding to the paraffin 

wax); 5% crystallization point corresponds to 5% area of the peak and 95% 

crystallization point corresponds to 95% area of the peak as shown in Figure 3.6. It was 

possible to calculate these two points automatically using the software TA89E. This was 

done because the paraffin wax is a mixture of many components and there is no sharp 

transition point from solid to liquid or vice versa. This transition takes place over a range 

of temperature, and to avoid the difficulty and subjectivity of locating the 0% (the point 

where crystallization commences) and 100% (the point when crystallization completes) 

crystallization points, it was decided to consider 5% and 95% crystallization points as the 

boundary of the range of temperatures over which crystallization occurs. A detailed 

discussion about the different exothermic/endothermic peaks is given in Chapter 4. As 

shown by Hammami (1994), the thermal lag for this instrument is very small, which 

makes a negligible contribution to phase change temperatures. Therefore, no correction 

for the small thermal lag between the sample and the calorimeter was applied to the 

recorded temperatures. 
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Figure 3.6: 	 Cooling thennogram for a mixture containing 30 mass% wax in C16, 

showing 5% and 95% crystallization points corresponding to the paraffin 

wax and equilibrium crystallization temperature for C16. 
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CHAPTER 4 

RESULTS AND DISCUSSION: RHEOLOGY AND PRASE BERAVIOR 

In this chapter, results of the rheology and phase behavior of wax-solvent 

mixtures have been discussed. The chapter is divided into four sections. In the first 

section, the need for the model system, the model system selected for this study and the 

differential solubility of paraffin wax in solvent have been discussed. Wax appearance 

temperature (W AT) and pour point (PP) results are discussed in the second section. 

Thixotropic and viscoelastic behavior of the system have been investigated in the third 

section, followed by a fourth section, where results of the phase behavior study using 

DSC have been discussed. Viscometry measurements and modeling results are discussed 

in Chapter 5. 

4.1 Model System and Solubility ofParaffin Wax 

4.1.1 Need for a Model System 

The measurement and modeling of the flow properties of waxy crude oils has 

been found to be difficult. Nevertheless, various attempts, as detailed in Chapter 2, have 

been made to investigate, measure and model the rheological behavior of such systems. 

These studies have led to a better understanding of the fundamental aspects of rheological 

behavior, but do not provide adequate and definitive information about the rheological 
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behavior and the different factors affecting it. For example, when calculating the 

viscosity of a time-dependent response of a waxy crude oil, the results obtained using the 

existing models are far from satisfactory; in some cases, the difference between measured 

and calculated viscosities exceeds 100% (Pedersen et ai., 2000). The reasons for the poor 

agreement between measured and calculated values are: 

• 	 Crude oil contains a large number of compounds; hence, it is too complex a system 

to work with. 

• 	 The parameters of the existing rheological models are based on data obtained from 

experiments performed on a particular crude oil or a set/group of crude oils, i.e. 

they are specific to those crude oils and could not be applied to other crudes. 

• 	 The process of gel formation is a function of many variables as well as it is time 

dependent, and it is difficult to encompass the effects of all of them in a single 

rheological model. 

• 	 There is a lack of reliable experimental data to test the models before applying 

them to other crude oils. 

Hence, it was realized that, to allow full appreciation of the complicated wax 

mixtures present in crude oils, it is first necessary to examine simpler and well-defined 
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systems. Accordingly, a model system which has a close resemblance with actual 

crude oils was developed. 

4.1.2 Advantages of a Model System 

Some of the advantages of working with a well-defined system are: 

• 	 The model system can be selected such that the composition of the system remains 

constant during the course of experimental work as opposed to working with crude oil 

samples where the lighter ends may be lost at high temperatures. 

• 	 The experiments can be perfonned with different compositions, which is not possible 

for crude oils without introducing additional uncertainties. 

• 	 Once enough infonnationiexperience is available, a transition can be made to more 

complex systems including actual waxy crude oils. 
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4.1.3 Model System 

Solutions were prepared using dodecane or hexadecane as the solvent and a 

paraffin wax of known composition as the solute. The dodecane, hexadecane and paraffin 

wax used were of 99+% purity, and the details of the sample preparation have already 

been discussed in Chapter 3. 

4.1.4 Differential Solubility of the Wax in Solvent 

The differential solubility of the paraffin wax in dodecane at different 

temperatures was studied according to the procedure mentioned below. Four different 

samples containing 20% wax in dodecane were cooled from 75°C to 30°C (pour point of 

the mixture) and kept there isothermally for 2 h. Afterwards each sample was heated to a 

different temperature viz. 32°C, 33°C, 34°C and 35°C. The samples were shaken 

thoroughly to ensure complete contact between liquid and solid and then allowed 60 min 

for settling of the solid phase. Two different phases (solid and liquid) were observed; the 

liquid phase, containing the solvent (dodecane) and part of the paraffin wax; and the solid 

phase, mainly containing the precipitated paraffin wax with some trapped liquid. A 

sample of the liquid phase was taken and analyzed for its composition using gas 

chromatography. The amount of the paraffin wax in the liquid phase per unit mass of the 

solvent was calculated at four different temperatures and is listed in Table 4.1, and a plot 

of the same is shown in Figure 4.1(a). As is evident from the plot, with an increase in 

temperature, there is a linear increase (points A -B-C of Figure 4.1 (a» in the solubility of 
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the wax in dodecane. However, with further temperature increase, the solubility curve 

becomes asymptotic (points B-C-D of Figure 4.1 (a)). 

The carbon number distributions of the soluble wax at four different temperatures 

viz. 32°C, 33°C, 34°C and 35°C are listed in Table 4.2. However, for clarity, the carbon 

number distribution of the soluble wax is shown, only at two temperatures viz. 32°C and 

35°C, in Figure 4.1 (b). As is clear from the plot, as the temperature increases, the 

percentage of higher carbon number compounds in the soluble wax increases and the 

percentage of lower carbon number compounds in the soluble wax decreases. The 

transition seems to take place at around the carbon number of 28, but may vary 

depending on the temperature ranges considered. As expected, with a temperature 

increase, the carbon number distribution of the soluble wax tends to shift towards the 

carbon number distribution of the pure paraffin wax (see Figure 4.1(b)). Eventually, 

when the temperature reaches wax disappearance temperature (WDT) , all the wax 

becomes soluble in the solvent (dodecane) and the solid phase disappears. WDT, for all 

the wax-solvent mixtures studied, was found to be 2-3°C higher than their WAT. 
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Table 4.1 Differential solubility of the wax in C12 at different temperatures. 

Mixture composition is 20 mass% Wax in C12. 

Temperature (OC) Differential Solubility (g waxJg C l2) 

35 0.228 

34 0.226 

33 0.212 

32 0.199 
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Table 4.2 Carbon number distribution of soluble wax at different temperatures. 

Mixture composition is 20 mass% Wax in C12. 

Compound Mass Percent 

@ 32°C @33°C @34°C @35°C 


C 20 

C21 

C22 

C 23 

C24 

C 25 

C 26 

C27 

C 28 

C 29 

C 30 

C31 

C 32 

C 33 

C 34 

C 35 

0.24 

0.48 

1.50 

4.15 

7.40 

10.05 

16.84 

16.24 

11.91 

11.01 

9.33 

6.44 

4.33 

0.06 

0.22 

0.46 

1.48 

4.05 

7.30 

9.70 

16.14 

15.85 

11.75 

11.06 

9.87 

6.90 

4.85 

0.34 

0.27 0.21 

0.43 0.32 

1.35 1.18 

3.47 3.17 

6.23 5.76 

8.84 8.34 

15.45 14.70 

15.62 14.97 

12.31 12.06 

11.93 11.90 

10.35 10.50 

7.54 7.75 

5.26 5.50 

0.92 2.20 

1.34 

0.05 
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Figure 4.1 (a): 	 Differential solubility of the paraffin wax In C 12• Original 

mixture composition is 20 mass% Wax in C12. 
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4.2 Wax Appearance Temperature (WAT) and Pour Point (PP) 

Wax appearance temperature (W AT) and pour point (PP) are very good indicators 

of the region of temperatures where a waxy crude oil is expected to behave like non

Newtonian liquid. Hence, before starting the study of rheological behavior of such 

systems, it is essential and prudent to find the W AT and PP of the mixtures being 

investigated for rheological behavior. 

4.2.1 Wax Appearance Temperature Using Different Techniques 

The W AT values obtained from different techniques are listed in Table 4.3 and 

plotted in Figure 4.2(a) for Wax-Cl2 mixtures and in Figure 4.2(b) for Wax-C16 mixtures. 

For the samples investigated, the DSC technique gave the highest W AT values, while the 

viscometry technique gave the lowest. The W AT values obtained from the visual method 

were in between those of the DSC and viscometry results. As is evident from Figure 

4.2(b), the W AT results from the CPM technique for our samples were not much 

different from those obtained from other techniques. The pour points of the samples 

were, in general, 3_4°C lower than their WAT values. 
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Table 4.3: Wax appearance temperature (W AT) and pour point (PP) of wax

solvent mixtures. 

Mixture Composition WAT (OC) 

CPM DSC Viscometry Visual PP 

Cs+I0% Wax 20 

Cs+20% Wax 25 

Cs+30% Wax 30 

C12+6% Wax 15 

C12+10% Wax 26.5 26.2 26.0 23 

C12+20% Wax 32.7 32.7 33.0 30 

C12+30% Wax 38.1 36.8 38.0 35 

C16+6% Wax 17 

C16+10% Wax 31.4 31.3 29.2 31.0 26 

C16+20% Wax 35.8 37.1 35.8 36.0 34 

C16+30% Wax 41.0 40.9 39.4 40.0 38 
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Figure 4.2(a): WAT data from different techniques for Wax-C 12 mixtures. Pour 

point curve is also shown using dotted line. 
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Figure 4.2(c): Comparison of experimental WAT data (using Visual technique) 

Figure 4.2(d): 

with DBR Solid model for Wax-C l2 mixtures. 
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4.2.2 Comparison of W A T with a Thermodynamic Model 

W AT values obtained from the visual technique were compared against the values 

from a thermodynamic solid model called DBR Solids (DBR Research Inc., Edmonton), 

which is based on the model of Zuo and Zhang (2000). The results are plotted in Figure 

4.2(c) and Figure 4.2(d). It is evident from the two plots that the DBR Solid model 

overpredicts the WAT in both cases i.e. for Wax-C12 and Wax- CI6 mixtures. But when 

the model is tuned at one data point (10% wax in solvent) with the experimental WAT, it 

underpredicts the WAT for other mixture compositions (higher wax percentages). 

4.2.3 Pour Point 

The pour point temperatures for different mixtures are also reported in Table 4.3 

and plotted in Figure 4.3. As can be seen, at high wax concentrations (> 15 mass%), the 

curves are almost linear in all three cases. However, at lower wax concentrations, the 

curves become non-linear. Another interesting observation is that even though the 

difference between the melting point of the three solvents is quite large (C 16 = 16°C, CI2 = 

_12°C and Cg = _58°C), the difference between the pour points of mixtures with different 

solvents, for all wax concentrations, is less than 5°C. This indicates that, as the 

temperature is decreased, the solubility of the paraffin wax decreases but it is not 

significantly affected by the type of solvent used. 
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Figure 4.3: Pour point curves for wax-solvent mixtures. 
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4.2.4 Minimum Wax Concentration Required for Gel Formation 

The pour point of a wax-solvent mixture depends on its wax concentration. A 

higher wax concentration corresponds to a higher pour point and vice-versa. However, a 

minimum wax concentration is required for the gel to form. Experiments were carried out 

to find the minimum amount of wax (in wax-C16 mixtures) required for gel formation. 

The minimum wax concentration required for the formation of gel, for wax-C16 mixture, 

was found to be 5 mass%. At this concentration the pour point was found to be 16.5°C. 

Below this concentration (l, 2 and 4 mass% wax) the mixture continued to be liquid-like, 

until the temperature became 16°C (melting point of C16), where it became solid. 
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4.3 Thixotropy and Viscoelasticity 

4.3.1 Thixotropy 

4.3.1.1 Using Time-Dependent Response 

In Figure 4.4(a), the apparent viscosity is plotted against time (using an arbitrary 

time scale). The sample was cooled from 7SoC to 2(C (point A) at a cooling rate of 

10·C/h and at a constant shear rate of 6.12 S-I. At 2(C, the sample was sheared for 30 

min to allow equilibrium or steady state (point B). Between points A and B, there is a 

steady decrease in the apparent viscosity with time. Subsequently, the sample was cooled 

from 2t"C (point B) to 18·C (point C) at a cooling rate of lO·CIh. The viscosity attains a 

maximum value at point C. Then, at 18·C, the sample was sheared for 30 min before the 

viscosity value reached a near equilibrium value (point D). Again, the viscosity decreased 

with time between points C and D, which is indicative of the thixotropic nature of the 

sample. The results are similar for the case, when the sample was sheared at a higher rate 

of 24.47 S-I (the lower curve), except that the peaks were smaller. Furthermore, at a even 

higher shear rate of 61.18 S-I , the peaks were very small and the viscosity attained a 

constant value within about 10 min of reaching the temperature (not shown in the Figure 

4.4(a)). 
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4.3.1.2 Using Hysteresis Loop Experiment 

Figure 4.4(b) shows the hysteresis experiment. The sample was cooled from 7SoC to 30°C 

at a cooling rate of lOoC/h and a constant shearing rate of 6.12 S-I. At 30°C, the sample 

was sheared for 30 min before measuring the viscosity. Then the shear rate was changed 

to 24.47 S-1 in one step and the sample was sheared for 30 min before taking the 

measurement. In the next step, the shear rate was changed to 61.18 s -1, and the same 

procedure was followed to measure the flow curve back to 6.12 S-I. A difference in the 

two flow curves indicates the existence of hysteresis. 
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Figure 4.4(a): 	 Thixotropic time-dependence of viscosity on wax-solvent 

mixture. Mixture composition is 10 mass% wax in C12. Cooling 

rate is 10°CIh. 
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4.3.2 Viscoelasticity 

Measurements were carried out on an automatic instrument for studying the rheology 

of the system under conditions of periodic deformation (dynamic tests). At first, a stress 

sweep experiment was carried out to determine the linear deformation region and the 

results are listed in Appendix A and plotted in Figure 4.5(a). Figure 4.5(a) shows that for 

a given frequency, there is a range of stress values in the linear deformation region. A 

frequency sweep test was also carried out to find the dependence of elasticity and loss 

modulus on the frequency applied in the linear deformation region. Both the experiments 

were carried out at 25°C. The wax-solvent mixture tested was 20 mass% wax in C12. 

The results of the frequency sweep test are listed in Appendix A (Table A2) and plotted 

in Figure 4.5(b). The components of the complex dynamic shear modulus (G*) were 

determined from the frequency sweep test: the real component (elasticity or storage 

modulus, G') and the imaginary component (loss modulus, G") which characterizes the 

dissipation losses in the system. The relationships among G', G", G*, 0) and Jl* are shown 

by Equation 4.1 and Equation 4.2. 

(4.1) 

111.1 =~ =~(G)' + (G" )' (4.2) 
0) 0) 
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The elasticity modulus in the experiments was found to be zero, which 

indicated that the response was only viscous and not elastic; hence, it was concluded that 

the sample was not viscoelastic. 
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4.4 Phase Behavior Using DSC 

As mentioned previously, the phase behavior of pseudo-binary mixtures (wax

solvent mixtures) was studied using differential scanning calorimetry. A scan rate of 

l°C/h was used for obtaining all the cooling/melting thermo grams. The same sample was 

used to obtain cooling as well as meltinglheating thermograms. For all the thermo grams , 

exothermic or endothermic heat flow (W/g) is plotted against temperature (OC). 

4.4.1 Wax-C16 Mixtures 

4.4.1.1 Cooling Thermograms 

Three peaks, one corresponding to the lower melting component (say C16-peak) 

and the other two (say a-peak and ~-peak) corresponding to the higher melting 

component (the paraffin wax) are observed, as shown in Figure 4.6. The peak 

corresponding to the lower melting component i.e. the C16-peak marks the liquid-solid 

transition for the solvent (C16). The a-peak marks the liquid-solid transition for the 

paraffin wax and the ~-peak marks the solid-solid transition for the paraffin wax. The a

peak is bigger than the ~-peak for all the mixture compositions and is observed at a 

higher temperature. 



90 
Cooling thermograms for different wax-C l 6 mixtures are shown in Figure 4.7. It 

was observed that as the wax percent in the mixture increases, the Cl6-peak became 

smaller (because of the lower Cl6 content in the mixture) and moves towards a slightly 

lower temperature, whereas the peaks corresponding to the paraffin wax (a-peak and p

peak) become bigger (because of the higher wax content in the mixture) and move 

towards higher temperature. However, the two high melting peaks become 

distinguishable only at high wax concentration (>30 mass%). The Cl6-peak is not shown 

in the cooling thermo grams. 
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Figure 4.6: Cooling thermogram for the mixture containing 30 mass% wax in C16, 

showing different peaks. 
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Figure 4.7: Cooling thennograms of wax-C l6 mixtures. 
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4.4.1.2 MeltinglHeating Thermograms 

Melting/heating thermograms for different wax-C16 mixtures are shown in Figure 

4.8. As the wax percent in the mixture increases, the C16-peak becomes smaller as 

expected and moves towards a slightly lower temperature, whereas the peaks 

corresponding to the paraffin wax (a-peak and ~-peak) are blurred and invisible at lower 

wax concentrations. The two high melting peaks become distinguishable only at very 

high wax concentration (- 75 mass%). The C16-peak is not shown in the melting/heating 

thermograms. 
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Figure 4.8: Melting/Heating thermograms of wax-C l6 mixtures. 
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4.4.1.3 Temperature-Composition (T-X) Diagram 

The temperature-composition (T-X) phase diagram for the wax-Cl6 mixture is 

shown in Figure 4.9. It was assumed that the wax-Cl6 mixture is pseudo-binary. These 

results were obtained from DSC cooling thermograms shown in Figure 4.7. A vertical 

broken-line, corresponding to 50 mass% wax, has been drawn to explain the different 

phases and their boundaries. At a high temperature (point A), the mixture is a liquid (L). 

As the temperature decreases, a point is reached where the higher melting components 

(components of paraffin wax) start to crystallize and become solid. Point B corresponds 

to the temperature where 5% of the wax has crystallized and point C corresponds to the 

temperature where 95% of the wax has crystallized. The reason for choosing 5% and 

95% crystallization points, as the range over which the phase transition occurs, was 

explained in Chapter 3. Points Band C mark the boundaries of the range of temperature 

over which crystallization occurs. Between point Band C, two phases, a liquid (L) and a 

solid (SI), are present. As the temperature is reduced further, at point D, the solid-solid 

(SI-S2) phase transition (~-peak) takes place. Hence, at temperatures between points D 

and E, two phases, a liquid (L) and a different solid (S2) are present. Point E marks the 

liquid-solid transition (CI6-peak) for lower melting component (C I6). At temperatures 

lower than that corresponding to point E, two solid phases, S2 and S3 (corresponding to 

C16) are expected to be present. 
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Figure 4.9: Temperature-Composition phase diagram for the pseudo-bianry 

(wax-C16 ) mixture. 
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CHAPTERS 


RESULTS AND DISCUSSION: 


VISCOSITY MEASUREMENTS AND MODELING 


5.1 Viscosity Measurements 

5.1.1 Newtonian Viscosity 

The viscosity of different wax-solvent mixtures in the Newtonian range was 

measured using a Cannon-Fenske viscometer. The viscosity measurement was done at 

three different temperatures viz. 70°C, 50°C and one temperature slightly above the 

W AT value of different mixtures. The procedure followed to calculate the viscosity was 

explained in Chapter 3. The viscosity values for different wax-solvent mixtures are listed 

in Table 5.1. 

5.1.2 Non-Newtonian Viscosity 

The apparent viscosity of different wax-solvent mixtures, in the non-Newtonian 

range, was measured using a concentric cylinder viscometer. As mentioned earlier, the 

rheological behavior of waxy crude oils, in general, and the viscosity, in particular, is a 

function of many variables; and time-dependency makes it even more complicated. 

Therefore, it is essential that the experiments for viscosity measurements (at different 

temperatures) 
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Table 5.l: Viscosity values for different wax-solvent mixtures in the Newtonian 

range (higher temperatures). 

Mixture Composition Temperature (OC) Viscosity (mPa s) 

C12+lO% Wax 70 0.97 

50 1.28 

27 1.52 

CI2+20% Wax 70 1.14 

50 1.53 

33.5 1.76 

CI2+30% Wax 70 1.36 

50 1.86 

37.5 2.37 

C I6+10% Wax 70 1.81 

50 2.34 

30 3.26 

CI6+20% Wax 70 2.01 

50 2.38 

37 3.73 

CI6+30% Wax 70 2.32 

50 2.48 

40.5 3.46 
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be performed by changing/manipulating only one variable, while keeping all the others 

constant. For this reason, the apparent viscosity at different temperatures was measured at 

controlled conditions of composition, shear rate and cooling rate. The effects of different 

variables viz. thermal history, shear history and composition on apparent viscosity was 

investigated and the numerical data are listed in Appendix B. 

5.1.2.1 Effect ofShear Rate 

Figures 5.l(a) through 5.l(f) and Figures 5.2(a) through 5.2(f) show the effect of 

shear rate on the apparent viscosity in the non-Newtonian range. The effects of three 

different shear rates 6.12, 24.47 and 61.18 S-I on the apparent viscosity at different 

temperatures were studied, while keeping the composition and cooling rate the same. As 

can be seen from the plots, at higher temperatures, the viscosity is dependent only on 

temperature, and independent of shear rate. However, as the temperature is decreased, a 

point is reached (near the W AT) where the viscosity starts to increase rapidly. With a 

further temperature decrease (near the PP), the viscosity shoots off and increases by 

several orders of magnitude. It also becomes dependent on the shear rate applied. A lower 

shear rate results in higher apparent viscosities at constant temperature and vice-versa. It 

can also be seen from the plots that the apparent viscosity becomes very sensitive to 

temperature changes in the non-Newtonian range, especially at lower shear rates. The 

solid lines are used for indicating the trend in data. The dotted lines show the transition 

from the Newtonian range to the non-Newtonian range. 
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The apparent viscosity was found to be directly proportional to the inverse of 

the square root of shear rate, at constant temperature, composition and cooling rate, as 

explained in the next section. 
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Figure 5.1(a): Effect of shear rate on apparent viscosity. Mixture composition 

is 10 mass% wax in Cl2. Cooling rate is lO°CIh. 
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Figure 5.1(b): Effect of shear rate on apparent viscosity. Mixture composition is 

10 mass% wax in Cl2. Cooling rate is 5°Cfh. 
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Figure 5.I(c): Effect of shear rate on apparent viscosity. Mixture composition 

is 20 mass% wax in CI2. Cooling rate is lOoCIh. 
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Figure 5.I(d): Effect of shear rate on apparent viscosity. Mixture composition is 

20 mass% wax in C12• Cooling rate is 5°CIh. 
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Figure 5.1(e): Effect of shear rate on apparent viscosity. Mixture composition 

is 30 mass% wax in C12. Cooling rate is lOoCIh. 
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Figure 5.1(f): Effect of shear rate on apparent viscosity. Mixture composition is 

30 mass% wax in C!2. Cooling rate is 5°CIh. 
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Figure 5.2(a): Effect of shear rate on apparent viscosity. Mixture composition 

is 10 mass% wax in C16• Cooling rate is lO°CIh. 
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Figure 5.2(c): Effect of shear rate on apparent viscosity. Mixture composition 

is 20 mass% wax in C16. Cooling rate is lOoCIh. 
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Figure 5.2(d): Effect of shear rate on apparent viscosity. Mixture composition is 
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Figure S.2(e): Effect of shear rate on apparent viscosity. Mixture composition 

is 30 mass% wax in C16• Cooling rate is 10°CIh. 
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Figure S.2(f): Effect of shear rate on apparent viscosity. Mixture composition is 
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5.1.2.2 Effect ofMixture Composition 

The effect of wax concentration on apparent viscosity is shown in Figures 5.3(a) 

through 5.3(f) and in Figures 5.4(a) through 5.4(f). The effects of three different wax 

concentrations (10, 20 and 30 mass%) on apparent viscosity, at different temperatures 

were studied, while keeping the shear rate and cooling rate constant. As can be seen from 

the plots, the viscosity is dependent on temperature and mixture composition. However, 

the differences in the viscosities of different mixtures, at higher temperatures, are not 

very significant. 

The apparent viscosity was found to be directly proportional to wax concentration 

(mass fraction) in the mixture, at constant temperature, shear rate and cooling rate, as 

explained in the next section. 

5.1.2.3 Effect ofSolvent 

Figures 5.5(a) through 5.5(f) show the effect of different solvents on the apparent 

viscosity. The effect of two different solvents (C12 and C 16) on apparent viscosity, at 

different temperatures were studied, while keeping the wax concentration in the mixture, 

shear rate and cooling rate constant. At all temperatures, the mixture containing the 

lighter solvent (C 12) has a lower viscosity at all shear rates. 
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Figure 5.3(a): Effect of composition on apparent viscosity for Wax-CI2 
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Figure S.3(c): Effect of compoSltIon on apparent viscosity for Wax-CI2 

mixtures. Cooling rate is lOoC/h and shear rate is 24.47 S-I. 
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Figure S.3(d): Effect of composition on apparent viscosity for Wax-C12 mixtures. 
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Figure 5.3(e): Effect of cOmpOSItIon on apparent viscosity for Wax-C12 

mixtures. Cooling rate is lOoC/h and shear rate is 61.18 S-l. 

1000 

-o 
ca 
Q. 

E 

100 

~ 10 
c. 
«I 
~ 

1 

~ C12+10% Wax 
-C12+20% Wax 
--A- C

12
+30% Wax 

~ 
.. ~~ 

o 20 40 60 80 
Temperature eC) 

Figure 5.3(f): Effect of composition on apparent viscosity for Wax-CI2 mixtures. 
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Figure S.4(a): Effect of composition on apparent viscosity for Wax-C I6 

mixtures. Cooling rate is 10°Cth and shear rate is 6.12 s -I . 
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Figure S.4(b): Effect of composition on apparent viscosity for Wax-C16 mixtures. 
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Figure 5.4(c): Effect of cOmpOSItIon on apparent viscosity for Wax-C16 

mixtures. Cooling rate is lOoC/h and shear rate is 24.47 S·l. 
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Figure 5.4(d): Effect of composition on apparent viscosity for Wax-C16 mixtures. 
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Figure 5.4(e): 	 Effect of composItIOn on apparent viscosity for Wax-C16 

mixtures. Cooling rate is lOoC/h and shear rate is 61.18s-l . 
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Figure 5.4(f): 	 Effect of composition on apparent viscosity for Wax-C16 mixtures. 

Cooling rate is 5°C/h and shear rate is 61.18 s -I. 
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Figure S.S(a): Effect of solvent on apparent viscosity. Mixture composition is 

10 mass% wax in solvent. Cooling rate is 10°CIh. 
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Figure S.S(b): Effect of solvent on apparent viscosity. Mixture composition is 10 
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Figure S.S(c): 	 Effect of solvent on apparent viscosity. Mixture composition is 

20 mass% wax in solvent. Cooling rate is lO°CIh. 
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Figure S.S(d): Effect of solvent on apparent viscosity. Mixture composition is 20 

mass% wax in solvent. Cooling rate is SOCIh. 
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Figure 5.5(e): Effect of solvent on apparent viscosity. Mixture composition is 

30 mass% wax in solvent. Cooling rate is lOoCIh. 
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5.1.2.4 Effect of Cooling Rate 

Figures 5.6(a) through 5.6(f) show the effect of cooling rate on the apparent 

viscosity. The effect of two different cooling rates (5 and IO°C/h) on apparent viscosity, 

at different temperatures were studied, while keeping the composition and shear rate 

constant. There is no definite trend and the viscosities, at all temperatures, are not 

significantly different from each other in the two cases (i.e. cooling rates of 5°C/h and 

IO°C/h) for all shear rates. Moreover, the difference in viscosities at two different cooling 

rates is within the experimental error, as shown by the repeatability of experimental 

results in Figure 5.7. 
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Figure S.6(a): Effect of cooling rate on apparent viscosity. Mixture 

composition is 10 mass% wax in el2. 
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Figure S.6(b): 	 Effect of cooling rate on apparent viscosity. Mixture composition 

is 10 mass% wax in C16. 
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Figure 5.6(c): Effect of cooling rate on apparent viscosity. Mixture 

composition is 20 mass% wax in C 12. 
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Figure 5.6(d): 	 Effect of cooling rate on apparent viscosity. Mixture composition 

is 20 mass% wax in C16. 
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Figure 5.6(e): Effect of cooling rate on apparent viscosity. Mixture 

composition is 30 mass% wax in C!2. 
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Figure 5.6(t): Effect of cooling rate on apparent viscosity. Mixture composition 

is 30 mass% wax in C16• 
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Figure 5.7: 	 Repeatability of viscometry experiments. Mixture composition 

is 20 mass% in C12. Cooling rate is 5°C/h and shear rate is 

24.47 S-I. 
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5.2 Non-Newtonian Viscosity Modeling 

5.2.1 Functional Dependence of Viscosity on Different Variables 

For modeling the non-Newtonian viscosity of known mixtures, it is imperative 

that the functional dependence of viscosity on different variables be known. This can be 

done if the experimental data for apparent viscosity, at different temperatures, as a 

function of one of the independent variables effecting the flow behavior is available 

while keeping all other independent variables constant. 

A linear relationship between the logarithm of apparent viscosity and the inverse 

of absolute temperature was assumed, as is done in the case of Newtonian viscosity, and 

also to be consistent with the existing viscosity models. To test the different functional 

forms for fitting the experimental data, a software called 'TableCurve 3D' was used. 

5.2.1.1 Functional Dependence ofApparent Viscosity on Cooling Rate 

The effect of cooling rate on apparent viscosity has been discussed in the previous 

section of this chapter. No definite trend for the dependence of apparent viscosity on 

cooling rate, at constant temperature, composition and shear rate, was observed. The 

apparent viscosities are not significantly different from each other in the two cases (i.e. 

cooling rates of 5°C/h and lOoC/h). Hence, it was assumed that the effect of cooling rate 
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on apparent viscosity is negligible. Consequently, the two sets of data (5 and lOoC/h) 

were merged for the purpose of viscosity modeling. 

5.2.1.2 Functional Dependence ofApparent Viscosity on Shear Rate 

The effect of shear rate on apparent viscosity has been discussed in the previous 

section of this chapter. As can be seen, with the increase in shear rate, apparent viscosity 

decreases; but the rate of decrease of apparent viscosity decreases with increasing shear 

rates. This is clear from the plots; as shear rate increases, the curves become closer. 

Based on this information and the available models, many simple functional forms were 

tested for fitting the apparent viscosity data, at different temperatures, as a function of 

shear rate. The following equation seems to provide the best fit of the experimental data 

(at constant composition). 

(5.1) 

where at, bl and Cl are constants, ~app is the apparent viscosity (mPa s), T is the absolute 

temperature and yis the shear rate (S-I). 

In Equation 5.1, it is assumed that the logarithm of apparent viscosity is directly 

proportional to the inverse of the square root of shear rate; at constant temperature and 
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Figure 5.8: Functional dependence of viscosity on shear rate: Comparison of 

experimental data and model prediction. 
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composition. Comparison of the experimental data with model predictions is shown in 

Figure 5.8. 

5.2.1.3 Functional Dependence ofApparent Viscosity on Mixture Composition 

The effect of mixture composition (wax concentration in the mixture) on apparent 

viscosity has been discussed in the previous section of this chapter. As can be seen, with 

the increase in wax concentration apparent viscosity increases at any temperature; and the 

increase in apparent viscosity seems to follow a linear relationship with the wax 

concentration (mass fraction) of the mixture. This is clear from the plots; as the spacing 

between any two consecutive (10-20 mass%, 20-30 mass%) curves are equal. Based on 

this information and the available models, the following simple function was tested for 

fitting the apparent viscosity data, at different temperatures, as a function of wax 

concentration (mass fraction) at constant shear rate: 

In Jl.app (5.2) 

where a2, b2 and C2 are constants, ~app is the apparent viscosity (mPas), T is the absolute 

temperature and w is the wax concentration (mass fraction) in the mixture. 

Equation (5.2) was found to fit the experimental data better than other simple equations 

available in 'TableCurve 3D'. Hence, it is assumed that the logarithm of apparent 
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viscosity is directly proportional to wax concentration; at constant temperature and 

shear rate. Comparison of the experimental data with model predictions is shown in 

Figure 5.9. 
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Figure 5.9: Functional dependence of viscosity on composition: Comparison of 

experimental data and model prediction for wax-solvent mixtures. 
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5.2.2 Modeling Non-Newtonian Viscosity 

Based on the functional dependence studies of apparent viscosity on different 

variables, a viscosity model , suitable for calculating the viscosity of waxy mixtures in the 

non-Newtonian range, was developed. As the effect of cooling rate on apparent viscosity 

was not very significant, it was not included in the viscosity model. The following 

equation is capable of predicting the apparent viscosity as a function of temperature, 

shear rate and wax concentration, for a given solvent: 

In J..lapp = A + B T-I + C y-o.s+ D w (5.3) 

where A, B, C and D are the model parameters, J..lapp is the apparent viscosity, y is the 

rate of shear, T is the absolute temperature, and w is the mass fraction of wax in the 

mixture. 

The non-linear regression analysis, using MS-Excel, was used to determine the model 

parameters A, B, C and D, for the two cases (Wax-C\2 and Wax-C 16 mixtures). The 

model parameters were evaluated by fitting all of the experimental data (i.e. 92 points in 

case of Wax-C12 mixtures and at 90 points in case of Wax-C16 mixtures). The values of 

the model parameters for the two cases are listed in Table 5.2. A comparison of the 

experimental data with model predictions is shown in Figures 5.1O(a) and 5.10(b). 
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Table 5.2: Non-Newtonian viscosity model parameters and percent error. 

Wax-C12 Wax-C16 

A -22.0±2.0 -21.5±2.0 

B 6700±520 6600±540 

C 1O.O±O.3 9.3±O.3 

D 9.8±O.7 9.0±O.6 

Average Relative Error* 5.3% 5.0% 

Maximum Relative Error 18.9% 14.7% 

* Relative error = lIn (~pp)caJ -In (~pp)exp II In (~pp)exp 
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Additional numerical results concerning the performance of the viscosity model 

with respect to experimental data are listed in Appendix C. The proposed model was 

found to fit the experimental data well as demonstrated by a high coefficient of 

correlation (0.96 for both Wax-C 12 and Wax-C16 mixtures) and a low average absolute 

deviation (5.3% for Wax-C12, 5.0% for Wax-C16 mixtures). 
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CHAPTER 6 

CONCLUSIONS AND RECOMMENDATIONS 

6.1 Conclusions 

A model system, with close resemblance with highly paraffinic 'waxy' crude oils 

and capable of simulating their behavior, was developed using a liquid hydrocarbon 

solvent and a commercial paraffin wax. A systematic study of the rheological behavior, 

effects of different variables/parameters affecting it, and the phase behavior of the model 

system (wax-solvent mixtures) was carried out. 

It was shown that the pour point (PP) and the wax appearance temperature (WAT) 

are good indicators of the temperature range where a crude oil would be expected to 

behave in non-Newtonian manner and exhibit complex rheological behavior. In view of 

this, pour point and wax appearance temperature measurements were performed for all 

the wax-solvent mixtures. The pour point results show that, at lower temperatures, the 

solubility of paraffin waxes decreases sharply and is not greatly affected by the type of 

solvent used to prepare the wax-solvent mixtures. For the measurement of wax 

appearance temperatures of the prepared mixtures, four different techniques viz. Cross 

Polar Microscopy (CPM) , Differential Scanning Calorimetry (DSC), viscometry and a 

visual method were used. For the samples investigated, the DSC technique gave the 

highest W AT values. The W AT values obtained from the visual method were in between 
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those of the DSC and viscometry results. For non-opaque samples, the visual 

technique appears to be satisfactory for the measurement of WAT. CPM techniques were 

expected to give the highest W AT values as usual; however, the W AT results from the 

CPM technique for our samples were not much different from those obtained from other 

techniques. 

The W AT results were also compared with the predictions from a thermodynamic 

solid model. A commercial software was used for this purpose. The W AT results of the 

solid model were consistently higher than those of DSC or the visual method. When the 

solid model was tuned with the experimental data (for one mixture composition) at one 

point, the differences between the two W AT results for other mixture compositions 

became smaller; but the solid model still underpredicted the W AT results. 

The rheological behavior of the wax-solvent mixture was also investigated with 

respect to time-dependency. All the samples studied were found to be thixotropic, as 

indicated by the time-dependence of viscosity (decrease in viscosity with time at constant 

shear rate and temperature) and the hysteresis loop experiment. 

The system was also checked for viscoelastic behavior using a constant stress 

rheometer. From the results of stress sweep and frequency sweep experiments, it was 

found that the elasticity modulus was zero, which indicated that the response was only 
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viscous and not elastic. Hence, it was concluded that the samples were not viscoelastic 

in the vicinity of the temperature, at which the experiments were performed. 

Phase behavior studies of pseudo-binary (wax-solvent) mixtures were performed 

usmg differential scanning calorimetry. Consequently a temperature-composition 

diagram was constructed for the wax-C l6 system. 

The viscosity measurements in the non-Newtonian region, as well as thixotropic 

measurements, were performed using a rotational type concentric cylinder viscometer. It 

was possible to measure a wide range of viscosity at 3 different shear rates. Repeatability 

of the viscometer experiments was within reasonable limits. For viscosity measurements 

in the Newtonian region (higher temperatures), a Cannon-Fenske type viscometer was 

used and was found to be quite accurate and sensitive with respect to the temperature 

change. 

The effect of different variables affecting the flow behavior of waxy crude oils 

was also studied. As mentioned earlier, the most important variables are the thermal 

history, shear history, aging and composition. The variables considered in this study were 

shear rate, cooling rate and wax concentration in the mixtures. The viscosity 

measurements over a range of temperatures were performed at three shear rates (6.12 S-I, 

24.47 S-1 and 61.18 S-I), three wax concentrations (10, 20 and 30 mass%), two cooling 

rates (5 and 10DC/h). The dependence of apparent viscosity on composition and shear rate 
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was found to be quite significant. The logarithm of apparent viscosity was found to 

vary linearly with mass fraction of the paraffin wax. The logarithm of apparent viscosity 

was also found to be directly proportional to the inverse of the square root of shear rate. 

Also, it was noticed that at higher shear rates the apparent viscosity was not as sensitive 

to changes in temperature as it is at lower shear rates. Our experiments did not show any 

appreciable effect of cooling rate on the apparent viscosity of wax-solvent mixtures. 

Hence, cooling rate was not considered as a variable in the modeling of non-Newtonian 

viscosity. 

A viscosity model suitable for describing the non-Newtonian behavior of waxy 

mixtures is proposed. The following equation is capable of predicting the apparent 

viscosity as a function of temperature, shear rate and wax concentration: 

In J.1app = A + B 11 + C y-0.5 + D w 

where, /lapp is the apparent viscosity, 'Y is the rate of shear, T is the absolute temperature, 

and w is the mass fraction of wax in the mixture. The nonlinear regression analysis was 

used to detennine the model parameters A, B, C and D. The proposed model was found 

to fit the experimental data well as demonstrated by a high coefficient of correlation 

(0.96) and an average absolute relative deviation of 5%. 
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6.2 Recommendations for Future Work 

The present study has helped understand the rheological and phase behavior of 

waxy mixtures and the various factors affecting it. This knowledge can be very useful in 

designing pipelines, used for the transportation of waxy crude oil, and other downstream 

processing equipment. The experimental data can also be used to check the validity of 

existing viscosity models and to improve these models. However, the wax-solvent 

systems studied here are simple in comparison to actual crude oils. Hence, the study of 

more complex systems needs to be undertaken. In that regard, using a mixture of waxes 

e.g. a mixture of paraffinic, naphthenic and aromatic waxes, instead of only one type of 

wax, and/or using a mixture of different compounds, as a solvent as opposed to one 

single compound could be useful, as its nature and behavior will, hopefully, be closer to 

an actual waxy crude oil. At a later stage, addition of resins and asphaltenes in the 

prepared mixtures can be considered; however, that would, increase the complexity of the 

system. 

Attempts can be made towards an extensive study of the thixotropic nature of 

waxy mixtures. This would include experimentation at different controlled conditions of 

shear and cooling rate. Based on the results, modeling of thixotropic behavior of such 

systems could then be considered. 
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An extensive study of the phase behavior of pseudo-binary (wax-solvent) 

mixtures is recommended as it would provide further insight about the different 

mechanisms/factors controlling/affecting the phase behavior of these systems. 

Use of more than one type of equipment for viscosity measurement is 

recommended, as the values obtained from different viscometers can be compared with 

each other and any aberration in the functioning of the equipment or any inconsistent data 

will be easy to detect. 

Once enough reliable experimental data as well as experience/information is 

available, efforts may be directed towards a general/reasonable viscosity model. 

The use of a direct data acquisition system may also be considered for doing 

experiments with concentric cylinder viscometer in future, as it will reduce the tedious 

task of collecting the data manually. 
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APPENDIX A 

VISCOELASTICITY EXPERIMENT DATA 
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Table AI: Stress sweep experimental data. Mixture composition is 20 mass% wax 

in C12 and the temperature is 25°C. 

t (Pa) 0) (rad/s) ll;jO(Pas) a;jO (Pa) 

50 277.72 10.6 2954.17 

78.8 277.72 8.16 2265.22 

124.2 277.72 15.8 4387.8 

195.74 277.72 0.673 186.86 

308.5 277.72 11.1 3078.63 

486.22 277.72 5.01 1392.68 

766.31 277.72 11.7 3251.51 

1207.75 277.72 33.2 9218.2 

1903.48 277.72 24.3 6761.27 

3000 277.72 16.6 4613.01 

10 62.83 7.42 466.33 

18.02 62.83 5.38 337.92 

32.46 62.83 4.4 276.66 

58.48 62.83 2.25 141.6 

105.36 62.83 1.7 106.99 

189.82 62.83 1.37 85.94 

341.99 62.83 0.37 23.2 

616.15 62.83 0.73 46.16 

1110.1 62.83 1.49 93.31 

2000 62.83 0.37 23.55 

8 6.283 2.41 15.17 

17.89 6.283 1.l6 7.26 

40 6.283 0.66 4.l5 

89.44 6.283 0.47 2.93 

200 6.283 0.32 2.02 

447.21 6.283 0.24 1.5 

1000 6.283 0.22 1.36 

6 0.628 0.23 0.14 
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't CPa) ill (rad/s) 11*(Pa s) G* (Pa) 

12.16 0.628 0.14 0.09 

24.66 0.628 0.1 0.07 

50 0.628 0.07 0.045 
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Table A2: Frequency sweep experimental data. Mixture composition is 20 mass% 

wax in el2 and the temperature is 25°C. 

* " t (Pa) (J) (rad/s) 11 * (Pa s) G or G (Pa) 

500 277.72 20 5560 

500 153.31 1.29 197 

500 92.36 0.64 59.1 

200 62.83 0.57 35.9 

200 42.78 1.36 58 

200 29.15 0.54 15.7 

200 19.85 0.64 12.9 

200 13.5 0.39 5.37 

200 9.24 0.23 2.14 

150 6.28 0.46 2.9 

150 4.28 0.21 0.9 

150 2.91 0.18 0.52 

150 1.98 0.15 0.29 

150 1.35 0.13 0.17 

150 0.92 0.066 0.06 

70 0.63 0.09 0.057 

70 0.43 0.08 0.03 

70 0.29 0.06 0.02 

70 0.19 0.05 0.01 

70 0.13 0.04 0.006 
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APPENDIXB 

NON·NEWTONIAN VISCOSITY DATA 
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Table BI: Mixture - C12+1O% Wax. 

Shear rate(s-I) Cooling rate (OC/h) Temperature (OC) Jlapp (mPas) 

6.12 10 21 141 


6.12 10 18 370 


6.12 10 16 640 


6.12 10 14 1033 


6.12 5 21 130 


6.12 5 18 275 


6.12 5 15.5 616 


6.12 5 14 821 


24.47 10 20 45 


24.47 10 15 96 


24.47 10 10 166 


24.47 10 5 245 


24.47 10 0 315 


24.47 5 20 36 


24.47 5 17 50 


24.47 5 11 110 


24.47 5 7 137 


24.47 5 3 172 


61.18 10 20 18 


61.18 10 15 27 


61.18 10 10 33 


61.18 10 5 40 


61.18 10 0 45 


61.18 5 20 17 


2761.18 5 15 


61.18 5 10 38 


61.18 5 5 49 


61.18 5 0 6 
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Table B2: Mixture - C12+20% Wax. 

Shear rate(s-l) Cooling rate (OC/h) Temperature (OC) J.1app (mPas) 

6.12 10 30.5 150 

6.12 10 28.5 264 

6.12 10 26.5 430 

6.12 10 24.5 672 

6.12 10 22.5 966 

6.12 5 30.5 210 

6.12 5 28.5 445 

6.12 5 26.5 586 

6.12 5 24.5 890 

6.12 5 23 1146 

24.47 10 30 35 

24.47 10 28 46 

24.47 10 26 57 

24.47 10 24 70 

24.47 10 22 90 

24.47 10 20 115 

24.47 5 30 37 

24.47 5 28 50 

24.47 5 26 65 

24.47 5 24 95 

24.47 5 22 115 

61.18 10 30.5 17 

61.18 10 28.5 27 

61.18 10 26.5 30 

61.18 10 24.5 37 

61.18 10 22.5 43 

61.18 10 20.5 52 

61.18 10 18.5 59 
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Shear rate(s-l) Cooling rate (OC/h) Temperature (Oe) Ilapp (mPas) 

61.18 10 16.5 63 


61.18 10 14.5 70 


61.18 10 12.5 77 


61.18 10 10 82 


61.18 10 7 99 


61.18 5 31 21 


61.18 5 28 35 


61.18 5 24 49 


61.18 5 20 58 


61.18 5 16 72 


61.18 5 10 75 


61.18 5 7 82 
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Table B3: Mixture - C12+30% Wax. 

Shear rate(s-l) Cooling rate (OC/h) Temperature (OC) J.1app (mPas) 
6.12 10 3S S16 


6.12 10 33 677 


6.12 10 31 1023 


6.12 5 35 412 


6.12 5 33 769 


6.12 5 31 1225 


24.47 10 35 67 


24.47 10 32 129 


24.47 10 29 138 


24.47 10 26 233 


24.47 5 35 72 


24.47 5 32 140 


24.47 5 29 184 


24.47 5 26 265 


61.18 10 35 27 


61.18 10 32 50 


61.18 10 29 77 


61.18 10 26 105 


61.18 10 23 124 


61.18 5 35 31 


61.18 5 32 54 


61.18 5 29 76 


61.18 5 26 88 


61.18 5 23 109 
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Table B4: Mixture - CI6+10% Wax. 

Shear rate(s-l) Cooling rate (OC/h) Temperature (OC) Jlapp (mPas) 

6.12 10 27.5 147 

6.12 10 25.5 186 

6.12 10 23.5 230 

6.12 10 21.5 294 

6.12 10 19.5 380 

6.12 5 25 129 

6.12 5 23 173 

6.12 5 21 215 

6.12 5 19 300 

24.47 10 23.5 35 

24.47 10 21.5 45 

24.47 10 19.5 57 

24.47 5 22.5 33 

24.47 5 20.5 45 

24.47 5 18.5 61 

61.18 10 24 15 

61.18 10 22 19 

61.18 10 20 23 

61.18 10 18 27 

61.18 5 23.5 17 

61.18 5 21.5 22 

61.18 5 19.5 26 

61.18 5 17.5 29 
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Table B5: Mixture - C16+20% Wax.. 

Shear rate(s-I) Cooling rate (OCIh) Temperature (OC) Ilapp (mPas) 

6.12 10 34.5 294 

6.12 10 32.5 433 

6.12 10 30.5 602 

6.12 10 28.5 621 

6.12 10 26.5 749 

6.12 10 24.5 979 

6.12 5 34.5 320 

6.12 5 32.5 499 

6.12 5 30.5 649 

6.12 5 28.5 813 

6.12 5 26.5 837 

6.12 5 24.5 1088 

24.47 10 34 33 

24.47 10 32.5 44 

24.47 10 31 56 

24.47 10 29 78 

24.47 10 27 93 

24.47 10 25 112 

24.47 10 23 131 

24.47 10 21 147 

24.47 10 19 164 

24.47 10 17 186 

24.47 5 35 22 

24.47 5 33 40 

24.47 5 31 55 

24.47 5 29 72 

24.47 5 27 93 

24.47 5 25 112 



159 

Shear rate(s-l) Cooling rate (OCIh) Temperature (OC) Jlapp (mPas) 

24.47 5 23 128 


24.47 5 21 140 


24.47 5 19 151 


24.47 5 17 168 


61.18 10 35 16 


61.18 10 33 25 


61.18 10 31 33 


61.18 10 29 42 


61.18 10 27 48 


61.18 10 25 56 


61.18 10 23 65 


61.18 10 21 76 


61.18 10 19 86 


61.18 10 17 103 


61.18 5 35 16 


61.18 5 33 25 


61.18 5 31 33 


61.18 5 29 39 


61.18 5 27 45 


61.18 5 25 52 


61.18 5 23 61 


61.18 5 21 65 


61.18 5 19 79 
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Table B6: Mixture - CI6+30% Wax. 

Shear rate(s-l) Cooling rate (OC/h) Temperature (OC) /lapp (mPas) 

6.12 10 37 750 


6.12 10 36 781 


6.12 10 34 970 


6.12 5 38 352 


6.12 5 36 955 


24.47 10 38 51 


24.47 10 36 76 


24.47 10 34 146 


24.47 10 32 192 


24.47 10 30 216 


24.47 5 38 49 


24.47 5 36 79 


24.47 5 34 115 


24.47 5 32 157 


24.47 5 30 192 


61.18 10 38 27 


61.18 10 35 45 


61.18 10 32 65 


61.18 10 29 83 


61.18 10 26 111 


61.18 5 38 26 


61.18 5 35 45 


61.18 5 32 66 


61.18 5 29 79 


61.18 5 26 102 
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APPENDIXC 

RESULTS OF VISCOSITY MODELLING 
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Table Cl: Wax-CI2 Mixtures. 

T (OK) Shear rate(s-I) Wax mass fraction In Jlapp(Exp) In Jlapp(Model) Abs. ReI. Err. 

294.15 6.12 0.1 4.949 5.574 12.6 

291.15 6.12 0.1 5.914 5.808 1.8 

289.15 6.12 0.1 6.461 5.967 7.6 

287.15 6.12 0.1 6.940 6.128 11.7 

293.15 24.47 0.1 3.807 3.605 5.3 

288.15 24.47 0.1 4.564 4.002 12.3 

283.15 24.47 0.1 5.112 4.412 13.7 

278.15 24.47 0.1 5.501 4.837 12.1 

273.15 24.47 0.1 5.753 5.278 8.3 

293.15 61.18 0.1 2.890 2.853 1.3 

288.15 61.18 0.1 3.296 3.249 1.4 

283.15 61.18 0.1 3.497 3.660 4.7 

278.15 61.18 0.1 3.689 4.085 10.7 

273.15 61.18 0.1 3.807 4.525 18.9 

294.15 6.12 0.1 4.868 5.574 14.5 

291.15 6.12 0.1 5.617 5.808 3.4 

288.65 6.12 0.1 6.423 6.007 6.5 

287.15 6.12 0.1 6.711 6.128 8.7 

293.15 24.47 0.1 3.584 3.605 0.6 

290.15 24.47 0.1 3.912 3.842 1.8 

284.15 24.47 0.1 4.700 4.329 7.9 

280.15 24.47 0.1 4.920 4.665 5.2 

276.15 24.47 0.1 5.147 5.011 2.6 

293.15 61.18 0.1 2.833 2.853 0.7 

288.15 61.18 0.1 3.296 3.249 1.4 

283.15 61.18 0.1 3.638 3.660 0.6 

278.15 61.18 0.1 3.892 4.085 5.0 

273.15 61.18 0.1 4.159 4.525 8.8 

303.65 6.12 0.2 5.011 5.846 16.7 
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T (OK) Shear rate(s-I) Wax mass fraction In ~app(Exp) In ~pp(ModeI) Abs. ReI. Err. 

301.65 6.12 0.2 5.576 5.992 7.5 

299.65 6.12 0.2 6.064 6.140 1.3 

297.65 6.12 0.2 6.510 6.290 3.4 

295.65 6.12 0.2 6.873 6.442 6.3 

303.15 24.47 0.2 3.555 3.836 7.9 

301.15 24.47 0.2 3.829 3.983 4.0 

299.15 24.47 0.2 4.043 4.132 2.2 

297.15 24.47 0.2 4.248 4.282 0.8 

295.15 24.47 0.2 4.500 4.435 1.4 

293.15 24.47 0.2 4.745 4.590 3.3 

303.65 61.18 0.2 2.833 3.048 7.6 

301.65 61.18 0.2 3.178 3.194 0.5 

299.65 61.18 0.2 3.401 3.342 1.7 

297.65 61.18 0.2 3.611 3.492 3.3 

295.65 61.18 0.2 3.761 3.644 3.1 

293.65 61.18 0.2 3.951 3.798 3.9 

291.65 61.18 0.2 4.078 3.955 3.0 

289.65 61.18 0.2 4.143 4.113 0.7 

287.65 61.18 0.2 4.248 4.274 0.6 

285.65 61.18 0.2 4.344 4.437 2.1 

283.15 61.18 0.2 4.407 4.644 5.4 

280.15 61.18 0.2 4.595 4.897 6.6 

303.65 6.12 0.2 5.347 5.846 9.3 

301.65 6.12 0.2 6.098 5.992 1.7 

299.65 6.12 0.2 6.373 6.140 3.7 

297.65 6.12 0.2 6.791 6.290 7.4 

296.15 6.12 0.2 7.044 6.404 9.1 

303.15 24.47 0.2 3.611 3.836 6.2 

301.15 24.47 0.2 3.912 3.983 1.8 

299.15 24.47 0.2 4.174 4.132 1.0 
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T (OK) Shear rate(s-l) Wax mass fraction In Jlapp(Exp) In Jlapp(ModeI) Abs. ReI. Err. 

297.15 24.47 0.2 4.554 4.282 6.0 

295.15 24.47 0.2 4.745 4.435 6.5 

304.15 61.18 0.2 3.045 3.011 1.1 

301.15 61.18 0.2 3.555 3.231 9.1 

297.15 61.18 0.2 3.892 3.530 9.3 

293.15 61.18 0.2 4.060 3.837 5.5 

289.15 61.18 0.2 4.277 4.153 2.9 

283.15 61.18 0.2 4.317 4.644 7.6 

280.15 61.18 0.2 4.407 4.897 11.1 

308.15 6.12 0.3 6.246 6.508 4.2 

306.15 6.12 0.3 6.518 6.650 2.0 

304.15 6.12 0.3 6.930 6.794 2.0 

308.15 24.47 0.3 4.205 4.462 6.1 

305.15 24.47 0.3 4.860 4.676 3.8 

302.15 24.47 0.3 4.927 4.894 0.7 

299.15 24.47 0.3 5.451 5.116 6.2 

308.15 61.18 0.3 3.296 3.710 12.6 

305.15 61.18 0.3 3.912 3.923 0.3 

302.15 61.18 0.3 4.344 4.141 4.7 

299.15 61.18 0.3 4.654 4.363 6.2 

296.l5 61.18 0.3 4.820 4.590 4.8 

308.l5 6.12 0.3 6.021 6.508 8.1 

306.l5 6.12 0.3 6.645 6.650 0.1 

304.15 6.12 0.3 7.111 6.794 4.5 

308.l5 24.47 0.3 4.277 4.462 4.3 

305.15 24.47 0.3 4.942 4.676 5.4 

302.15 24.47 0.3 5.215 4.894 6.2 

299.15 24.47 0.3 5.580 5.116 8.3 

308.l5 61.18 0.3 3.434 3.710 8.0 

305.l5 61.18 0.3 3.989 3.923 1.6 
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T (OK) Shear rate(s-I) Wax mass fraction In /lapp(Exp) In /lapp(ModeI) Abs. ReI. Err. 

302.15 61.18 0.3 4.331 4.141 4.4 

299.15 61.18 0.3 4.477 4.363 2.5 

296.15 61.18 0.3 4.691 4.590 2.2 
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Table C2: Wax-C16 mixtures. 

T (OK) Shear rate(s-l) Wax mass fraction In llapp(Exp) In llapp(Model) Abs. ReI. Err. 

300.65 6.12 0.1 4.990 5.057 1.3 

298.65 6.12 0.1 5.226 5.204 0.4 

296.65 6.12 0.1 5.438 5.353 1.6 

294.65 6.12 0.1 5.684 5.503 3.2 

292.65 6.12 0.1 5.940 5.656 4.8 

296.65 24.47 0.1 3.555 3.468 2.4 

294.65 24.47 0.1 3.807 3.619 4.9 

292.65 24.47 0.1 4.043 3.772 6.7 

297.15 61.18 0.1 2.708 2.738 1.1 

295.15 61.18 0.1 2.944 2.889 1.9 

293.15 61.18 0.1 3.135 3.041 3.0 

291.15 61.18 0.1 3.296 3.196 3.0 

298.15 6.12 0.1 4.860 5.241 7.8 

296.15 6.12 0.1 5.153 5.390 4.6 

294.15 6.12 0.1 5.371 5.542 3.2 

292.15 6.12 0.1 5.704 5.695 0.2 

295.65 24.47 0.1 3.497 3.544 1.3 

293.65 24.47 0.1 3.807 3.696 2.9 

291.65 24.47 0.1 4.111 3.850 6.4 

296.65 61.18 0.1 2.833 2.776 2.0 

294.65 61.18 0.1 3.091 2.927 5.3 

292.65 61.18 0.1 3.258 3.080 5.5 

290.65 61.18 0.1 3.367 3.235 3.9 

303.65 6.12 0.2 5.011 5.747 14.7 

301.65 6.12 0.2 5.576 5.891 5.6 

299.65 6.12 0.2 6.064 6.036 0.5 

297.65 6.12 0.2 6.510 6.184 5.0 

295.65 6.12 0.2 6.873 6.334 7.8 

303.15 24.47 0.2 3.555 3.898 9.6 

301.15 24.47 0.2 3.829 4.043 5.6 
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TeK) Shear rate(s-l) Wax mass fraction In llapp(Exp) In llapp(Model) Abs. ReI. Err. 

299.15 24.47 0.2 4.043 4.189 3.6 

297.15 24.47 0.2 4.248 4.337 2.1 

295.15 24.47 0.2 4.500 4.488 0.3 

293.15 24.47 0.2 4.745 4.640 2.2 

303.65 61.18 0.2 2.833 3.170 11.9 

301.65 61.18 0.2 3.178 3.314 4.3 

299.65 61.18 0.2 3.401 3.460 1.7 

297.65 61.18 0.2 3.611 3.607 0.1 

295.65 61.18 0.2 3.761 3.757 0.1 

293.65 61.18 0.2 3.951 3.909 1.1 

291.65 61.18 0.2 4.078 4.063 0.4 

289.65 61.18 0.2 4.143 4.219 1.8 

287.65 61.18 0.2 4.248 4.378 3.0 

285.65 61.18 0.2 4.344 4.538 4.5 

283.15 61.18 0.2 4.407 4.742 7.6 

280.15 61.18 0.2 4.595 4.991 8.6 

303.65 6.12 0.2 5.011 5.747 14.7 

301.65 6.12 0.2 5.576 5.891 5.6 

303.65 6.12 0.2 5.347 5.747 7.5 

301.65 6.12 0 .2 6.098 5.891 3.4 

299.65 6.12 0.2 6.373 6.036 5.3 

297.65 6.12 0.2 6.791 6.184 8.9 

296.15 6.12 0.2 7.044 6.297 10.6 

303.15 24.47 0.2 3.611 3.898 8.0 

301.15 24.47 0.2 3.912 4.043 3.3 

299.15 24.47 0.2 4.174 4.189 0.4 

297.15 24.47 0.2 4.554 4.337 4.8 

295.15 24.47 0.2 4.745 4.488 5.4 

304.15 61.18 0.2 3.045 3.134 2.9 

301.15 61.18 0.2 3.555 3.350 5.8 
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T (OK) Shear rate(s-l) Wax mass fraction In llapp(Exp) In llapp(Model) Abs. ReI. Err. 

297.15 61.18 0.2 3.892 3.645 6.4 

293.15 61.18 0.2 4.060 3.947 2.8 

289.15 61.18 0.2 4.277 4.259 0.4 

283.15 61.18 0.2 4.317 4.742 9.8 

280.15 61.18 0.2 4.407 4.991 13.3 

310.15 6.12 0.3 6.620 6.198 6.4 

309.15 6.12 0.3 6.661 6.267 5.9 

307.15 6.12 0.3 6.877 6.405 6.9 

311.15 24.47 0.3 3.932 4.245 8.0 

309.15 24.47 0.3 4.331 4.382 1.2 

307.15 24.47 0.3 4.984 4.521 9.3 

305.15 24.47 0.3 5.257 4.662 11.3 

303.15 24.47 0.3 5.375 4.805 10.6 

311.15 61.18 0.3 3.296 3.553 7.8 

308.15 61.18 0.3 3.807 3.759 1.3 

305.15 61.18 0.3 4.174 3.969 4.9 

302.15 61.18 0.3 4.419 4.184 5.3 

299.15 61.18 0.3 4.710 4.403 6.5 

311.15 6.12 0.3 5.864 6.129 4.5 

309.15 6.12 0.3 6.862 6.267 8.7 

311.15 24.47 0.3 3.892 4.245 9.1 

309.15 24.47 0.3 4.369 4.382 0.3 

307.15 24.47 0.3 4.745 4.521 4.7 

305.15 24.47 0.3 5.056 4.662 7.8 

303.15 24.47 0.3 5.257 4.805 8.6 

311.15 61.18 0.3 3.258 3.553 9.0 

308.15 61.18 0.3 3.807 3.759 1.3 

305.15 61.18 0.3 4.190 3.969 5.3 

302.15 61.18 0.3 4.369 4.184 4.2 

299.15 61.18 0.3 4.625 4.403 4.8 
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