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Abstract

Drilling fluids are essential for drilling operations and serve many important functions.
To maintain control of the wellbore, while ensuring sufficient cutting transportation, good
understanding of the rheological properties and behaviours of drilling fluids are required. The
rheological behaviours of drilling fluids are often unknown for the relevant range of shear rates,
making available models a necessity when simulating their rheological behaviour.
Traditionally, the drilling industry uses simple models when simulating the viscosity profile of
drilling fluids, e.g. Herschel-Bulkley or Power Law. However, the accuracy of these models
can be questioned. Therefore, this study investigated the use of the Quemada model for
modelling viscous behaviour of drilling fluids, while the Herschel-Bulkley model was used to
serve as a basis of comparison.

The shear stress/shear rate relationship was measured by OFITE Model 900 and Anton
Paar MCR 302 to analyse the fluid properties and behaviours. The drilling fluids were also
exposed to simulated well conditions (elevated temperatures and dynamic ageing) to
characterise their rheological change. The Herschel-Bulkley model curves were fitted with
nonlinear regression by reducing the residual sum of squares (RSS), where the shear rate range
had to be limited to 0.0511-287 s’ to improve model accuracy. This resulted in models able to
describe the characterised rheological behaviours of the drilling fluids with decent accuracy.
The Quemada model was curve fitted for the entire measured shear rate range of 0.0511-
1020 st with nonlinear regression by using the weighted least square (WLS) method.
Additionally, the infinite- and zero-shear viscosities were treated as curve fitting values. This
yielded one highly accurate solution for all viscosity profiles, where most of the curves had
indications of the infinite- and zero-shear plateaus due to the extensive shear rate range. This

resulted in good estimations of the infinite- and zero-shear plateaus.
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1 Introduction

During a drilling operation, drilling fluid is pumped from the pits, through the drill
string, where it exits the drill bit into annulus. When the drilling fluid enters the annular gap
between the exposed formation and the bottom hole assembly (BHA), it collects the solid
cuttings and transports them to the shale shakers. These devices separate the cuttings from the
drilling fluid, before the fluid is prepared for recirculation (Willamson, 2013).

During the described process, the drilling fluid serves several important functions. This
includes maintaining the wellbore stability by controlling the wellbore pressure, minimising
hydraulic erosion, and controlling clays (Willamson, 2013). The pressure in the well, exerted
by the weight of the drilling fluid column, must slightly exceed the pore pressure of the
formations, to prevent inflow of formation fluids. By only slightly exceeding the pore pressure,
the likelihood of exceeding the fracture pressure of the formation is minimised, evading well
control issues related to loss of circulation. The hydraulic erosion is minimised by balancing
hole-cleaning requirements, carrying capacity, and fluid velocity against hole geometry. The
hole-cleaning efficiency and carrying capacity relies on the drilling fluid’s rheological
properties and behaviours. During circulation, low viscosity is desired to achieve an efficient
rate of penetration (ROP) without excessive frictional forces. In addition, maintaining good
carrying capacity upon circulation stops. Under these static conditions, the fluid should quickly
form a sufficient gel-structure to keep cuttings and weighing material suspended. However, the
gel-structure must be easily broken and returned to low-viscosity fluid when circulation restarts.
A gauge hole can be cleaned by low-viscosity fluids with minimal problems, but in the event
of an enlarged hole section, a different viscosity profile to ensure sufficient hole cleaning is
required. Increasing the pump rate to sufficiently clean the enlarged hole section may lead to
excessive fluid velocity in the gauge hole section. This results in different fluid velocities in the
enlarged and gauge holes, i.e. the wellbore has a range of different shear rates. These conflicting
rheological requirements are minimised by using shear-thinning drilling fluids.

Understanding the rheological properties and behaviours of drilling fluids is crucial to
efficiently clean the wellbore and to maintain the hole stability. However, the flow behaviour
is not always known for the entire range of relevant shear rates. Simulating rheological
behaviour of drilling fluids, by means of available models is a necessity, but can sometimes be
challenging due to changes in drilling parameters. Traditionally, the drilling industry uses
simple models like Herschel-Bulkley model, but the accuracy of these models can be



questioned. Therefore, researching other viscosity models, to describe the viscous behaviour of
drilling fluids with increased accuracy over a wide range of wall shear rates, is of interest.

In this thesis, the model of interest is the Quemada model, developed by Quemada in
1998. It is a more complex viscosity model compared to the previously mentioned Herschel-
Bulkley model. Quemada (1998) declared that structural models are more suitable for complex
fluids such as drilling fluids. The model describes a concept of shear-dependent structures, i.e.
the construction and destruction of structural units (SUs) caused by shear forces. Thus,
researching this model, regarding the shear-thinning behaviour of drilling fluids, is of interest.
Previous work has been conducted on the Quemada model with regards to drilling and well
fluid, i.e. cementitious materials (Hodne et al., 2007) and synthetic based fluids (SBF) (Baldino
et al., 2018). This is further discussed in Chapter 3 in relation to the approach of this thesis.

1.1  Objective and Limitations

The main objective of this thesis is to analyse the use of the Quemada model for
predicting the viscous behaviour of drilling fluids, where the Herschel-Bulkley model serves as
a basis of comparison. This study is limited to four selected drilling fluids, where two are water-
based drilling fluids (WBDFs) and two are oil-based drilling fluids (OBDFs).

The objective is accomplished by reviewing relevant literature, and by characterising
the rheological properties, behaviours, and changes of the selected drilling fluids. Generally,
the complexity of drilling fluids makes their rheological behaviours not well understood.
Attempts have been made to characterise these behaviours through standard measurement data,
governed by current American Petroleum Institute (API) standards (American Petroleum
Institute, 2014, 2019), and through superior measurement data with a wider range of shear rates.
Finally, the analysis of the selected models includes how the rheological change affects the
model parameters. To induce changes in rheological properties, the drilling fluids are subjected

to specific temperatures and dynamic ageing, to simulate different wellbore conditions.



2 Theory

This chapter is divided into three main topics containing information about concepts
and findings that supports the work of this thesis. The first topic contains relevant information
on fluid rheology. The next topic includes the different models and their use in predicting the
drilling fluid’s rheological behaviour. Lastly, the third topic outlines how to determine or limit

the model parameters, and the approaches of curve fitting the models.
2.1 Rheology

Rheology is the science of deformation and flow of matter. By applying forces to the
materials of interest, their rheological behaviour can be determined. This subchapter discusses
the relationship between shear stress, shear rate, and shear viscosity. Additionally, the different
principles of measuring these values are outlined, along with how the rheological behaviour

can be interpreted through flow and viscosity curves.
2.1.1 Shear Stress, Shear Rate, and Shear Viscosity

In this study, the rheological parameters of interest are the shear stress, shear rate, and
shear viscosity. To define these parameters, the Two-Plates-Model, described by Fig. 1, is
utilised. This model describes how shear area 4 is moved by shear force F, thus moving the
plate at velocity v, while the parallel plate, located at distance 4, is kept stationary (v = 0). This
model assumes laminar flow in the shear gap between the adjacent plates, where the fluid does
not slip or glide along.

Figure 1. Two-Plates-Model (Mezger, 2006).



The flow conditions in a rheometer are not as simple as described by the Two-Plates-
Model. Nonetheless, if the given conditions are met, and the shear gap is adequately narrow,
the rheological parameters is defined as follows.

The shear rate, denoted by y, is defined as the rate of change in velocity when adjacent

layers of fluid move at different velocities. Shear rate can be described as y = % or by
differential y = %, with unit [1/s]. The shear stress, denoted by 7, is defined by force £, which
moves the upper layer, divided by the layer’s surface area 4, i.e. T = % with unit [Pa]. By using
the shear rate and shear stress, the shear viscosity 7 is definedasn = %With unit [Pa-s] (Mezger,

2006). Viscosity is related to the internal friction of the fluid and shows its resistance to flow.
2.1.2 Rotational Principles

To obtain the flow and viscosity curves of the selected drilling fluids, and to characterise
their rheological behaviour, rheometers or viscometers are used. These instruments measure the
relationship between the shear rate and the corresponding shear stress and viscosity by using
two different rotational principles, Couette and Searle (Fig. 2). OFITE Model 900 Viscometer
and Anton Paar MCR 302 Rheometer are the two instruments used to obtain the flow curves in

this study.

Figure 2. Rotational principles: Couette (left) and Searle (right).

The OFITE Model 900 Viscometer is a coaxial cylinder rotational viscometer based on
the Couette principle. The fluid is sheared in the annular space between the cylinder and the
bob during measurements. When the cylinder rotates at a measured angular velocity, the fluid
exerts a viscous drag on the bob. To overcome the viscous drag, the bob is held fixed by creating



a torque, which is deflected by a spring. The viscometer is then able to measure the angular
displacement of the bob. The OFITE 900 uses calculations to display output data based on the
shear rate and displacement of the bob (Gucuyener, Kok, & Batmaz, 2002; OFITE, 2015;
Skadsem & Saasen, 2019). This technology minimises unstable flow in low viscosity fluid
samples and is the most used among the oilfield viscometers (Mezger, 2006). Nonetheless, there
have been studies conducted showing the inaccuracy of concentric cylinder Couette geometry
at low shear rates (LSRs). In a study conducted by Skadsem and Saasen (2019), they look at
how shear-thinning yield stress fluids yield at LSRs, and how the Newtonian shear rate
assumptions causes errors when measuring these fluids. Skadsem and Saasen (2019) show how
decreasing shear rates, in a standard oilfield viscometer (Fann 35), increases the deviation
between the assumed Newtonian wall shear rates and the actual wall shear rates. This effect
depends on the size of the shear gap, where narrower shear gaps are shown to be better.

The Anton Paar MCR 302, with a concentric cylinder system, uses the Searle principle.
The measuring bob rotates in the sample filled cup, i.e. the outer cylinder. For the motor to
drive the inner bob at a given speed, it needs to exceed the viscous forces of the fluid. Thus, the
necessary torque is a measure of the viscosity (Anton Paar, n.d.-b). The downside of this
measuring system is the potential occurrence of unstable flow in low-viscosity fluids at high
shear rates (HSRs) (Mezger, 2006).

2.1.3 Flow and Viscosity Curves

Flow and viscosity curves are graphical representations of a fluids change in rheological
behaviour when shear forces are applied. Plotting the obtained shear stress or viscosity against

shear rate characterises the fluid behaviour and make them possible to interpret.
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Figure 3. Flow curves (left) and viscosity curves (right): (1) Newtonian fluid, (2) shear-thinning fluid, (3) shear-
thickening fluid (Anton Paar, n.d.-a).



The three main rheological behaviours are illustrated in Fig. 3 in terms of shear stress
and viscosity against shear rate. The figure does not perfectly represent all fluid behaviours but
describes the general curve shapes. As explained in the introduction, shear-thinning drilling
fluid minimises the conflicting rheological requirements caused by wellbore conditions and
differences in wall shear rates. Thus, the scope of this study only includes shear-thinning
behaviour.

The viscosity curves can also be interpreted at logarithmic scales to understand a larger
range of viscosity data. Fig. 4 displays two different types of shear-thinning fluids, one with
apparent yield stress and one without yield stress. The existence of yield stress is discussed in
Chapter 2.3.3. The blue curve has a plateau at LSRs, indicating the zero-shear viscosity, and
one at HSRs, indicating the infinite-shear viscosity. The two plateaus are also referred to as the
first and second Newtonian plateau, due to their constant viscosity. When the fluid exhibits
Newtonian behaviour (Fig. 3 curve (1)) at LSRs the fluid has no yield stress. On the other hand,
the green curve shows no zero-shear plateau. This may be explained by the zero-shear plateau
existing outside the area of possible measurements and is thus described by an apparent yield
stress (Barnes, Hutton, & Walters, 1989). Fig. 4 also illustrates how the limited shear rate range

of a typical viscometer can be unable to reveal the zero-shear plateau.

Apparent yield stress:
An ever increasing viscosity as

10° the shear rate approaches zero, i.e.
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Figure 4. Log viscosity curve of shear-thinning fluids (Duffy, 2016).



2.1.4 Effects of Temperature and Ageing on Drilling Fluid Rheology

The temperature is an important factor when characterising drilling fluid properties and
behaviours. Measuring the fluid at different temperatures give insight into the rheological
behavioural changes in the wellbore. These temperature changes can affect rheological
properties physically, chemically, or electrochemically (Caenn, Darley, & Gray, 2017). How
the rheology changes with differing temperatures depends on its composition. Even small
variations in the concentration of the fluid components can affect the behaviour of the fluid
(Bartlett, 1967), making it difficult to determine which fluid components are more affected by
the changes in temperature.

A study was conducted on OBDFs by Halvorsen et al. (2019), where the selected fluids
were exposed to a temperature range of 20-70°C with increments of 10°C. Their results show
the change in shear stress decreases with each increment. Other studies conducted on bentonite-
WBDFs show similar behaviour as on OBDFs (Anawe & Folayan, 2018; Teymoori & Alaskari,
2007). This study has WBDFs containing polymers. In general, the viscosity’s rate of change
in polymer solutions depend on different factors such as temperature, salinity, polymer
concentration, and molecular weight (Ghasem & Al-Marzougqi, 2011; Nouri & Root, 1971).

Another important area of study is the rheological changes caused by ageing drilling
fluids. In the field, the fluid is circulated through the wellbore, and reused multiple times. Thus,
simulating this process and study how the fluid will react to higher temperature exposure over
time is essential to ensure the drilling fluids ability to handle the well conditions and to ensure

correct usage of additives and chemicals.
2.2  Rheology Models

Over the years, several mathematical models to describe the experimental data of
drilling fluids, have been developed. These models are used to predict the shear-dependent
rheological behaviour of the drilling fluid outside the measured interval by characterising its
flow properties (Andaverde, Wong-Loya, Vargas-Tabares, & Robles, 2019; Hodne et al.,
2007). Some of the most recognised models for describing the rheological behaviour of drilling
fluids are the Bingham Plastic, Power Law, and Herschel-Bulkley model (Fig. 5).

The Newtonian (Fig. 5 curve (3)) and Bingham Plastic (Fig. 5 curve (1)) models are
widely used linear models. These models are very comparable, the only difference being the

existence of yield stress. The Bingham Plastic model is defined as T = 7, + p,,y when t > 7,

and becomes the Newtonian model T = u,y when 7, = 0. The shear stress (7) is defined by
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the plastic viscosity (up) which is independent of shear rate (y) and the initial yield stress (o)
(Andaverde et al., 2019). However, these models cannot describe the non-linearity of shear-

thinning behaviour, making them inaccurate models for drilling fluids (Gucuyener, 1983).
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Figure 5. Rheology models: (1) Bingham Plastic model, (2) Herschel-Bulkley model, (3) Newtonian model, and
(4) Power Law model.

The Power Law (Fig. 5 curve (4)) model is a non-linear model not accounting for yield
stress. It describes the non-Newtonian behaviour of a fluid and is defined by T = ky™. The
shear stress (7) depends on the shear rate (y), as well as the consistency index & and flow
behaviour index n. However, because this model does not include yield stress, it is inaccurate
in describing the rheological behaviour of some drilling fluids (Andaverde et al., 2019;
Gucuyener, 1983). On the other hand, the Herschel-Bulkley model (Fig. 5 curve (2)) is
considered a combination of Bingham plastic and Power Law, by including the yield stress and
the non-Newtonian behaviour of drilling fluids. This makes the Herschel-Bulkley model a
common model in the drilling industry, and it therefore serves as a basis of comparison with
the Quemada model in this thesis. For this purpose, the Herschel-Bulkley model and the

Quemada model is explained in-depth in the two following subchapters.



2.2.1 Herschel-Bulkley Model

The Herschel-Bulkley model (Herschel & Bulkley, 1926) is a non-linear, three-
parameter model. This is the simplest model used to describe the flow behaviour of drilling
fluids with reasonable accuracy (Saasen & Ytrehus, 2018). It is defined as:

T=1y+ ky" when T>1, 1)
where the shear stress (7) depends on the yield stress (z,), shear rate (y), and the consistency
and flow behaviour indices, kand n respectively (Skadsem, Leulseged, & Cayeux, 2019). The
k-and n-parameters are the empirical curve fitting parameters (Chhabra & Richardson, 2008).
The n-parameter determines the rheological behaviour of the fluids. As stated in Chapter 2.1.3,
shear thinning is the rheological behaviour of interest, which is characterised by the flow
behaviour index in the range of 0 < n < 1. The closer n is to zero, the more shear-thinning
behaviour the fluid has. The yield stress can be approximated through different methods as
explained in Chapter 2.3.3.

The Herschel-Bulkley model has a few limitations. The fitted values of kand n depend
on the applied range of shear rates, and the model does not take the zero- and infinite-shear
viscosities into account. Furthermore, the A-parameter is dependent on the dimensionless n
(Chhabra & Richardson, 2008). Due to this dependency, the k-parameter cannot be used as a
comparison between differently modelled flow curves and is of little practical use.

To circumvent the problem of comparing the k-parameter, Saasen and Ytrehus (2018)
rewrote the Herschel-Bulkley model, Eq. (1), by using the dimensionless shear rate to include
comparable independent parameters, and defined it as:

N
T=T9+ T, <E> when T>1, @)
This model is based on Nelson’s and Ewoldt’s (2017) model, which is extended further to be
used on drilling fluids, where the surplus shear stress, T, = T — 1, IS given at a characteristic
shear rate y;. Unlike k&, these parameters do not depend on any of the other parameters.
Therefore, they can be used as a comparison between different fluids when planning to drill a
well section. If the model-parameters have been optimised through curve fitting for the shear
rate range of interest, some of the uncertainties will be reduced. Thus, the surplus shear stress
can easily be determined from Eq. (3) through the optimised k& and n parameters (Saasen &
Ytrehus, 2018).
Ts = kys' ©)



2.2.2 Quemada Model

The Quemada model, developed by Quemada (1998), is an extension of the hard-sphere
model and a revisited concept of the effective volume fraction (EVF). This extension includes
complex fluids under the assumption they are monodisperse dispersions of approximately
spherical structural units (SUs). The Quemada model describes how the viscosity is affected by
the construction and destruction of shear-dependent SUs suspended in the fluid. When the fluid
is prepared, it may form aggregated flocs of the initial fluid particles, called individual flocs
(IFs). At low shear rates (LSRs), the inter-particle forces result in the formation of SUs from
the initial fluid particles and/or the IFs. When, SUs are formed, they lock up some of the
suspending fluid, increasing the EVF of the particles, resulting in increased viscosity. When the
shear rate increases, these SUs break apart, subsequently releasing the locked-up fluid,
decreasing the EVF, and reducing the viscosity (Quemada, 1998; Hodne et al., 2007). Quemada

(1998) used this concept to define the following viscosity equation:

(4)

_ [1+I“1"]2
A Py e

In Eq. (4), n« is the steady state infinite-shear viscosity, where the dimensionless shear
variable ' — oo. This variable can be expressed in terms of shear rate or shear stress,
r'=(y/y.) or (t/t.), depending on the viscometer used in the measurements (Quemada,
1998). The exponent of the dimensionless shear variable, p, has been pre-defined by Quemada
(1998) to be 0 < p < 1, and has been found to usually be close to 0.5 in colloidal dispersions
(van der Werff & de Kruif, 1989).

The model is dependent on its structural index (), defined as:

x(@) =120 ('L”)% ©
1-¢/¢e Mo
which works as a rheological index by describing the rheological behaviour of the fluid. For
shear-thinning drilling fluids, the structural index is limited to 0 < x < 1. It can be expressed

by the limiting zero- and infinite-shear viscosities where I' - 0 and ' — co:

¢ )—2 ¢ -2
—n.(1-— and o = (1 — —) (6)
Mo = NF ( b0 n Nr Do
Each limiting viscosity depend on their respective limiting maximum-packing fraction defined
as:
— Pm _ bm
P =15 ¢s, and P =11 ¢S, 0
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These parameters depend on the maximum packing fraction ¢,,, the compactness factor
C = ¢~1 — 1 where @ is the SU’s mean compactness, and the limiting values of the structure
variable. The structure variables are defined as S = ¢40/® and S, = P /P WhenT' — 0 and
[' = oo respectively, where Quemada (1998) describes ¢, as the volume fraction of particles
in the SUs. For pseudo-plastic behaviour, Quemada (1998) confines the limiting maximum
packing fractions to ¢ < ¢, < ¢, and the limiting aggregated volume fractionsto ¢ = ¢4 =
P aco-
The structure variable Sis also defined as:

ds
dt
where x4 and xp are shear-dependent constants of construction and destruction of SUs. When

=K, (So — ) — Kp(S — So) (8)

ds/dt = 0, the equation gives the steady state solution:

So+ S0
=119 9)
where Quemada (1998) assumes &to be:
K t
0() =—="2=(ty)P = TP (10)
Kqg Ip

in concentrated systems. The characteristic time ¢ is required for dimensional homogeneity and
it needs to be closely related to one of the relaxation times, ¢4 and/or ¢ (Hodne et al., 2007;
Quemada, 1998).

Some of the parameters (t., 1o, N, ¢, and ¢,,) can be determined by different methods

and needs to be limited with care. This will be explained further in Chapter 2.3.5.
2.3 Model Application
2.3.1 Nonlinear Regression

The main objective of nonlinear regression (NLR) is to find the “best fit” of the model
through optimising its goodness-of-fit (see Chapter 2.3.2). NLR is a very flexible method for
curve fitting. Multiple software programs have an add-in/built-in function that makes NRL
possible when fitting a model to experimental data. Microsoft Excel Solver is an add-in program
where NRL is a possibility for curve fitting. Excel’s standard solver uses the Generalised
Reduced Gradient (GRG) method, which is based on Lasdon et al.’s (1978) nonlinear optimised
GRG, also called GRG2 (Fylstra et al.,1998; Lasdon et al., 1978). This method looks at the
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gradient of the model as the curve-fitting parameters change to create a better fit. It reaches the
optimum solution when the partial derivatives equal zero (EngineerExcel, n.d.).

The problem with this method is that it may find a local optimum solution, closest to
the initial conditions, instead of the global optimum solution, as illustrated in Fig. 6. Another
necessity when utilising this algorithm is for the function to be smooth without any
discontinuities (EngineerExcel, n.d.; FrontlineSolvers, n.d.). However, a local minimum will
rarely be encountered if the measured data has little scatter, is over an appropriate range of X-
values (range of shear rates in this case), has an appropriate model, and has sensible initial
values (Motulsky & Christopoulos, 2003). Nonetheless, the Excel Solver has a multistart
function to circumvent the problem of the local and global optimisation. This function chooses
random starting points, within given limitations, to find the best global solution. By having well
defined variable boundaries and longer solver runs, the likelihood of finding the global

optimisation is higher (EngineerExcel, n.d.; FrontlineSolvers, n.d.).

Initial
Conditions

Local - Global
Minima Minima

Figure 6. GRG nonlinear solver run (EngineerExcel, n.d.).

2.3.2 Goodness-of-Fit

Goodness-of-fit is a statistical model that describes the relation between expected and
observed data. In this case, referring to the expected data of the selected models and the
measured data obtained by the rheometer and viscometer. A well know measure of goodness-
of-fit is the correlation coefficient, R?. In a regression model, R? measures the linear relationship

by how much variance in the dependent variables are caused by the independent variables.
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However, studies have been shown that this correlation is only valid for linear regression and
should not be trusted in NLR (Spiess & Neumeyer, 2010).

A common way to reduce the deviation between observed data and the applied model,
is least square regression. By reducing the residual sum of squares (RSS), also called sum of
squared error, the vertical distances between the empirical and predicted values are reduced.

RSS is generally defined as:

Np

RSS = Z(}’i - 9)? (11)

where the y; represent the measured value, y; the predicted value decided by the model, and N,,
the number of measurement points (Motulsky & Christopoulos, 2003; NIST/SEMATECH,
2012).

Sometimes experimental data range from very low to very high values. The goodness-
of-fit will mostly be influenced by the high y; values, because the residual squares are
consequently larger. If this is undesirable, weights can be applied to even out the influence of
the high value data points and the low value data points, thus reducing the sum of the weighted
squares between the experimental data and the model curve. This is the weighted least square
(WLS) method and it is defined as:

> 11
WLS = Z w;(y; — 9;,)? where w; = " or y—lz (12)
i
where y;, §;, and N,, represent the same as in Eq. (11), and the weight w;, in Eq. 12, shows two

common weighing methods.

When w; = 1 no weights are added and WLS equals RSS. However, reducing the
relative distance, given when w; = 1/y?, will over-proportionate the weight of smaller values
and result in the model not being as good at LSRs. Therefore, a compromise between the two,
where w; = 1/y;, can be used. (Motulsky & Christopoulos, 2003; Thermo Scientific, 2005).

The RSS and WLS quantifies the goodness-of-fit but can only be used when there is a
basis of comparison (Motulsky & Christopoulos, 2003). The lowest WLS/RSS-values describe
the model with the “best fit”. However, this method is not very intuitive, high observed values
yields higher RSS/WLS compared to low observed values. To supplement the RSS and WLS,
the absolute and mean absolute percentage errors (APEs and MAPES) can be used. They

represent the normal and average absolute percentage differences between the measured and
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the model values. They may, however, be unpredictable when applied to data of low values and
do not work where the measured value is zero.
When the regression methods of the nonlinear regression have been decided, limiting

and determining the model parameters are the next steps in obtaining accurate models.
2.3.3 Yield Stress

The yield stress is a parameter in the Herschel-Bulkley model. It is considered a physical
fluid property and can be determined through other methods than curve fitting. However, the
existence and definition of yield stress, along with how to approximate it, must be discussed
further.

Reviewing yield stress related studies can be very complicated. There is a controversy
around how it should be defined, how it should be measured (directly or indirectly), and whether
yield stress even exists. This problem has been summarised in an interesting review article
written by Niall W. G. Young and Mads Larsson, attributed Watson (2004), and were enacted
as a play by the same people (Fig. 7). Yield stress is commonly defined as a mark between the
solid- and liquid-like behaviour of the fluid. If shear stress is applied below the yield stress, the
fluid will exhibit a solid-like behaviour and when the yield stress is exceeded, it behaves like a
liquid (Duffy, 2012). However, this does not necessarily mean that the fluid structure is
completely destroyed when the applied stress equals the yield stress. According to Balmforth
et al. (2014), fluid structures typically exist after the fluid has yielded, making the viscosity

shear-rate dependent.

Figure 7. Watson (2004) review article enactment. People in photo: Niall W.G. Young (left) and Mats Larsson
(right). In agreement with the photographer: Tor Henry Omland (2004).
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Blair (1933) defined yield stress as “the critical shear stress below which no flow can
be observed under the condition of experimentation”. On the other hand, Barnes and Walters
(1985) would say true yield stress do not exist and defines what cannot be measured. They came
to this conclusion due to the newly developed stress instruments that were able to measure at
shear rates as low as 10° s,

Assuming yield stress exists, it can be approximated through direct and indirect
measurements. The indirect method uses the shear stress data at low shear rates (LSRs) to
extrapolate a value at zero shear rate. However, this method can be very inaccurate. The LSR
data may be inaccurate due to slippage, or the shear stress is simply measured at too HSRs.
(Watson, 2004). One direct method for determining yield stress is the vane method. It will
measure the yield stress as a physical property of the fluid. As the vane rotates, it stretches the
network bond between the particles and aggregates, eventually breaking the bonds. When the
majority of these bonds have been broken, the fluid has yielded (Dzuy & Boger, 1983). Barnes
and Carnali (1990) conducted a numerical analysis on vane geometry and showed that no yield
stress existed. They claimed that a thixotropic layer, forming at the vane surface, lead to
apparent slip. When removing this, they produced viscosity curves with zero-shear plateau
indications and thus showed the non-existence of true yield stress.

The review article by Watson (2004) concludes that the language used and the
definitions of the of the measurement parameters are the most important when studying yield

stress related cases.
2.3.4 Wellbore Shear Rates

Drilling fluids have a very complex rheological behaviour. The standard models like
Herschel-Bulkley is rarely capable of representing a wide range of shear rates, e.g. 0-1020 s,
with high accuracy. Therefore, it is necessary to fit the model to a limited shear rate range,
depending on the wall shear rates of the relevant hole-sections.

Assuming laminar flow in a pipe or in a narrow concentric annulus, where the annular
gap is assumed to be adequately small compared to the wellbore, Eq. (13) to (17) can be derived
(Guillot, 1990). These equations calculate the wall shear rates of non-Newtonian and
Newtonian fluids and are found in textbooks, e.g. Nelson (1990). The wall shear rate, Eq. (13),
is the maximum shea rate value, and depends on the non-Newtonian behaviour of the fluid that

is described by n’ The problem with the wall shear rate is the shear stress at the wall, Eq. (15).
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It depends on the often unknown friction pressure (E. B. Nelson, 1990), making the wall shear

rates difficult to define for non-Newtonian fluids.

Pipe flow: Annular flow:
Wall shear . 3n' +1 . 2n' +1 13)
rates Yw _TVNW )/W_T)/NW
dlo dlo
d log (Ynw) d log (Ynw)
Ddp (Do — D) dp
and = —~0 /7P 15
w=7 dz tw 4 dz (15)

For shear-thinning fluids (n" < 1), such as most drilling fluids, the Newtonian wall

shear rate is the lower boundary of the wall shear rate, and is given by:

Pipe flow: Annular flow:
Newtonian
Il sh 8v ) 12v 16
r o= -
wall sheal Vw D YNw D, —D, ( )
rates
Average 4 4
i == 529:% (17)
velocity A mD? A n(Dé—-Df)

The Newtonian wall shear rates, Eq. (16), is defined by the volumetric flow rate of the mud
pump and the size of the pipe or annular gap.

The geometry of a wellbore can vary greatly depending on the position of the drill string
in the well. These variations in the wellbore geometry can cause large variations in the true wall
shear rates, even more so than the non-Newtonian behaviour of the drilling fluids (E. B. Nelson,
1990). However, this study will assume a gauge hole with the drill string in the centre in all
hole-sections, due to unknown wellbore geometry. This study uses the wall shear rates from the

Newtonian wall shear rate equations, due to the unknown conditions of the well. For
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the purposes of this study, the Newtonian wall shear rates provide a sufficiently good
approximation.

When the relevant wall shear rates have been determined for different hole-sections,
one model for HSR in the pipe and one model for LSRs in annulus can be fitted with Herschel-
Bulkley. By fitting two models for each of their relevant shear rate range, the accuracy of the
model will increase and yield better shear stress estimates. The focus will be the wall shear rates
of the annular gap due to the pore and fraction pressures of the exposed formations in a well.

2.3.5 Limiting the Quemada Parameters

The Quemada model is a complex model with several parameters requiring a fitting
process to find the optimal solution for modelling the fluids viscous behaviours. When fitting
the Quemada model to the experimental data, these parameters must be defined by upper and
lower boundaries through accurate sample preparation and measurements.

The characteristic time is defined by the characteristic shear rate (t, = y:1). Hodne et
al. (2007) recognised the characteristic time tc, as defined by Quemada (1998) to be the time
needed for obtaining a suspension of almost mono-disperse SUs. The characteristic shear rate,
compared to the shear rate range applied by the viscometer, describe the rheological behaviour
of the selected fluids. Pseudo-plastic behaviour requires a characteristic shear rate within the
range of applied shear rates (Quemada, 1978). Furthermore, the characteristic time can be given
by t. = nerra’/W,; (Baldino et al., 2018; Quemada, 1998), where t. depends on the effective
viscosity nes particle radius a, and particle interaction energy . This equation explains how
the characteristic time will decrease with increased temperature, due to the increase in W7 and
decrease in 7 (Baldino et al., 2018).

Infinite- and zero-shear viscosity was described from the viscosity curve in Fig. 4
(Chapter 2.1.3). These parameters can be estimated indirectly through curve fitting, directly
measured, or be estimated through the volume fraction parameters described by Quemada
(1998). However, attempts to directly measure these values are not always possible due to the
limitation on the measuring equipment (Baldino et al., 2018). When using the method of
determining the infinite- and zero-shear viscosity by Eq. (6) and Eq. (7) in Chapter 2.2.2,
limiting the boundaries and estimating values of the parameters in the equations are crucial
when fitting the model.

The solid volume fraction ¢ is an important factor of the viscous behaviour. It is a

measure of the fraction of particles suspended in a fluid compared to the total volume of the
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suspension. It is important to define it by the volume, and not the weight, due to the rheology’s
dependence on the forces acting on the particle surface and not on the particle’s density. The
viscosity is heavily dependent on the ¢. Increasing the concentration of particles results in
increased flow resistance, due to the particles being in each other’s way, i.e. increased internal
friction (Barnes et al., 1989). This volume faction can be estimated from the weight of the
materials used in the selected drilling fluids and the known/measured material/suspension
densities, yielding equation:

VSuspended particles VTotal - VSuspending fluid

¢ = (18)

VTotal VTotal

The maximum packing fraction ¢,, is defined as the solid volume fraction needed for
flow to stop i.e. infinite viscosity. This happens when a solid structure, continuous throughout
the suspension, is formed by the dispersed particles (Barnes et al., 1989; De Visscher &
Vanelstraete, 2004). The ¢,, of a suspension depends on several factors. One factor is the
particle shape, where spherical particles having better space-filling properties than non-
spherical particles. Another is the particle size distribution, where large distribution of particle
sizes in a dispersion lead to the pores between the larger particles being filled by smaller
particles. Lastly, including the arrangement of packing, where monodisperse spheres range

from simple cubic (¢,, = 0.52) to hexagonal close packed (¢,, = 0.74) (Barnes et al., 1989).
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3 Previous Work

The structural model proposed by Quemada (1998) is not normally used for modelling
drilling and well fluids. The oil industry prefers simple models like Bingham, Power Law, and
Herschel-Bulkley. However, there has been conducted some studies on the Quemada model in
relation to drilling and well fluids.

Hodne et al. (2007) used this model for cementitious materials to predict the rheological
behaviour of the fluid outside the range of measurement. The method utilised by Hodne et al.
(2007), consisted of viscosity measurements and a thorough sample preparation to measure the
particle packing fractions and the solid volume fractions. These measurements were necessary
to limit the upper and lower boundaries of the six parameters used in the curve fitting,
D te, P Pao Paco-

The exponent p was limited to 0 < p < 1 according to Quemada (1998). The applied
range of shear rates were 0.05-511 s*. However, the characteristic time (t, = y~1) was limited
to the shear rate range of 3.1-511 s’*. Cementitious mixtures often contain air, resulting in air
bubbles acting as particles, increasing the solid volume fraction, and affecting the experiment.
Therefore, the limits of the solid volume fraction ¢ depended on the measured air content of
the samples. For the maximum packing fraction ¢,,,, Hodne et al. (2007) were able to determine
the lower limit packing fractions through a packing experiment. The maximum packing fraction
for face centred packing of mono-disperse spheres, at 0.74 (Barnes et al., 1989), were set as the
upper limit. The last two parameters, the limiting aggregated volume fractions, were limited to
Pace < Pao < ¢ according to Quemada (1998) (Hodne et al., 2007).

Hodne et al. (2007) found two optimal solutions for each of their samples, where one
was optimal for high shear rates (HSRs) and the other for low shear rates (LSRs). The two
different curves showed two different behaviours, denoted by J- and S-curve. The J-curve only
indicates the existence for infinite-shear viscosity and fits the LSR data. While the S-curve
indicates both the zero- and infinite-shear viscosity and fits the HSR data. Hodne et al. (2007)
concluded that the Quemada model (Quemada, 1998) could be used to predict the rheological
behaviour of the cementitious materials. However, care had to be taken when choosing a
solution to study a phenomenon at HSRs or LSRs.

Baldino et al. (2018) used a different method to fit the model to describe the behaviour
of a synthetic based drilling fluid (SBF). Instead of looking at the volume fractions of the fluid,
they tried to measure the infinite-shear viscosity (1.,) and the zero-shear viscosity (n,) by using

the stress-over-shoot (SOT) testing technique. They met on technical limitations when
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evaluating the zero-shear viscosity and were expecting a larger value. To correct for this, they

introduced the correction parameter o into the model and defined the viscosity by:

1417 ]2
(7700/0”70)0'5 +1rI?
The only parameters requiring fitting were t., a, and p. The correction parameter a had to be

N =N (19)

greater than 1 to give a larger value of n, (Baldino et al., 2018), and the exponent p was treated
the same as Quemada (1998) and Hodne et al. (2007). Unlike Hodne et al. (2007), they used
the applied range of shear rates, 0.15s71 <y < 1000 s~%, to define the limits of the
characteristic time.

The method applied by Baldino et al. (2018) resulted in a J-curve accurately describing
the rheological behaviour at LSRs. However, like Hodne et al. (2007), the resulting J-curves
introduced large discrepancies between the model and measured values at HSRs.

This thesis presents another modelling approach compared to Hodne et al. (2007) and
Baldino et al. (2018). Instead of trying to limit the limiting viscosities, though the volume
fraction like Hodne et al. (2007) or trying to measure the limiting viscosities like Baldino et al.
(2018), the limiting viscosities were treated as empirical curve fitting parameters. The resulting
optimal fit and the calculated solid volume fraction were then used to calculate the structural
index and the limiting maximum volume fractions. These values were used to verify the
rheological behaviour of the selected drilling fluids. Further explanation of this approach to the

Quemada model can be found in Chapter 4.3.2.
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4 Methodology

Four different drilling fluid recipes, both oil and water based, were prepared in the lab.
Two comparable batches of each recipe were made to ensure the integrity of the experiment
and to reduce the uncertainties one fluid sample would present, i.e. a total of eight samples were
prepared and measured. Sample preparation, equipment, and method for measuring is presented
in chapters 3.1 and 3.2, followed by model implantation methods in chapter 3.3.

4.1 Materials
4.1.1 Oil Based Drilling Fluids

The OBDFs made in the lab were field applicable fluids. Both recipes are tabulated in
Tab. 1, presenting the quantity of components used in the fluids, along with some important

fluid properties.

Properties Recipe 1 Recipe 2 Units
Density p 1195 1190 [kg/m®]
Oil/Water Ratio 74/26 80/20

Oil Viscosity 4.477 4.477 [mPa-s]
Components

Water 210.63 164.51 [kg/m?]
CaCl; Solution 46.62 36.40 [kg/m?]
Ca(OH): 5.62 430 [kg/m?]
Emulsion (Primary and Secondary: One-Mul) 33.42 26.08 [kg/m®]
Mineral Oil (EDC 95/11) 488.67 540.28 [kg/mq]
Organophilic Clay (VG Supreme) 22.47 22.93 [kg/m®]
Barite 387.57 395.50 [kg/md]

Table 1. Approximate formulation of the OBDF at 20°C.

The fluid-preparation process began by solving an appropriate amount of CaCl> solution
into the water. This is done to prevent osmosis when drilling in water-sensitive shales. Next,
Ca(OH), was added into the solution, to increases the alkalinity of the drilling fluids to prevent
corrosion of the equipment in the wellbore. To obtain stable emulsion in the OBDFs, the
emulsifier, One-Mul, was mixed in to act as the primary and secondary emulsion. Subsequently,
the mineral oil was added, making the fluid an invert emulsion, where the water was suspended
into the fluid as water droplets. To suspend the particles and lift the cuttings, a viscosifier is
necessary. Organophilic clay was used, due to its oil-wet surface, making it able to disperse in
oil-based fluids. Lastly, the barite was mixed into the fluid as a weighting agent to gain the

appropriate fluid density.
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4.1.2 Water Based Drilling Fluids

The two water-based recipes prepared in the lab were typical field applicable inhibitive-

WBDFs. Their components and fluid properties are tabulated in Tab 2.

Properties Recipe 3 Recipe 4 Units
Density 1300 1295 [kg/m3]
Water Viscosity 1.0 1.0 [mPa:s]
Components

Water 861.15 857.84 [kg/md]
KCI 101.31 100.92 [kg/m3]
Na,COs (Soda Ash) 1.31 1.30 [kg/md]
Polymer (PolyPAC ELV) 7.60 7.57 [kg/md]
Starch (Trol FL) 4.43 3.15 [kg/m?]
Xanthan Gum 2.53 3.78 [kg/mq]
Barite 321.67 320.43 [kg/mq]

Table 2. Approximate formulation of the WBDF at 20°C.

KCI, a soluble salt, is first added to the water. This additive is capable of efficiently
stabilise exposed water-sensitive shale. Soda ash is then added to get the desired alkalinity (like
Ca(OH), in the OBDF recipes). This is followed up with polymer and starch. The polymer used
controls fluid loss, is a shale inhibitor and a lubricator. The starch is added next, and it
supplements the fluid loss control. Xanthan gum is the main viscosifier in these recipes. It
enhances the suspension of the particles, while giving the drilling fluids their shear-thinning
behaviour. As with the OBDFs, barite is used as a weighting agent to obtain desired fluid
density.

4.2  Equipment and Experimental Procedure
4.2.1 Preparation and Treatment of the Drilling Fluids

All chemicals and additives used in the drilling fluids were weighted with a Mettler
Toledo PB 1502-S balance with a precision of £ 0.01 g. This precision is necessary when
preparing smaller fluid samples in the lab.

The OBDFs were mixed with a Heidolph Overhead Stirrer (~600-700 rpm). When all
the chemicals had been added and there were 15 minutes left of the mixing time (indicated in
Tab. 3), the mixer was switched to a Silverson high shear mixer. The Silverson requires the
mixing head to be totally submerged in fluid, which were not possible at the start of preparing

OBDFs, thus Heidolph was used first. The switch made it possible to mix at greater speeds
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(~3000 rpm) than achievable with the Heidolph, thus, ensuring a better oil/water emulsion and
particle dispersion.

When mixing the WBDFs, the initial water volume was large enough to use the
Silverson from the start. The mixing speed was kept at ~2500-3000 rpm, thus, breaking apart
aggregated particles and making an evenly dispersed fluid. After utilising the Silverson, the
friction from the fluid particles increased the fluid temperature. Therefore, the fluids were left

to cool overnight to regain room temperature before proceeding with measurements.

Order | Oil Based Mud Water Based Mud
# Components  Mixing Time [min] | Components  Mixing Time [min]
1 Water - Water -
2 CacCl; solution 5 KCI 5
3 Ca(OH): 5 Na.COs3 5
4 One-Mul 10 PolyPAC ELV 10
5 EDC 95/11 10 Trol FL 10
6 VG Supreme 5 Xanthan Gum 10
7 Barite 10 + 15* Barite 25

Table 3. Mixing times for each component of the OBDFs and the WBDFs,
*10 min. Heidolph + 15 min. Silverson.

After completing the first set of measurements, each fluid was aged in a hot rolling oven,
to simulate the circulation of a wellbore. Each sample was transferred to a mud cell before being
left in the hot rolling oven at 80°C, a common reservoir temperature, to roll for 16 hours. When
the test was complete, the samples were removed from the oven and left to cool for at least 3
hours. They were then measured with Anton Paar MCR 302, however the OFITE Model 900
measurements were completed the day after.

4.2.2 Drilling Fluid Measurements

Fluid density of each sample was obtained by using a Fann Model 141 Pressurised Mud
Balance. When pressure is applied, the volume of potential air bubbles entrapped in the fluid
sample decreases to a negligible amount. All density measurements were conducted between
20.5-21.5°C before the ageing test. The OBDF Recipes 1 and 2 had respective densities of 1195
and 1190 kg/m?, while the WBDF Recipes 3 and 4 had higher respective densities of 1300 and
1295 kg/m®. However, these values were difficult to read accurately from the measuring
instrument.

The rheological measurements were done with OFITE Model 900, an oilfield
viscometer made to satisfy APl (OFITE, 2015), and Anton Paar MCR 302 Rheometer, a more

advanced rheometer designed for laboratory testing. Both have rotational measurement systems
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but are based on different rotational principle, as explained in Chapter 2.1.2. Drilling fluids
being the objects of measurement, the OFITE 900 was utilised to obtain a representation of
field data. However, coaxial cylinder rotational viscometers like OFITE 900 and Fann 35 have
been shown to be inaccurate at low shear rates (LSRs) when measuring liquids exhibiting yield
stress. Anton Paar MCR 302 has a more accurate measurement system due to its narrower shear
gap, and more extensive range of shear rates. Hence, it is possible to model the viscous
behaviour of the fluid more accurately. The shear gap (=1 mm) is more than ten times larger
than the largest barite particle of 0.075 mm, yielding a sufficient shear gap for rheological
measurements of the selected fluids. However, other effects can influence the rheological
measurements of the non-Newtonian fluids. This may include slippage and thixotropic
behaviour at LSRs. If the fluid contains weighting particles, such as barite, sedimentation can
also affect the measurements (Skadsem & Saasen, 2019).

Prior to these measurements, the fluid samples were re-mixed with a Heidolph Overhead
Stirrer at 600 rpm for 1 minute to suspend and disperse the particles, making the fluid
homogeneous. Measuring of the rheological behaviour of drilling fluid samples with the OFITE
900 was done at ramp down: 600 — 300 — 200 - 100 -60-30-20-10-6 -3 -2 -1 rpm.
The fluids were sheared at a constant shear rate for 20 seconds before measurements were taken.
This was followed up with 10 sec. and 10 min. gel measurements based on API specifications
(American Petroleum Institute, 2014, 2019). When measuring with OFITE, the temperatures of
interest were room temperature and 50°C, where 50°C is considered a standard temperature
when reporting viscosity measurements in the field. The room temperature was kept constant
at 21+1°C. To achieve 50°C in the fluid, an OFITE Universal Heat Cup was used. The OFITE
measurements at 50°C were only conducted after ageing the fluid. When using this heating tool,
the rheology of the used fluid might change, due to possible water evaporation. Thus, the heated
fluid cannot be reused. The fluid volume required to fill the sample cup was too large for the
test to be conducted before and after the ageing test, making this test not feasible before ageing
the fluid.

The second set of data was obtained with the Anton Paar MCR 302 Rheometer by using
its concentric cylinder system. The measuring cylinder was a CC27 with its associated cup,
which is good for measuring low viscosity to viscoelastic liquids. All fluid samples were
sheared at 1020 s for 60 seconds in the cup, before the first measurement was taken at this
shear rate. This was followed by a logarithmic ramp down with five measuring points per

decade in the interval 511 down to 0.0511 s, to evenly spread the measuring points on the
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viscosity curve. The fluids were sheared at constant shear rate for 20 seconds before
measurements were taken. These measurements were conducted at 25 and 50°C, before and
after the fluid samples were aged. This was feasible with the MCR 302 due to the required
sample volume being very small. The temperature was controlled by MCR 302’s integrated
temperature system. The system was temperature stable for 10 minutes with acceptable error of

+0.1°C before running the tests, making it very temperature accurate.
4.3  Implementing the Rheological Models

Fitting the Herschel-Bulkley, Eq. (1), and the Quemada model, Eq. (4), to the
experimental data sets were done by the standard add-in solver program in Excel. When
utilising this function, it is necessary to choose an objective, variable cells, constraints, and a
solving method. The iteration will stop when the nonlinear GRG has repeated itself five times
and the target change is significantly small. This is dependent on the convergence value, which
in this case is set at the standard of 0.0001.

4.3.1 Fitting of the Herschel-Bulkley Model

When implementing the Herschel-Bulkley model, the yield stress was approximated
through linear extrapolation of the two lowest measurement points. This was done under the
assumption that no slippage happened when measuring the shear stress of the fluids with Anton
Paar MCR 302. The MCR 302 has a far more extensive shear rate range compared to an oilfield
viscometer, yielding low enough shear rate data to get a sufficient yield stress estimate for the
purpose of this thesis.

The optimal values of the model-parameters, kand n, were determined through Excel’s
GRG Nonlinear solver method, where nwas limited to 0 < n < 1 for shear-thinning behaviour.
The model was fitted for two different ranges of shear rates, where one adhered to the LSRs
and the other to the HSRs, to obtain more accurate models. The LSRs represents the Newtonian
wall shear rates of the annulus, and the HSRs the inside of the drill string, resulting in two
different solutions for nand k. These results were obtained through reducing the RSS Eg. (20)

in each of their relevant shear rate ranges. Each model curve reduced:

Np
RSS = Z(Tl' - 'fi)z (20)
i=1
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where N, is the number of measurement points, z; is the measured shear-stress values, and the
T, is the shear-stress values obtained by the curve fitted Herschel-Bulkley model.

The estimates for the wall shear rates were determined through the Newtonian wall
shear rate described in Chapter 2.3.4. The estimates were made for hole-sections 8.5”, 12.25”,
and 17.5” with a 5.5 drill pipe, with the respective pumping rates of 1800, 4500, 6000 Ipm.
The data represents typical field values determined from experience (Sayindla et al., 2017). The
wall shear rates are expected to be below 250 s, which is rarely exceeded in the field with the
exception of the area around the bottom hole assembly (BHA) (Sayindla et al., 2017; Werner
et al., 2017). The estimated wall shear rates were used as the specified shear rates (y;) when
determining the surplus shear stress 7, = kys' through the model parameters. This is a valid
method when the model is accurately curve fitted within its relevant range of shear rates (Saasen
& Ytrehus, 2018).

4.3.2 Fitting of the Quemada Model

In this study, the parameter variables are p, t., ., and n,, where the limiting viscosities
are treated as theoretical values that can be estimated through curve fitting. As mentioned in
Chapter 2.2.2, this model has a dimensionless shear variable dependent on shear stress or shear
rate. In this study, the shear variable is shear rate dependent and defined as I' = (y/y.). The
objective was to reduce the weighted least square (WLS) to find the optimal values of the
parameters. By reducing the WLS, all the low-viscosity values at HSRs were not completely

outweighed by the large values at LSRs. The reducing eq. is defined as:

Np

1 \
WLS = ) — (= 1)’ (21)

i 1];

=1
where the measured viscosities are n; and the Quemada model viscosities are 7;. The WLS will
be used as a goodness-of-fit indicator on which curves modelled by Quemada is the most
accurate.

The initial values for the parameters were decided by an educated guess before the Excel
solver iterated a solution by using GRG Nonlinear as the solution method. The parameters to
be fitted were limited within acceptable constraints. These consisted of the zero-shear plateau
being larger than the highest measured viscosity and varying freely to infinity, while the
infinite-shear plateau could vary from the lowest measured viscosity to zero. The exponent p
was pre-defined by Quemada (1998), and the characteristic time was limited by the applied

shear range.
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To verify the best fit solutions of the model parameters, the limiting maximum packings
¢ and ¢, were calculated by rearranging Eq. (6), by using the fitted limiting viscosities,
suspending fluid viscosity, and solid volume fraction. These values verify pseudo-plastic fluids
when ¢ < ¢y < ¢, (Quemada, 1998). In the case of determining the viscosity of the
Newtonian suspending fluid nr of the OBDFs, the relevant temperatures, 25 and 50°C, were
excluded from the known values, 20 and 40°C. These were estimated from the Arrhenius
relationship, n = Ae®/T. This relationship contains two liquid constants, A and B, and describes
the absolute temperature dependency of the viscosity. Increasing the temperature in the
Newtonian fluid will decrease the viscosity, and higher viscosity gives greater temperature
dependency (Barnes et al., 1989). On the other hand, the solid volume fractions and the
suspending fluid viscosity of the WBDFs were based on non-saline water, despite containing
KCl-salt. However, the effects of the salt were assumed to be negligible and were omitted from
this study, due to the limiting viscosities not being determined by use of the volume fraction

parameters.
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5 Results and Discussions

This chapter analyses the rheological properties and behaviours through the fluid
measurements and the graphically represented flow curves. The rheological change is
characterised by data obtained at elevated temperatures and after dynamic ageing. To represent
the areas outside measurements, Herschel-Bulkley and Quemada model were applied and
analysed in terms of the modelled flow and viscosity curves, and the model parameters.

Additionally, calculated parameters have been added and evaluated to substantiate the models.
5.1 Laboratory Results and Fluid Rheology

The results of the measurement data obtained by use of MCR 302 and OFITE 900 is
presented in this subchapter. As mentioned in the beginning of Chapter 4.1, two comparable
batches were made to ensure the integrity of the experiments. When the OBDFs, Recipes 1
and 2, were prepared, the first two batches of Recipe 1 were deemed not comparable, based on
the large absolute percentage errors (APEs) between the different batches. However, the
measurements of Batches 3 and 4 were comparable. The mean absolute percentage error
(MAPE) of the measured shear stresses in Recipe 1 varied from 5.9-9.3%. For Recipe 2,
Batches 2 and 3 were comparable with acceptable MAPE of 2.3-8.3%.

The preparation of the WBDFs were easier. Both WBDF recipes, referred to as Recipes
3 and 4, had acceptable Batches 1 and 2. The WBDFs had lower MAPE between the batches
than the OBDFs. Recipe 3 had a MAPE of 2.7-3.8%, while Recipe 4 had a MAPE of 0.5-1.1%.
The MAPE of the WBDFs measured with OFITE at 50°C have been omitted due to OFITE’s
inability to measure at low shear rates (LSRs), which is discussed further in the next section.

Some deviations between the different batches were expected. Viscosity is sensitive to
particle concentration when the solid volume fraction ¢ is higher than 0.3, and especially
around a ¢ of 0.5. Small batches leave room for weighing errors, affecting the viscosity of the
fluid. Recipe 1 have the highest ¢ of 0.399, and consequently the highest MAPEs. In
comparison, Recipe 2 where ¢ is 0.336, have lower MAPEs. The solid volume fractions of the
WBDFs were ¢ < 0.3 and thus were not largely affected by changes in the particle
concentration (Barnes et al., 1989).

The measurement data have been tabulated and can be found in Appendix A and B. The
tables and their respective APEs vary depending on the measurement instrument, applied

temperatures, and whether the fluid was aged or not. Generally, the APEs can yield large errors
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in low values, in comparison with high values. This were reflected in some of the LSR
measurement results, tabulated in Appendix A and B, but do not necessarily reflect bad results.

The rest of the results were based on Recipe 1 Batch 3 (OBDF 1), Recipe 2 Batch 2
(OBDF 2), Recipe 3 Batch 1 (WBDF 3), and Recipe 4 Batch 1 (WBDF 4) when characterising

the flow and viscosity behaviour, temperature and ageing effects, and the applied models.
5.1.1 Properties and Flow Behaviours

This chapter characterises the measured fluid properties and the rheological behaviours
before the models were applied, with respect to the different measurement instruments. The
measured shear stress/shear rate relationship at room temperature is presented in Fig. 8. The
OFITE 900 and MCR 302 measurement curves show the expected shear-thinning behaviours
as explained by Fig. 3 curve (2) in Chapter 2.1.3. At HSRs, both OBDFs show a steep linear
slope, before a more shear-thinning behaviour at LSRs. In comparison, the WBDFs have a more
characteristic shear-thinning behaviour due to the flatter slope at HSRs.

The MCR 302 measurements show smooth curves through all measurement points.
However, the OFITE 900 measurements demonstrated a dip in the curve at all 20 rpm readings
(34 s1). Due to the regularity of this inconsistency, it was concluded to be an instrument error
at the 20 rpm measurements, and these measurement points were omitted from the analysis.
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Figure 8. OBDF and WBDF: MCR 302 at 25°C (left) and OFITE at 21°C (right).

When comparing OBDF 1 and OBDF 2, the former shows higher viscosity compared
to the latter. A study conducted by Halvorsen et al. (2019) showed that decreasing oil-water
ratio (OWR) of invert emulsions results in increased viscosity. The same behaviour is observed
in this study, where the OWR of OBDF 1 is lower compared to OBDF 2. In invert emulsions,
the water droplets act as suspended particles, thus the increased particle concentration resulted

in increased internal friction, i.e. higher viscosity.
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In the WBDFs, the content of starch was decreased while the content of xanthan gum
was increased from Recipes 3 to 4, i.e. replacing one type of polymer with another. The
viscosity was affected by the change due to the xanthan gum being more viscosifying compared
to starch (Schlumberger, n.d.-a, n.d.-b).

Comparing the different measurement methods in Fig. 8 were not feasible due to the
differences in temperature influencing the flow curves, thus resulting in lower values obtained
by MCR 302. Different measurement results were expected due to the size of the shear gap
being different in the two instruments (Skadsem & Saasen, 2019; Werner et al., 2019)
Additionally, OFITE can have some inaccuracies at LSRs due to the Newtonian shear rate
assumption (see Chapter 2.1.2).

In this study, the most comparable data between MCR 302 and OFITE, were the 50°C
measurements of the aged fluid, which is graphically represented in Fig. 9. The OBDF-curves
in Fig. 9 (left) show OFITE measuring higher shear stress values compared to MCR 302. The
measurement values of the OFITE might have some additional inaccuracies due to the
difficulties in regulating the temperature of the universal heating cup. This resulted in
temperature variations of 50 + 3°C. However, the OBDF-viscosities are generally not as
affected by temperature variations at elevated temperatures as the fluids at 20-30°C (Halvorsen
etal., 2019).
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Figure 9. OFITE and MCR 302 measurements at 50°C after ageing: OBDF (left) and WBDF (right).

In Fig. 9 (right) contains the data based on the WBDF-measurements. The discrepancies
between the MCR 302 and the OFITE are large, and OFITE was not able to measure the values
of the entire shear rate range. To some degree, this may be caused by the difficulties in
regulating the temperature of the heating cup. However, this were not likely to be the only
cause, as the issue was observed in all batches measured with OFITE at 50°C. The results in

Fig. 9 differs from Werner et al. (2016), where the Fann 35 measurements of the KCI-WBDF
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were higher than the MCR 302 measurements, and the OBDF-measurements from MCR 302
were higher than Fann 35 measurements at 50°C.

Additional, fluid properties measured with the OFITE were the 10 sec. and 10 min.
gel-strengths. The exact measured values are found in Appendix A. All the selected drilling
fluids formed measurable gel-structures at 21 + 1°C. At 50°C the OBDFs still formed
measurable gel-structures, while the WBDFs did not. As seen in Fig. 9 (right) the OFITE was
not able to measure the shear stresses at the lowest shear rates and was therefore not able to
measure the gel-strengths. If the MCR 302 was utilised for these measurements, other results
may have been obtained. The rest of this study bases its analysis on the MCR 302 data, due to
its extensive shear range, more accurate temperature system, and more reliable LSR

measurements.
5.1.2 Temperature and Ageing Effects

As explained in Chapter 2.1.4, the rheological behaviours of drilling fluids were affected
by temperature and ageing, and the resulting changes are characterised in this section. In
Fig. 10 and 11, the rheological change of the fluids, caused by elevating the temperature from
25°C to 50°C, can be observed. The resulting curves show a general decrease in the shear stress
measurements in all the fluid samples as a consequence of the increased temperature.

Fig. 10 displays the measured results of the OBDFs. The results show that the
rheological change, caused by the temperature increase, are larger in OBDF 1 than in OBDF 2.
This is due to the OWR, the higher water content in OBDF 1 (76/24) compared to OBDF 2
(80/20), resulted in a larger shear stress drop. However, there were also some smaller variations
in the concentration of the other compounds between the recipes (Tab. 1 in Chapter 4.1.1) that

could affect the rheological change of the fluid.
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Figure 10. MCR 302: Temperature effects in OBDF for the entire shear rate range (right) and the very low shear
rate range (left).
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The rheological change in the WBDFs, caused by elevating the temperature, are
displayed in Fig. 11, where the drop in the shear stress at HSRs of the WBDFs are very
comparable and is not as considerable as in the OBDFs. It can be observed that the largest

differences are at HSRs, before decreasing as the shear rate approaches zero.
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Figure 11. MCR 302: Temperature effects in WBDF for the entire shear rate range (right) and the very low
shear rate range (left).

To simulate the drilling fluid circulation in a wellbore, the fluids were exposed to
dynamic ageing. The results of ageing the OBDFs are shown in Fig. 12. The OBDFs have
clearly been affected by the ageing process, yielding increased shear stress values. OBDF 1 was

the fluid with lower OWR, and were slightly more affected by the ageing, most noticeable at

HSRs.
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Figure 12. OBDF 25°C before and after ageing for the entire shear rate range (right) and the very low shear rate
range (left).

When interpreting the effect of ageing in the WBDFs in Fig. 13, WBDF 3 clearly shows
approximately the same shear stress values at 1020 s, before diverging at lower shear rates
where the aged fluid was more viscous. In WBDF 4, the aged fluid had a slightly lower viscosity

at 1020 s%, before the flow curves intersect at lower shear rates where the aged fluid was more

viscous.
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Figure 13. WBDF 25°C before and after ageing for the entire shear rate range (right) and the very low shear rate
range (left).

The data from before and after ageing the OBDFs at 50°C show a very similar trend as
the data at 25°C, except that the WBDFs at 50°C were consistently higher at 50°C after being
aged. Because there were no significant differences in the trends in the data at 50°C, compared
to 25°C, the graphical representation was not included. However, the measurement data can be

found in Appendix A and B.
5.2 Herschel-Bulkley Model

The results of modelling the fluid with the Herschel-Bulkley model is presented and
discussed in this section. The Herschel-Bulkley model served as a basis of comparison for
Quemada model, due to its use in the drilling industry. Fig. 14-17 graphically represents the
two different models for the fluids at 25 and 50°C. They only include the OBDFs and WBDFs
before ageing. However, the fitted values of the aged fluids are added to Tab. 4 and 5. These
figures also include the respective Newtonian wall shear rates for different hole-sections to

display the different relevant shear rates compared to the model.

5.2.1 Flow Curves

Two Herschel-Bulkley model curves (denoted by HBM in the legend) along with the
measurement data are included in Fig. 14-17. Having two different models for each of their
respective shear rate range results in a more accurately fitted model. If the models were curve
fitted for the entire measured range of shear rate, it would yield larger errors at the LSRs. The
measured values and the Herschel-Bulkley model values are summarised in Appendix C along

with their differences described by APEs.
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The shear rates in the annulus rarely exceed 250 s, except around the BHA (Sayindla
etal., 2017; Werner et al., 2017). However, the curves named HBM LSR are curve fitted in the
shear rate range of 0.0511-287 s*. In this case, the model rapidly deviates beyond the last
measurement point included in the curve fitting. If the upper boundary, of the model shear rates,
was limited to 162 s, the model would under-estimate the values from 162 to 250 s™%. To avoid
this, the measurement point at 287 s was included. The HSR ranges were curve fitted from
28710 1020 s

Fig. 14-17 consists of two graphs. The graph to the right includes the entire measured
range of shear rates, where the LSR range, representing the annular gap, and is marked with a
green square representing the figure to the left. The LSR range includes the calculated annular
Newtonian wall shear rates for their respective hole-sections, denoted by NWSR in Fig. 14-17.
The approximated yield stress values are marked with a white circle for their respective fluid.

By visually interpreting the curve fit of the models in Fig. 14, it is observed that the
model curve HBM LSR at 25°C follows the general shape of the measurement points but the
model does not go through most of them. Generally, the models of the LSR range over-
estimated the upper half while under-estimating the lower half. In Fig. 15, the same curve fit is
observed in OBDF 2 at 25°C. However, the HBM LSR at 50°C seem to go through most
measurement points in both OBDF 1 and OBDF 2. For the WBDFs 3 and 4, Fig. 16 and 17
respectively, a better fit of the HBM LSR curves are observed, compared to the OBDFs.
WBDF 3 were slightly superior to WBDF 4. This can be confirmed by the RSS values in the

next section.
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Figure 14. OBDF 1 at 25°C (pink) and 50 °C (green) before ageing including
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Figure 15. OBDF 2 at 25°C (pink) and 50 °C (green) before ageing including
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Figure 17. WBDF 4 at 25°C (pink) and 50 °C (green) before ageing including
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5.2.2 Herschel-Bulkley Parameters

The results of the approximated the yield stresses and the Newtonian wall shear rates,
along with the optimal curve fitted parameters, are summarised in Tab. 4 and 5. The OBDFs at
25 and 50°C, before and after ageing are in Tab 4., while the WBDF equivalents are in Tab. 5.

The yield stresses were approximated by extrapolating the lowest measurement points
and resulted in higher yield stress values at 25°C and lower at 50°C in all the fluids. All the
yield stress values increased from the non-aged to the aged fluids. This were expected since the
shear stresses decreased when the fluids were heated and increased when they were aged.
Extrapolating the yield stress values can be a good estimate if the shear rates are sufficiently
low, like the MCR 302 measurements in this study, but this method provides a model value and
not necessarily a physical property (Dzuy & Boger, 1983). Approximating the yield stress
through this method left the n- and A-parameters to be curve fitted.

The flow behaviour indices were within the limits of shear-thinning behaviour. The
n-values decreased significantly when the model changed from HSRs to LSRs, meaning the
LSR range exhibited more shear-thinning behaviour than the HSR range. All fluids except for
OBDF 1 became more shear thinning at LSRs when aged.

The Avalues were not comparable with each other as they are dependent on their
respective n-values, as explained in Chapter 2.2.1. Instead, the surplus shear stress values,
relevant for different hole-sections, were used as a basis of comparison between fluids and were
defined by the optimal model parameters of the LSR range. OBDF 1, as the most viscous fluid
had the highest surplus shear stress values for its respective fluid conditions, followed by
OBDF 2, WBDF 4, and WBDF 3, respectively. These values increased when the individual
fluids were aged and decreased when the fluids were heated.

The least RSS quantified the goodness-of-fit but could only be used to compare the
Herschel-Bulkley models for each of their respective shear rate range. According to the RSS,
the model generally fitted WBDF 3 the best and OBDF 1 the least. The RSS.sr values were
very large in the OBDFs compared to the WBDFs. However, the RSS values depend on the
magnitude of the viscosity values. Higher viscosity values, will to some degree, yield higher
RSS values. OBDF 1 generally had the highest viscosity and RSS, and WBDF 3 generally had
the lowest viscosity and RSS.

MAPE were not the best method in determining the accuracy of a model due to the low

shear stress values, but it were a simple and intuitive method to demonstrate the vast
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improvement in accuracy from Herschel-Bulkley to Quemada, which is discussed in Chapter

5.3.2.

Sample OBDF 1 OBDF 1 (aged) OBDF 2 OBDF 2 (aged)
Temperature 25°C 50°C | 25°C  50°C | 25°C  50°C | 25°C  50°C
to 20391 14274 | 24506 17303 | 17831 1.2616 | 1.8690  1.3474
sk 05553  0.5530 | 0.5447 05589 | 05989  0.5583 | 0.5289  0.5090
fas 09271 05130 | 1.0949 05383 | 05350 0.3916 | 0.8721  0.5616
TSR 08064 07321 | 0.7846 0.8115| 0.8258 0.8269 | 0.7897  0.8259
fsw 0.2280  0.2061 | 0.2872  0.1302 | 0.1488  0.0861 | 0.2024  0.1082
TSS.S"XS.S"(]'/S =222)

1862 1018 | 2076  11.02| 13.60 799 | 15.19 8.79
TS (s = 86.8) 11.05 6.06 | 14.45 6.52 7.75 4.73 9.24 5.45
(s = 238) 530 296| 615  317| 357 230 466 282
RSSisk 5626 1313| 6771 1389 | 1470 0644 | 3476  1.169
RSSnsw 0582 0243| 0575 0238| 0353 0.168| 0441  0.185
MAPELsr 114%  8.7% | 10.6%  7.7% | 75%  72%| 97%  83%
MAPEssk 1.3% 1.5% 1.1% 1.3% 1.3% 4.6% 1.4% 1.5%

Table 4. OBDFs: Optimal Herschel-Bulkley model parameters and surplus shear stress at the different wall

shear rates.

Sample WBDF 3 WBDF 3 (aged) WBDF 4 WBDF 4 (aged)
Temperature 25°C 50°C | 25°C  50°C | 25°C  50°C | 25°C  50°C
fo 02736 0.1011 | 0.4009 0.1435| 07947 03972 | 1.0433  0.4756
sk 04279 04109 | 0.3924 03746 | 03938 0.3566 | 0.3638  0.3320
fasw 0.8803 07487 | 1.1118 009740 | 14937 14225 | 1.7564  1.7067
TSR 06728 0.6249 | 06389 0.6004 | 05964 05563 | 0.5748  0.5272
ks 0.2217  0.2219 | 0.2790  0.2700 | 0.4739  0.4581 | 0.5395  0.5655
13585 (. = 222)

8.89 6.89 9.26 737 | 1234 9.77| 1254  10.26
I = 86.8) 5.95 4.69 6.41 5.19 8.55 6.99 8.91 7.51
S (s = 23.8) 3.42 2.75 3.86 3.19 5.15 4.40 5.56 4.89
RSSLsr 0382 0119 0472 0204| 0848  0326| 0913  0.489
RSShsr 0153 0089 | 0145 0109| 0186 0157 | 0256  0.180
MAPELsr 6.9%  103% | 63% 114% | 56%  73% | 51%  7.4%
MAPE#sr 1.6% 1.6% 1.6% 1.8% 1.3% 1.5% 1.4% 1.6%

Table 5. WBDFs: Optimal Herschel-Bulkley model parameters and surplus shear stress at the different wall

shear rates.

40



5.3 Quemada Model

The results of the applied Quemada model are presented and discussed in this
subchapter. The APEs between the model values and the measured values are found in
Appendix D. The Quemada model predicts the viscous behaviour of the drilling fluids and is
more complex compared to the Herschel-Bulkley model. The model curves, in Fig. 18-21,
represent their respective fluids at 25 and 50°C before ageing. The model parameters of the
OBDFs are summarised in Tab. 6 and the WBDFs in Tab. 7.

5.3.1 Viscosity Curves

This chapter analyses the flow behaviour of the drilling fluids through their viscosity
profiles presented in Fig. 18-21. As explained in Chapter 2.1.4, shear-thinning fluids can have
two different viscosity profiles depending on the existence of a zero-shear plateau. When Hodne
et al. (2007) modelled cementitious materials with Quemada model, they characterised these
viscosity behaviours as J- and S-curves (see Chapter 3).

Fig. 18 and 19 present the measured viscosity values of OBDFs 1 and 2 and their
respective models. The measured values of all the OBDF-curves clearly deviated from the linear
behaviour at HSRs indicating an infinite-shear plateau. The infinite-shear plateau signifies that
the SUs of the fluid have broken apart completely, leaving only the initial particles and/or IFs
(Quemada, 1998). Extending the measurement range beyond 1020 s may have yielded the
actual infinite-shear viscosity and more accurate models. However, the HSR range were not of
great interest, as the annular wall shear rates mainly stay below 250 s™.

The viscosity curve in Fig. 18, representing OBDF 1, does not clearly indicate a
zero-shear plateau at LSRs. Instead, by analysing the gradient of the LSR measurements at
25°C before and after ageing, the two lowest points at 0.0511 and 0.0909 s, deviated from
linear behaviour. This deviation indicated the existence of a zero-shear plateau. According to
Hodne et al. (2007), the existence of a zero-shear plateau categorises an S-curve and denies the
existence of true yield stress. This contradicts the approximated yield stress of the Herschel-
Bulkley model in Chapter 5.2. The gradient of the fluid at 50°C before and after ageing did
show slight deviation at the two lowest measured shear rates, but were not as prominently as at
25°C.
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Figure 18. OBDF 1 at 25 and 50°C before ageing.
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Figure 19. OBDF 2 at 25 and 50°C before ageing

On the other hand, the measured values of OBDF 2 in Fig. 19 indicated linear behaviour
at LSRs, meaning these curves can be categorised as J-curves (Hodne et al., 2007). Under the
assumption that yield stress existed, the OBDF 2 were a pseudo-plastic yield stress fluid, thus
indicating the same as the results as the Herschel-Bulkley model in the previous section.
However, this might suggest the fluid was not measured at sufficiently LSRs for the zero-shear
plateau indication to appear, or that it was impossible to measure at sufficiently LSRs for it to

appear. Consequently, it could be described by an apparent yield stress (Barnes et al., 1989).
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With regards to temperature, the viscosity curve at 50°C shows the same behaviour as the one

at 25°C, aside from generally having lower viscosity values.
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Figure 20. WBDF 3 at 25 and 50°C before ageing.
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Figure 21. WBDF 4 at 25 and 50°C before ageing.

The viscosity curves, of the WBDFs at 25 and 50°C before ageing, are displayed in
Fig. 20 and 21. The WBDFs behaved similarly to the OBDFs at HSRs in relation to the infinite-
shear plateaus. Unlike OBDF 2, the measurement points of the WBDFs at LSRs clearly deviates
from linear behaviour in Fig. 20 and 21, indicating the existence of zero-shear plateaus and
were therefore categorised as S-curves. This fluid characteristic denies the existence of a true

yield stress, opposing the assumptions made when modelling with the Herschel-Bulkley model.
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The difference between the 25 and 50°C WBDF-viscosity curves were approximately
constant at higher shear rates. This difference increased with decreasing shear rates due to the
50°C fluid-samples approaching the zero-shear plateau at a faster rate.

The curve fit of the model to the experimental data were evaluated through
Fig. 18-21 by visual observation. All the obtained model curves hit all the measurement points,
demonstrating the models’ high accuracy in describing the fluid behaviour though the entire
shear rate range. On the other hand, the Herschel-Bulkley model had to limit its shear rate range
to obtain better accuracy, still missing several of the measurement points in most of the
modelled curves. The study being limited to only four drilling fluids made the results more
prone to coincidences. The study can conclude that the Quemada model can predict the
rheological behaviours of the studied drilling fluids with high accuracy, but other drilling fluids
may yield different results.

The differences between the viscosity converted Herschel-Bulkley model and the
Quemada model is displayed in Fig. 22. The annular shear rates were assumed to not exceed
250 s and is marked in the figure. Herschel-Bulkley model were not able to account for the
infinite- and zero-shear plateaus, due to its linear behaviour describing a yield stress fluid. The
Herschel-Bulkley curve shows large discrepancies from the measurement points at LSRs
because of the regression method used (RSS). However, it did describe the higher shear rates,
still below 250 s, more accurately. Quemada, on the other hand, followed the shape of the

measurement points throughout the entire measurement range.
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Figure 22. OBDF 1 at 25°C, Herschel-Bulkley and Quemada model comparison.
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5.3.2 Curve Fitted Quemada Parameters

Each viscosity curve was fitted with four parameters: p, t., n, and n,. The results of the
fitting process of the OBDFs can be observed in Tab. 6 and the WBDFs in Tab. 7. The
difference in the values depends on the fluid properties and the rheological behaviour at
different simulated well conditions.

As mentioned in Chapter 2.2.2, according to Quemada (1998) the exponent pin Eq. (4)
must be limited to 0 < p < 1, and has often been found to be close to 0.5 (van der Werff & de
Kruif, 1989). The p-parameter of the OBDF-samples were found to be close to 0.5, at 0.49880-
0.52542 for OBDF 1 and at 0.49619-0.50439 for OBDF 2. The values of the WBDFs were
somewhat lower, at 0.41436-0.43272 for WBDF 3 and at 0.43081-0.44746 for WBDF 4. Hodne
et al. (2007) described the J- and S-curves in terms of the p-parameter, where J-curves had
p < 0.5 and S-curves p > 0.5. The p-parameters of this study do not describe the shape of the
curves, like the curves in Hodne et al.” (2007) study. However, increasing the p-parameter,
while the other parameters were kept constant, gave the curve a more prominent S-shape.

Hodne et al. (2007) recognised the characteristic time ¢, as defined by Quemada (1998)
to be the time needed for obtaining a suspension of almost mono-disperse SUs. The
t.-parameters (t, = y; 1) of the OBDFs and WBDFs were limited within the given boundaries
of pseudo-plastic behaviour, which were determined from the applied range of shear rates
(Quemada, 1978). The applied shear rate range of 0.0511-1020 s* yielded the characteristic
time range of 0.00098-19.569 s. The t.-parameters for the OBDF-samples ranged from
0.00795-0.01488 s for OBDF 1 and 0.00698-0.01087 s for OBDF 2, with the respective y,
interval of 67-126 s and 92-143 s®. The WBDFs generally showed lower values of t,
compared to the OBDFs. WBDF 3 ranged from 0.00098-0.00151 s and WBDF 4 from 0.00098-
0.00112 s, with the respective y, ranging from 662-1020 s and 893-1020 s*. In the heated
WBDF 3 and the heated and/or aged WBDF 4, the t.-parameters were equal the boundary limit
of 0.00098 s1. As explained in Chapter 2.3.5, the t.-parameters are temperature dependent and
should decrease with increased temperatures. This effect was reflected in the results achieved
by Baldino et al. (2018) and by the results of the fitted t.-values in Tab. 6 and 7, except in
WBDF 4 after ageing (Tab. 7), where t. was constant at the lower boundary of 0.00098 s. The
WBDFs at the lower boundary would have yielded even lower values without the limit. The
model was still very accurate in describing the rheological behaviour despite the higher APEs
at HSRs in comparison with the other curves. The low-viscosity values at HSRs made the APEs

more prone to take on extreme values and did not necessarily describe a bad curve fit.
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OBDF 1 OBDF 1 (aged) OBDF 2 OBDF 2 (aged)

25°C 50°C 25°C 50°C 25°C 50°C 25°C 50°C
D 0.52542 0.50691 | 0.51672 0.49883 | 0.49619 0.49727 | 0.50439 0.49997
te 0.01488 0.01001 | 0.01209 0.00796 | 0.01087 0.00807 | 0.00942 0.00698
no 859 1362 1244 2740 4345 2520 1254 1231
T 0.04107 0.01937 | 0.04201 0.01897 | 0.02591 0.01392 | 0.02765 0.01447
WLS 0.00524 0.00069 | 0.00259 0.00030 | 0.00028 0.00024 | 0.00101 0.00028
MAPE 1.4% 0.9% 0.9% 0.8% 0.6% 0.8% 0.7% 0.8%

Table 6. OBDF: Optimal parameters of the Quemada model.

WBDF 3 WBDF 3 (aged) WBDF 4 WBDF 4 (aged)

25°C 50°C| 25°C  50°C| 25°C  50°C| 25°C  50°C
p 041934 0.41436 | 0.42924 0.43272 | 0.43081 0.43195 | 0.43954 0.44746
te 0.00151 0.00098 | 0.00118 0.00098 | 0.00112 0.00098 | 0.00098 0.00098
70 71 14 112 19 403 63 525 90
oo 0.00651 0.00427 | 0.00592 0.00443 | 0.00765 0.00592 | 0.00731 0.00597
WLS 0.00030 0.00109 | 0.00027 0.00166 | 0.00010 0.00255 | 0.00026 0.00168
MAPE 1.0%  1.8%| 09%  19%| 04%  26%| 07%  22%

Table 7. WBDF: Optimal parameters of the Quemada model.

The infinite- and zero-shear viscosities of OBDF 1 range from 0.01895-0.04201 Pa-s
and 859-2739 Pa-s, respectively. The infinite- and zero-shear viscosities decreased when the
fluid temperature were increased, due to the fluids rheological behaviour described in Chapter
5.1.2. Yet, the zero-shear viscosities of OBDF 1, before and after ageing, increased along with
the temperature. The optimal infinite- and zero-shear viscosities being determined through
curve fitting, instead of through fluid properties, explained this behaviour. OBDF 1 at 25°C
deviated more from linear behaviour at LSRs compared to OBDF 1 at 50°C, which lead to
lower fitted zero-shear viscosity. Another expectation was the increase of the limiting
viscosities after ageing due to the fluid’s viscosity increasing as shown in Chapter 5.1.3. This
behaviour was observed in Tab. 6 at 25°C. However, the opposite happened when the fluid was
compared before and after ageing at 50°C. This might have been due to the larger absolute
percentage error (APE), between the modelled curve and the last measuring point, in the latter.
Thus, indicating the HSR range of this curve not being fitted as accurately as the other.
However, these values were outside the scope of interest and were not evaluated further,
because the shear rates of interest were lower.

In OBDF 2, the infinite-shear viscosities range from 0.00592-0.00765 Pa-s, where the
values decreased with increased temperature, and increased after ageing. The zero-shear

viscosity decreased with increased temperature in the range of 1231-4345 Pa:-s, thus having the
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opposite behaviour of OBDF 1. This is expected due to the rheological behaviour described in
Chapter 5.1.2. However, the zero-shear viscosity values decrease after the fluid had been aged.
As explained in OBDF 1, this were due to the gradient of the viscosity curve at LSRs.

The infinite- and zero-shear viscosities of the WBDFs in Tab. 7 are far lower compared
to the OBDFs in Tab. 6, as the WBDFs generally had a lower viscosity profile. The infinite-
and zero-shear viscosities of WBDF 3 range is 0.00427-0.00651 Pa-s and 14-112 Pa:s,
respectively. Additionally, WBDF 4’s range were 0.00592-0.00765 Pa-s and 63-525 Pas,
respectively. The resulting optimal parameters described the same behaviours as discussed in
Chapter 5.1.2. Unlike the OBDFs, the fitted infinite-shear viscosity decreased after ageing due
to the flow curves intersecting at HSRs at 25°C, while it increased at 50°C due to the flow
curves never intersecting at HSRs. On the other hand, the fitted values of zero-shear viscosity
increased when the fluid was aged and decreased at 50°C in both WBDF 3 and WBDF 4. These
effects are represented better in the WBDFs due to the fluids more clearly indicating a
zero-shear plateau. With this it was possible to conclude that the curve-fitted infinite- and zero-
shear viscosities could to some degree describe the rheological behaviour of the drilling fluids.
However, in the case of the zero-shar viscosity, this were made possible due to the LSR
measurements, the same analysis may not have been possible by using an oilfield viscometer.
This was illustrated in Fig. 4, Chapter 2.1.3.
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Figure 23. OBDF 1 at 25°C before ageing, curve fitted using residual sum of squares (RSS) and weighted least
square (WLS).

The model was fitted with NRL by reducing the WLSs due to it better fitting the entire
shear rate range without disregarding the low-viscosity measurements at HSRs. Fig. 23

illustrates how RSS can over-estimate the viscosity curve at HSRs, while the WLS regression
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method yields an overall better fit. The WSL results, like RSS, can only be used as a comparison
with the same model over the same range. The goodness-of-fit were the best in WBDF 4 at
25°C before ageing and the worst in OBDF 1 at 25°C before ageing. However, it can be
concluded that the Quemada model were able to fit all the drilling fluids of this study by
observing the model in comparison with the measurement data in Fig. 18-21.

As mentioned earlier, MAPE were added due to its intuitive measure of accuracy. The
APE values, in Appendix D, show higher values at HSRs due to the low viscosities, thus
drawing up the MAPEs. Nonetheless, the MAPE of all the modelled Quemada curves were very
low, indicating great accuracy and were an improvement compared to the Heschel-Bulkley
models.

A Dbetter fit were expected of the Quemada model, due to it having four parameters and
yielding more degrees of freedom to fit the curve to the experimental data, compared to the two
of the Herschel-Bulkley model. The added complexity of the Quemada made it statistically
more likely to have higher accuracy. Whether the added accuracy of the Quemada model is a
trade for Herschel-Bulkley’s simplicity is something that can be explored further in future

works.
5.3.3 Calculated Quemada Parameters

By using the fitted limiting viscosities of Tab. 6 and 7, the structural index y and the
limiting maximum packing fractions, ¢, and ¢,, were calculated. The model criteria for
pseudo-plastic behaviours are 0 < y <1 and ¢ < ¢y < ¢ (Quemada, 1998) and were
verified through the calculated parameters in Tab. 8 and 9.

The pseudo-plastic criteria of the structural indices were within the required limits and
all the modelled cases were verified. The limiting maximum packing fractions, obtained
through rearranging Eg. (6), also fulfilled the pseudo-plastic criteria and further verified the
models. The zero-shear maximum packing fraction ¢, were all slightly above ¢, while the
infinite-shear maximum packing fractions ¢, were increased more significantly in comparison.
The conducted measurements, to calculate the solid volume fraction, were done at 20 + 1°C
and was assumed to be constant. In the OBDFs, the suspending fluid were mineral oil alone.
The suspending fluid viscosity n of the mineral oil were approximated though Arrhenius
relationship to get the viscosity at the relevant temperatures. Determining the solid volume
fraction of the WBDFs were simplified by excluding the salt from the suspending fluid, leaving

only water. Furthermore, tabulated values of water viscosity were used, assuming the salt
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content to be negligible in both instances. The solid volume fraction was largest in OBDF 1,
followed by OBDF 2, WBDF 4, and WBDF 3, respectively. This were reflected by the flow
curves in Fig. 8 in Chapter 5.1.1, where OBDF 1 showed the largest viscosity followed by
OBDF 2, WBDF 4, and WBDF 3, respectively.

Calculated OBDF 1 OBDF 1 (aged) OBDF 2 OBDF 2 (aged)
Values 25°C 50°C 25°C 50°C 25°C 50°C 25°C 50°C
X 0.00691 0.00377 | 0.00581 0.00263 | 0.00244 0.00235 | 0.00470 0.00343
nr 0.00396 0.00232 | 0.00396 0.00232 | 0.00396 0.00232 | 0.00396 0.00232
] 0.399 0.399 0.399 0.399 0.336 0.336 0.336 0.336
@o 0.39986 0.39952 | 0.39971 0.39937 | 0.33632 0.33632 | 0.33660 0.33646
P 0.57886 0.60986 | 0.57594 0.61326 | 0.55188 0.56738 | 0.54081 0.56005
Table 8. OBDF: Calculated values of the Quemada model.
Calculated WBDF 3 WBDF 3 (aged) WBDF 4 WBDF 4 (aged)
Values 25°C 50°C 25°C 50°C 25°C 50°C 25°C 50°C
X 0.00958 0.01746 | 0.00727 0.01527 | 0.00436 0.00967 | 0.00373 0.00814
nr 0.00089 0.00055 | 0.00089 0.00055 | 0.00089 0.00055 | 0.00089 0.00055
)] 0.139 0.139 0.139 0.139 0.141 0.141 0.141 0.141
@o 0.13949 0.13986 | 0.13939 0.13975 | 0.14121 0.14136 | 0.14118 0.14135
Peo 0.22053 0.21641 | 0.22700 0.21422 | 0.21398 0.20255 | 0.21656 0.20213
Table 9. WBDF: Calculated values of the Quemada model.
5.3.4 Infinite- and Zero-Shear Viscosities

When the values of 7., and 7o were treated as theoretical values, and they depended on

the viscosity behaviours in the HSR and LSR range, respectively. A more limited range lead to

a higher value of 7. and a lower value of #o. J-curves have linear behaviour at LSRs, i.e. no

clear indication when or if the samples reach a zero-shear plateau. By starting the iteration of

the model where zero-shear viscosity equalled the highest measured viscosity, the model

iterated to the lowest acceptable value of the zero-shear viscosity. However, the linear

behaviour yielded an accurate model over a large range of zero-shear viscosity values

depending on the initial condition of the curve fitting. Thus, the modelled parameter might be

too low compared to the sample’s actual behaviour or this behaviour might not exist at all,

depending on the existence of yield stress. Determining the infinite- and zero-shear viscosities

through empirical curve fitting, yielded the most accurate results when there were indications
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of the viscosity moving towards infinite- and zero-shear plateaus, i.e. diverging from linear
behaviour.

If the OFITE were utilised, the lower limit of the shear rate range would be 1.7 s* and
the zero-shear viscosity may have decreased as a consequence of the limited shear rate range.
However, the model may still have been able to represent the LSRs outside the limited shear
rate range of the OFITE. This is shown in Fig. 24, where the model of the entire measured shear
rate range is compared to models with a limited shear rate range of 1.62-1020 s™. This range is
comparable to OFITE 900’s range of 1.7-1022 s, The models of the limited shear rate range
were curve fitted by weighted least squares (WLS) regression and by reducing RSS. By limiting
the shear rate range, the RSS method were not heavily affected by the large difference between
the HSR and LSR viscosities. Additionally, it described the LSR range slightly better, as seen
in Fig. 24. Exploring the accuracy of the model with a limited shear rate range and a wider

selection of drilling fluids can be done in the future.

1000
m  Measured values T = 25°C
uemada (WLS) 0.0511-1020 1/s
100 B Q (WLS)
SN — — Quemada (WLS) 1.62-1020 1/s
Quemada (RSS) 1.62-1020 1/s
= 10
) “m
2 .
= 1 "i__,\
é -
2 —
> “\.__..-ﬁ‘!
0.1 g .-.""'l*-—-—____,______
00]. 1 1 1 1 1
0.01 0.1 1 10 100 1000 10000

Shear Rate [1/5]

Figure 24. OBDF 1 at 25°C before ageing: Change in Quemada parameters when the shear rate range is shorter,
including the difference between curve fitting with weighted least squares (WLS) and residual sum of squares
(RSS).
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6 Conclusion

The main objective of this thesis was to analyse the use of the Quemada model for
predicting the viscous behaviour of drilling fluids. This were done through understanding the
rheological properties and behaviours of the drilling fluids, by using the Herschel-Bulkley
model as a basis of comparison, and by understanding the Quemada model parameters.

The composition of the fluids decided the rheological behaviours and the rate of
viscosity change. Shear stress/shear rate measurements were conducted by two different
instruments. By comparing the measurement data obtained by MCR 302 and OFITE 900,
MCR 302 proved to be the superior measuring instrument. The drilling fluid measurements
showed the desired shear-thinning behaviour, and when the fluids were exposed to simulated
well conditions, the measurement results showed a general decrease in the fluid viscosity at
elevated temperatures and a general increase in the fluid viscosity after the ageing test.

The characterised rheological behaviours were modelled with Herschel-Bulkley model
and Quemada model. The Herschel-Bulkley models, which represented the shear stress of the
annular gap, were limited to a shear rate range of 0.0511-287 s to obtain higher model
accuracy. The limited shear rate range resulted in models able to describe the characterised
rheological behaviours of the fluids with decent accuracy.

The Quemada model were curve fitted to the entire measured shear rate range by
reducing WLS. This resulted in a model curves able to represent the entire measured shear rate
range with one highly accurate solution for all viscosity profiles. Fitting the Quemada model
by reducing RSS resulted in over-estimated viscosity values at HSRs due to the magnitude of
the measured viscosity. Thus, curve fitting with WLS improved the model at HSRs, while
maintaining the high accuracy at the LSRs.

The infinite- and zero-shear viscosities were treated as curve fitting parameters and were
therefore determined by the gradient of the curves. Linear behaviour at LSRs demonstrated a
large interval of acceptable zero-shear viscosities. However, most of the curves indicated
infinite- and zero-shear plateaus due to the extensive shear rate range. Thus, yielding a good
estimation of the infinite- and zero-shear plateaus. The model indicating zero-shear plateaus in
most of the viscosity profiles also meant no true yield stress existed.

In this study, the RSS proved to be the superior regression method when modelling a
limited shear rate range of 1.62-1020 s™. It predicted the viscosity values of the LSRs (0.0511-
1.62 s1) slightly better than the WLS method. Thus, the appropriate regression method must be

decided depending on the range of shear rates and the magnitude of the respective viscosities.
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The introduction of this thesis explained the importance of understanding the
rheological properties and behaviours of drilling fluids in relation to wellbore stability and hole
cleaning. The Quemada model proved its ability to model the shear-thinning behaviour of the
drilling fluid with improved accuracy in comparison with the traditional Heschel-Bulkley
model. Thus, Quemada’s (1998) statement that structural models are more appropriate for
complex fluids, like drilling fluids, were verified in this study. Having highly accurate models
when predicting the rheological behaviours of the fluids, ensures the efficiency of hole cleaning
and the safety of the drilling operation.

This thesis was limited to only four drilling fluids, and further studies can be conducted
on the Quemada model to confirm its reliability to predict the rheological behaviour of drilling

fluids in general.
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Appendix A — OFITE 900 Measurement Data

OBDF 1 Batch 3 Batch 4 Batch 3 Batch 4
Shear Rate y [1/s] Shear Stress 7 [Pa] Viscosity 7 [Pa-s] APE

1021.38 81.66 81.71 0.0799 0.0800 0.1%

510.69 48.24 49.11 0.0945 0.0962 1.8%

340.46 36.08 37.00 0.1060 0.1087 25 %

170.23 22.89 23.81 0.1345 0.1399 4.0 %

102.14 16.97 18.09 0.1661 0.1771 6.6 %

51.07 12.11 12.88 0.2371 0.2521 6.3 %

34.05 9.20 9.81 0.2701 0.2881 6.7 %

17.02 8.07 8.74 0.4744 0.5134 8.2 %

10.21 7.00 7.72 0.6857 0.7557 10.2 %

511 6.03 6.59 1.1800 1.2900 9.3%

3.4 5.72 6.18 1.6833 1.8186 8.0 %

1.7 5.21 5.62 3.0660 3.3065 7.8 %

Gel 10 sec. 5.42 5.83 MAPE 59 %
Gel 10 min. 6.69 7.36

Table 10. OFITE 900

measurements of OBDF 1 at 21 + 1°C before ageing, incl. gel-strength, APE, and MAPE.
The values marked in “red” are the excluded 20 rpm readings.

OBDF 1 Batch 3 Batch 4 Batch 3 Batch 4
Shear Rate y [1/5] Shear Stress 7 [Pa] Viscosity 7 [Pa-s] APE

1021.38 86.72 90.24 0.0849 0.0884 4.1%

510.69 52.63 55.34 0.1031 0.1084 51%

340.46 39.96 42.00 0.1174 0.1234 51%

170.23 25.65 27.24 0.1507 0.1600 6.2 %

102.14 19.26 20.54 0.1886 0.2011 6.6 %

51.07 13.75 14.72 0.2692 0.2882 7.1%

34.05 10.83 11.50 0.3182 0.3377 6.1%

17.02 9.25 10.17 0.5434 0.5975 9.9%

10.21 8.28 8.79 0.8108 0.8608 6.2 %

5.11 7.05 7.51 1.3800 1.4700 6.5 %

34 6.64 - 1.9538 - -

1.7 6.03 6.23 3.5469 3.6672 3.4%

Gel 10 sec. 6.18 6.64 MAPE 6.0 %
Gel 10 min. 7.56 7.72

Table 11. OFITE 900 measurements of OBDF 1 at 21 + 1°C after ageing, incl. gel-strength, APE, and MAPE.
The values marked in “red” are the excluded 20 rpm readings.

OBDF 1 Batch 3 Batch 4 Batch 3 Batch 4
Shear Rate y [1/s] Shear Stress 7 [Pa] Viscosity 7 [Pa-s] APE

1021.38 39.60 39.70 0.0388 0.0389 0.3%

510.69 24.32 24.43 0.0476 0.0478 0.4 %

340.46 18.65 18.75 0.0548 0.0551 0.5%

170.23 12.16 12.32 0.0714 0.0723 1.3%

102.14 9.25 9.40 0.0906 0.0921 1.7%

51.07 6.69 6.90 0.1311 0.1351 3.1%

34.05 5.06 5.26 0.1486 0.1546 4.0%

17.02 4.65 4.80 0.2732 0.2822 3.3%

10.21 4.24 4.34 0.4154 0.4254 24 %

5.11 3.78 3.88 0.7400 0.7600 2.7 %

3.4 3.58 3.68 1.0521 1.0821 29%

1.7 3.27 3.32 1.9238 1.9538 1.6 %

Gel 10 sec. 3.63 3.78 MAPE 1.8%
Gel 10 min. 4.34 4.55

Table 12. OFITE 900 measurements of OBDF 1 at 50 + 3°C after ageing, incl. gel-strength, APE, and MAPE.
The values marked in “red” are the excluded 20 rpm readings.
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OBDF 2 Batch 2 Batch 3 Batch 2 Batch 3
Shear Rate y [1/s] Shear Stress 7 [Pa] Viscosity 7 [Pa-s] APE

1021.38 59.53 59.89 0.0583 0.0586 0.6 %

510.69 35.31 36.08 0.0691 0.0706 2.2 %

340.46 26.32 27.19 0.0773 0.0798 3.3%

170.23 16.66 17.53 0.0979 0.1030 52 %

102.14 12.26 13.23 0.1201 0.1296 7.9%

51.07 8.69 9.50 0.1701 0.1861 9.4 %

34.05 6.49 7.10 0.1906 0.2086 9.4 %

17.02 5.77 6.13 0.3393 0.3603 6.2 %

10.21 4.96 5.67 0.4855 0.5555 14.4 %

511 4.29 4.55 0.8400 0.8900 6.0 %

3.4 3.99 4.39 1.1723 1.2925 10.3%

1.7 3.58 4.09 2.1041 2.4047 14.3%

Gel 10 sec. 4.04 4.34 MAPE 6.9 %
Gel 10 min. 491 5.67

Table 13. OFITE 900

measurements of OBDF 2 at 21 + 1°C before ageing, incl. gel-strength APE, and MAPE.

The “red” values are the ex

cluded 20 rpm readings.

OBDF 2 Batch 2 Batch 3 Batch 2 Batch 3
Shear Rate y [1/s] Shear Stress 7 [Pa] Viscosity 7 [Pa-s] APE

1021.38 62.60 66.63 0.0613 0.0652 6.4 %

510.69 38.33 40.32 0.0750 0.0789 52 %

340.46 28.97 30.51 0.0851 0.0896 53%

170.23 18.80 19.78 0.1105 0.1162 52%

102.14 14.10 15.07 0.1381 0.1476 6.9 %

51.07 10.22 10.78 0.2001 0.2111 55%

34.05 7.97 8.48 0.2341 0.2491 6.4 %

17.02 6.85 7.15 0.4023 0.4203 4.5 %

10.21 6.08 6.49 0.5956 0.6356 6.7 %

5.11 521 5.67 1.0200 1.1100 8.8%

3.4 4.96 5.37 1.4579 15781 8.2%

1.7 4.39 4.80 2.5851 2.8255 9.3%

Gel 10 sec. 4.75 5.16 MAPE 6.4 %
Gel 10 min. 5.67 6.13

Table 14. OFITE 900 measurements of OBDF 2 at 21 + 1°C after ageing, incl. gel-strength APE, and MAPE.

The “red” values are the ex

cluded 20 rpm readings.

OBDF 2 Batch 2 Batch 3 Batch 2 Batch 3
Shear Rate y [1/s] Shear Stress 7 [Pa] Viscosity 7 [Pa-s] APE

1021.38 31.22 32.81 0.0306 0.0321 51%

510.69 19.32 20.24 0.0378 0.0396 4.8 %

340.46 14.56 15.23 0.0428 0.0447 4.6 %

170.23 9.71 10.22 0.0570 0.0600 53%

102.14 7.31 7.92 0.0715 0.0775 8.4%

51.07 5.57 5.93 0.1091 0.1161 6.4 %

34.05 4.09 4.34 0.1201 0.1276 6.3 %

17.02 3.88 4.14 0.2282 0.2432 6.6 %

10.21 3.53 3.73 0.3453 0.3654 58%

5.11 3.01 3.27 0.5900 0.6400 8.5%

34 2.76 3.12 0.8116 0.9168 13.0%

1.7 2.56 2.76 1.5029 1.6232 8.0 %

Gel 10 sec. 3.12 3.32 MAPE 6.3 %
Gel 10 min. 3.78 3.83

Table 15. OFITE 900 measurements of OBDF 2 at 50 + 1°C after ageing, incl. gel-strength APE, and MAPE.
The “red” values are the excluded 20 rpm readings.
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WBDF 3 Batch 1 Batch 2 Batch 1 Batch 2
Shear Rate y [1/s] Shear Stress 7 [Pa] Viscosity 7 [Pa-s] APE

1021.38 26.32 27.49 0.0258 0.0269 4.5 %

510.69 17.68 18.40 0.0346 0.0360 4.0%

340.46 14.10 14.51 0.0414 0.0426 2.9 %

170.23 9.71 10.27 0.0570 0.0603 5.8 %

102.14 7.77 7.92 0.0760 0.0775 2.0%

51.07 5.67 5.77 0.1111 0.1131 1.8%

34.05 4.75 4.85 0.1396 0.1426 2.2%

17.02 3.83 3.83 0.2252 0.2252 0.0%

10.21 3.27 3.32 0.3203 0.3253 1.6 %

511 2.61 2.66 0.5100 0.5200 2.0%

3.4 2.30 2.35 0.6763 0.6914 2.2%

1.7 2.04 1.99 1.2024 1.1723 25 %

Gel 10 sec. 3.22 3.27 MAPE 2.7%
Gel 10 min. 4.60 4.75

Table 16. OFITE 900 measurements of WBDF 3 at 21 + 1°C before ageing, incl. gel-strength, APE and MAPE.
The “red” values are the excluded 20 rpm readings.

WBDF 3 Batch 1 Batch 2 Batch 1 Batch 2
Shear Rate y [1/s] Shear Stress 7 [Pa] Viscosity 7 [Pa-s] APE

1021.38 25.29 26.52 0.0248 0.0260 4.8 %

510.69 17.48 18.19 0.0342 0.0356 4.1%

340.46 14.15 14.82 0.0416 0.0435 4.7 %

170.23 10.07 10.58 0.0591 0.0621 51%

102.14 8.12 8.48 0.0795 0.0830 4.4 %

51.07 6.13 6.34 0.1201 0.1241 3.3%

34.05 5.11 521 0.1501 0.1531 2.0%

17.02 4.34 4.34 0.2552 0.2552 0.0%

10.21 3.73 3.88 0.3654 0.3804 4.1%

511 3.07 3.12 0.6000 0.6100 1.7%

3.4 2.76 2.96 0.8116 0.8717 7.4 %

1.7 2.40 2.45 1.4128 1.4428 2.1%

Gel 10 sec. 3.73 3.83 MAPE 3.8%
Gel 10 min. 5.01 521

Table 17. OFITE 900 measurements of WBDF 3 at 21 + 1°C after ageing, incl. gel-strength, APE and MAPE.
The “red” values are the excluded 20 rpm readings.

WBDF 3 Batch 1 Batch 2 Batch 1 Batch 2
Shear Rate y [1/s] Shear Stress 7 [Pa] Viscosity 7 [Pa-s] APE

1021.38 10.83 11.34 0.0106 0.0111 4.7 %

510.69 6.08 6.34 0.0119 0.0124 42 %

340.46 4.04 4.34 0.0119 0.0128 7.6 %

170.23 1.33 1.58 0.0078 0.0093 19.2 %

102.14 0.05 0.05 0.0005 0.0005 0.0%

51.07 0.00 0.00 0.0000 0.0000 -

34.05 0.00 0.00 0.0000 0.0000 -

17.02 0.00 0.00 0.0000 0.0000 -

10.21 0.00 0.00 0.0000 0.0000 -

5.11 0.00 0.00 0.0000 0.0000 -

3.4 0.00 0.00 0.0000 0.0000 -

1.7 0.00 0.00 0.0000 0.0000 -

Gel 10 sec. 0.00 0.00 MAPE -
Gel 10 min. 0.00 0.00

Table 18. OFITE 900 measurements of WBDF 3 at 50 + 3°C after ageing, incl. gel-strength, APE and MAPE.
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Recipe 4 Batch 1 Batch 2 Batch 1 Batch 2
Shear Rate y [1/s] Shear Stress 7 [Pa] Viscosity 7 [Pa-s] APE

1021.38 34.19 34.24 0.0335 0.0335 0.1%

510.69 23.86 23.71 0.0467 0.0464 0.6 %

340.46 19.42 19.42 0.0570 0.0570 0.0%

170.23 14.05 14.10 0.0826 0.0829 0.4 %

102.14 11.29 11.29 0.1106 0.1106 0.0%

51.07 8.69 8.64 0.1701 0.1691 0.6 %

34.05 7.26 7.26 0.2131 0.2131 0.0%

17.02 5.98 5.93 0.3513 0.3483 0.9 %

10.21 5.26 5.26 0.5155 0.5155 0.0%

511 4.70 4.55 0.9200 0.8900 3.3%

3.4 4.04 4.04 1.1873 1.1873 0.0%

1.7 3.47 3.47 2.0440 2.0440 0.0%

Gel 10 sec. 5.31 5.31 MAPE 0.5%
Gel 10 min. 7.72 7.72

Table 19. OFITE 900 measurements of WBDF 4 at 21 + 1°C before ageing, incl. gel-strength, APE and MAPE.

The “red” values are the excluded 20 rpm readings.

Recipe 4 Batch 1 Batch 2 Batch 1 Batch 2
Shear Rate y [1/s] Shear Stress 7 [Pa] Viscosity 7 [Pa-s] APE

1021.38 33.27 34.08 0.0326 0.0334 25%

510.69 23.76 24.02 0.0465 0.0470 1.1%

340.46 19.57 19.83 0.0575 0.0582 1.3%

170.23 14.41 14.61 0.0847 0.0859 14%

102.14 11.86 12.01 0.1161 0.1176 1.3%

51.07 9.25 9.30 0.1811 0.1821 0.6 %

34.05 8.02 8.02 0.2356 0.2356 0.0%

17.02 6.59 6.69 0.3873 0.3933 1.6 %

10.21 5.83 5.83 0.5706 0.5706 0.0%

5.11 5.16 5.16 1.0100 1.0100 0.0%

3.4 4.75 4.75 1.3977 1.3977 0.0%

1.7 3.93 4.04 2.3145 2.3746 2.6 %

Gel 10 sec. 5.98 5.98 MAPE 1.1%
Gel 10 min. 8.69 8.79

Table 20. OFITE 900 measurements of WBDF 4 at 21 + 1°C after ageing, incl. gel-strength, APE and MAPE.
The “red” values are the excluded 20 rpm readings.

Recipe 4 Batch 1 Batch 2 Batch 1 Batch 2
Shear Rate y [1/s] Shear Stress 7 [Pa] Viscosity 7 [Pa-s] APE

1021.38 17.17 17.02 0.0168 0.0167 0.9%

510.69 10.99 10.88 0.0215 0.0213 0.9%

340.46 8.43 8.12 0.0248 0.0239 3.6%

170.23 5.06 4.96 0.0297 0.0291 2.0%

102.14 3.27 3.17 0.0320 0.0310 3.1%

51.07 1.43 1.23 0.0280 0.0240 143 %

34.05 0.26 0.20 0.0075 0.0060 20.0 %

17.02 0.00 0.00 0.0000 0.0000 -

10.21 0.00 0.00 0.0000 0.0000 -

511 0.00 0.00 0.0000 0.0000 -

3.4 0.00 0.00 0.0000 0.0000 -

1.7 0.00 0.00 0.0000 0.0000 -

Gel 10 sec. 0.00 0.00 MAPE -
Gel 10 min. 0.00 0.00

Table 21. OFITE 900 measurements of WBDF 4 at 50 + 2°C after ageing, incl. gel-strength, APE and MAPE.
The “red” values are the excluded 20 rpm readings.



Appendix B — Anton Paar MCR 302 Measurement Data

OBDF 1 25°C 50°C 25°C (aged) 50°C (aged)

Sh.ear Rate Batch 3 Batch 4 APE Batch 3 Batch 4 APE Batch 3 Batch 4 APE Batch 3 Batch 4 APE
y [17] Shear Stress 7 [Pa] Shear Stress 7 [Pa] Shear Stress 7 [Pa] Shear Stress 7 [Pa]

1020 63 65.7 43% 35.1 36.7 4.6 % 68.50 71.00 3.6% 37.80 39.40 42 %
511 36.3 38.3 55% 20.1 21.2 55% 40.20 42.00 45% 21.90 23.00 5.0 %
287 24.4 25.9 6.1% 13.6 14.4 59% 27.30 28.60 4.8% 14.90 15.70 5.4 %
162 17.1 18.3 7.0% 9.7 10.3 6.2 % 19.40 20.40 52 % 10.70 11.30 5.6 %
90.9 12.6 135 7.1% 7.24 7.73 6.8 % 14.30 15.20 6.3 % 8.00 8.50 6.3 %
51.1 9.66 10.4 77 % 5.64 6.04 7.1% 11.10 11.80 6.3 % 6.26 6.67 6.5%
28.7 7.72 8.37 8.4% 457 491 7.4 % 8.89 9.49 6.7 % 5.10 5.45 6.9 %
16.2 6.39 6.96 8.9 % 3.83 4.12 7.6 % 7.41 7.93 7.0% 4.30 4.60 7.0%
9.09 5.46 5.97 9.3% 331 3.57 7.9% 6.37 6.83 72% 3.74 4.00 7.0%
5.11 4.8 5.26 9.6 % 2.93 3.17 8.2% 5.62 6.04 75% 3.33 3.57 7.2%
2.87 431 4,74 10.0 % 2.65 2.87 8.3% 5.07 5.45 75% 3.03 3.24 6.9 %
1.62 3.95 4.34 9.9 % 2.44 2.64 8.2% 4.65 5.00 75% 2.80 3.00 7.1%
0.909 3.66 4.03 10.1 % 2.27 2.46 8.4 % 4.31 4.64 77 % 2.61 2.79 6.9 %
0.511 3.42 3.78 10.5 % 2.13 2.32 8.9% 4.03 4.33 7.4 % 2.46 2.62 6.5%
0.287 3.21 3.56 10.9 % 2.01 2.19 9.0 % 3.78 4.05 71% 2.32 2.47 6.5%
0.162 3.01 3.35 11.3% 1.89 2.07 9.5% 3.53 3.76 6.5 % 2.19 2.31 55%
0.0909 2.77 3.13 13.0 % 1.77 1.96 10.7 % 3.25 3.43 55% 2.05 2.14 4.4 %
0.0511 2.45 2.89 18.0 % 1.62 1.84 13.6 % 2.90 2.97 2.4 % 1.91 1.92 05%

Table 22. MCR 302 measurements of OBDF 1 including APE.
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OBDF 2 25°C 50°C 25°C (aged) 50°C (aged

Shfear Rate Batch 3 Batch 4 APE Batch 3 Batch 4 APE Batch 3 Batch 4 APE Batch 3 Batch 4 APE
v [1/5] Shear Stress 7 [Pa] Shear Stress 7 [Pa] Shear Stress 7 [Pa] Shear Stress 7 [Pa]

1020 47.30 49.90 55 % 27.80 28.60 29% 50.20 53.00 5.6 % 29.60 29.90 1.0%
511 27.00 28.50 5.6 % 15.90 16.40 3.1% 29.30 30.80 5.1% 17.20 17.40 1.2%
287 18.10 19.00 5.0 % 10.80 11.10 2.8% 20.00 20.90 4.5 % 11.80 12.00 1.7%
162 12.70 13.40 5.5 % 7.76 7.96 2.6 % 14.30 14.90 4.2 % 8.60 8.71 1.3%
90.9 9.31 9.86 5.9 % 5.83 5.98 2.6 % 10.70 11.10 3.7% 6.54 6.63 1.4%
51.1 7.14 7.58 6.2 % 4.57 4.69 2.6 % 8.32 8.65 4.0% 5.19 5.27 15%
28.7 5.69 6.07 6.7 % 3.72 3.82 2.7 % 6.74 7.01 4.0 % 4.27 4.35 1.9%
16.2 4.70 5.04 7.2% 3.13 3.22 2.9 % 5.64 5.88 4.3 % 3.63 3.71 2.2%
9.09 4.00 4.32 8.0% 2.72 2.80 2.9 % 4.86 5.09 4.7 % 3.17 3.25 25%
5.11 3.51 3.81 8.5% 2.41 2.49 3.3% 4.30 4.51 4.9 % 2.84 2.91 25%
2.87 3.14 3.43 9.2 % 2.19 2.27 3.7% 3.88 4.09 5.4% 2.58 2.66 31%
1.62 2.87 3.15 9.8 % 2.02 2.10 4.0% 3.55 3.76 5.9 % 2.38 2.46 3.4%
0.909 2.66 2.94 10.5 % 1.88 1.96 43 % 3.28 3.49 6.4 % 2.22 2.30 3.6%
0.511 2.49 2.76 10.8 % 1.77 1.85 4.5 % 3.05 3.27 72% 2.08 2.16 3.8%
0.287 2.35 2.61 11.1% 1.67 1.75 4.8 % 2.85 3.06 7.4 % 1.95 2.03 41%
0.162 221 2.46 11.3% 1.58 1.66 5.1% 2.65 2.85 75% 1.82 1.89 3.8%
0.0909 2.08 2.32 11.5% 1.49 1.56 4.7 % 2.44 2.62 7.4 % 1.69 1.74 3.0%
0.0511 1.95 2.16 10.8 % 1.39 1.45 4.3% 2.19 2.34 6.8 % 1.54 1.54 0.0%

Table 23. MCR 302 measurements of OBDF 2 including APE.
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WBDF 3 25°C 50°C 25°C (aged) 50°C (aged
Sh.ear Rate Batch 3 Batch 4 APE Batch 3 Batch 4 APE Batch 3 Batch 4 APE Batch 3 Batch 4 APE
y [1/s] Shear Stress 7 [Pa] Shear Stress 7[Pa] Shear Stress 7 [Pa] Shear Stress 7 [Pa]
1020 23.80 24.40 25% 17.00 17.30 1.8% 23.80 24.50 2.9% 17.50 17.90 2.3%
511 14.70 15.10 2.7 % 10.80 10.90 0.9% 15.10 15.40 2.0% 11.30 11.50 1.8%
287 10.50 10.80 2.9 % 7.90 7.95 0.6 % 11.00 11.20 1.8% 8.41 8.54 1.5%
162 7.88 8.02 1.8% 6.04 6.06 0.3% 8.41 8.55 1.7 % 6.56 6.65 1.4%
90.9 6.08 6.16 1.3% 4,75 4,75 0.0% 6.65 6.73 1.2% 5.27 5.32 0.9%
51.1 4.81 4.86 1.0 % 3.81 3.80 0.3% 5.38 5.43 0.9% 4.32 4.35 0.7%
28.7 3.87 3.91 1.0 % 3.08 3.07 0.3% 4.43 4.47 0.9% 3.58 3.60 0.6 %
16.2 3.17 3.20 0.9% 2.51 2.50 0.4% 3.71 3.74 0.8% 2.98 3.00 0.7%
9.09 2.63 2.64 0.4 % 2.05 2.05 0.0% 3.13 3.15 0.6 % 2.49 2.51 0.8%
5.11 2.19 2.20 0.5% 1.66 1.67 0.6 % 2.66 2.68 0.8% 2.07 2.09 1.0%
2.87 1.83 1.84 0.5% 1.34 1.35 0.7% 2.27 2.29 0.9% 1.70 1.73 1.8%
1.62 1.53 1.54 0.7 % 1.07 1.08 0.9% 1.93 1.95 1.0 % 1.38 1.41 2.2%
0.909 1.27 1.28 0.8% 0.84 0.86 2.3 % 1.64 1.66 1.2% 1.11 1.15 3.6%
0.511 1.05 1.07 1.9% 0.66 0.68 35% 1.38 1.41 22 % 0.88 0.92 47 %
0.287 0.86 0.88 1.7% 0.50 0.53 5.0% 1.15 1.18 2.6 % 0.68 0.72 6.2 %
0.162 0.70 0.71 2.4 % 0.38 0.40 6.6 % 0.95 0.98 3.1% 0.52 0.56 8.2%
0.0909 0.55 0.57 35% 0.28 0.30 8.7% 0.76 0.80 4.2 % 0.38 0.42 10.0 %
0.0511 0.43 0.45 4.4 % 0.20 0.22 11.0% 0.61 0.64 53% 0.28 0.31 123 %

Table 24. MCR 302 measurements of WBDF 3 including APE.
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WBDF 4 25°C 50°C 25°C (aged) 50°C (aged)

Sh.ear Rate Batch 3 Batch 4 APE Batch 3 Batch 4 APE Batch 3 Batch 4 APE Batch 3 Batch 4 APE

y [1/s] Shear Stress 7 [Pa] Shear Stress 7[Pa] Shear Stress 7 [Pa] Shear Stress 7[Pa]
1020 30.40 30.20 0.7 % 22.10 21.90 0.9% 30.10 29.90 0.7% 22.4 22.3 0.4%
511 20.00 19.80 1.0% 14.80 14.60 1.4 % 20.10 20.00 05% 15.3 15.2 0.7%
287 14.90 14.70 1.3% 11.30 11.20 0.9% 15.30 15.20 0.7% 11.9 11.8 0.8%
162 11.50 11.30 1.7% 8.99 8.83 1.8% 12.00 11.90 0.8% 9.55 9.47 0.8%
90.9 9.12 8.99 1.4% 7.31 7.16 2.1 % 9.74 9.65 0.9% 7.88 7.81 0.9%
51.1 7.43 7.30 1.7% 6.05 5.92 2.1 % 8.07 8.00 0.9% 6.62 6.56 0.9%
28.7 6.16 6.04 1.9% 5.08 4.96 2.4 % 6.82 6.75 1.0 % 5.63 5.59 0.7%
16.2 5.19 5.08 2.1% 4.29 4.18 2.6 % 5.84 5.78 1.0 % 4.83 4.8 0.6 %
9.09 4.42 4.32 2.3% 3.64 3.55 25 % 5.06 5.01 1.0 % 4.17 4.14 0.7%
5.11 3.81 3.71 2.6 % 3.10 3.01 2.9 % 441 4.37 0.9% 3.59 3.58 0.3%
2.87 3.29 3.21 2.4 % 2.63 2.55 3.0% 3.87 3.84 0.8% 3.09 3.08 0.3%
1.62 2.85 2.77 2.8 % 2.21 2.14 3.2% 3.39 3.37 0.6 % 2.64 2.64 0.0%
0.909 2.48 2.40 3.2% 1.85 1.79 3.2% 2.98 2.96 0.7% 2.24 2.25 0.4%
0.511 2.14 2.07 3.3% 1.54 1.49 3.2% 2.61 2.60 0.4 % 1.88 1.89 05%
0.287 1.84 1.78 3.3% 1.26 1.22 3.2% 2.27 2.27 0.0% 1.56 1.58 1.3%
0.162 1.57 1.52 3.2% 1.02 0.99 3.4% 1.96 1.96 0.0% 1.27 1.29 1.6 %
0.0909 1.32 1.27 3.8% 0.81 0.78 3.6% 1.66 1.67 0.6 % 1.01 1.03 2.0%
0.0511 1.09 1.04 4.6 % 0.63 0.60 3.7% 1.39 1.40 0.7% 0.776 0.798 2.8%

Table 25. MCR 302 measurements of WBDF 4 including APE.



Appendix C — Herschel-Bulkley Model Values

OBDF 1 25°C 50°C 25°C (aged) 50°C (aged)
Shear Rate Measured HB* APE Measured HB* APE | Measured HB* APE Measured HB* APE

y [1/9] 7[Pa] 7 [Pa] r[Pa] 7 [Pa] 7 [Pa] 7 [Pa] 7 [Pa] 7 [Pa]
1020 63.00 62.85 0.2% 35.10 35.00 0.3% 68.50 68.35 0.2 % 37.80 37.71 0.2%
511 36.30 36.87 1.6 % 20.10 20.46 1.8% 40.20 40.76 1.4% 21.90 22.26 1.7%
HSR 287 24.40 23.90 2.0% 13.60 13.30 2.2% 27.30 26.80 1.8% 14.90 14.60 2.0%
LSR 162 17.10 17.67 3.3% 9.70 9.98 29% 19.40 19.94 2.8 % 10.70 10.97 2.6%
90.9 12.60 13.38 6.2 % 7.24 7.64 55% 14.30 15.22 6.4 % 8.00 8.42 53%
51.1 9.66 10.28 6.4 % 5.64 5.95 54% 11.10 11.78 6.1% 6.26 6.58 51%
28.7 7.72 8.02 3.9% 4,57 471 31% 8.89 9.26 42 % 5.10 5.24 28%
16.2 6.39 6.39 0.0% 3.83 3.82 0.2% 7.41 7.44 0.4 % 4.30 4.28 0.4 %
9.09 5.46 5.20 4.8% 3.31 3.17 4.3% 6.37 6.09 4.3 % 3.74 3.58 4.3 %
5.11 4.80 4.33 9.7 % 2.93 2.69 8.1% 5.62 5.11 9.0 % 3.33 3.07 7.8%
2.87 431 3.70 14.1% 2.65 2.35 11.5% 5.07 4.39 13.3% 3.03 2.70 10.9%
1.62 3.95 3.25 17.7 % 2.44 2.10 14.0 % 4.65 3.87 16.7 % 2.80 2.44 13.0%
0.909 3.66 2.92 20.3% 2.27 1.91 15.7 % 431 3.49 19.0% 2.61 2.24 142 %
0.511 3.42 2.68 21.7% 2.13 1.78 16.4 % 4.03 3.21 20.3 % 2.46 2.10 14.6 %
0.287 3.21 2.50 22.0% 2.01 1.68 16.2 % 3.78 3.01 20.5 % 2.32 2.00 13.9 %
0.162 3.01 2.38 21.0% 1.89 1.61 14.6 % 3.53 2.86 19.1 % 2.19 1.92 12.1%
0.0909 2.77 2.28 17.5% 1.77 1.56 11.7% 3.25 2.75 155% 2.05 1.87 8.7%
0.0511 2.45 2.22 9.5% 1.62 1.53 5.8% 2.90 2.67 8.0 % 1.91 1.83 4.1%

Table 26. Measured and *Herschel-Bulkley model shear stress of OBDF 1.
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OBDF 2 25°C 50°C 25°C (aged) 50°C (aged)
Shear Rate | Measured HB* APE | Measured HB* APE | Measured HB* APE | Measured HB* APE

y [1/s] 7 [Pa] 7 [Pa] 7 [Pa] r[Pa] r[Pa] r[Pa] 7[Pa] 7[Pa]
1020 47.30 47.19 0.2 % 27.80 27.72 0.3% 50.20 50.07 0.3% 29.60 29.52 0.3%
511 27.00 27.44 1.6 % 15.90 16.20 1.9% 29.30 29.79 1.7% 17.20 17.52 1.9%
HSR 287 18.10 17.72 2.1% 10.80 10.53 25% 20.00 19.58 2.1% 11.80 11.52 2.3%
LSR 162 12.70 13.05 2.7 % 7.76 7.97 2.7 % 14.30 14.72 3.0% 8.60 8.83 2.7 %
90.9 9.31 9.75 4.7 % 5.83 6.12 4.9 % 10.70 11.34 6.0 % 6.54 6.92 5.9 %
51.1 7.14 7.43 4.0% 4.57 4.78 4.6 % 8.32 8.85 6.4 % 5.19 5.51 6.1 %
28.7 5.69 5.78 15% 3.72 3.81 25% 6.74 7.02 41% 4.27 4.45 42%
16.2 4.70 4.62 1.7% 3.13 3.12 0.5% 5.64 5.67 0.6 % 3.63 3.67 1.0%
9.09 4.00 3.79 5.3% 2.72 2.60 4.3% 4.86 4.67 3.9% 3.17 3.07 3.0%
511 3.51 3.20 8.7% 241 2.24 7.3% 4.30 3.94 8.5 % 2.84 2.64 7.2%
2.87 3.14 2.79 11.2% 2.19 1.97 10.2 % 3.88 3.39 12.6 % 2.58 2.31 10.5%
1.62 2.87 2.50 13.0% 2.02 1.77 12.2 % 3.55 2.99 15.6 % 2.38 2.07 13.2%
0.909 2.66 2.29 14.0% 1.88 1.63 13.1% 3.28 2.70 17.7 % 2.22 1.88 15.2 %
0.511 2.49 2.14 14.0% 1.77 1.53 13.5% 3.05 2.48 18.7 % 2.08 1.75 16.0 %
0.287 2.35 2.04 13.3% 1.67 1.46 12.8 % 2.85 2.32 18.6 % 1.95 1.64 15.6 %
0.162 2.21 1.96 11.2% 1.58 1.40 11.2% 2.65 2.20 16.9 % 1.82 1.57 13.7%
0.0909 2.08 1.91 8.2% 1.49 1.36 8.4 % 2.44 2.11 13.3% 1.69 1.51 10.5%
0.0511 1.95 1.87 3.9% 1.39 1.34 3.9% 2.19 2.05 6.4 % 1.54 1.47 4.5 %

Table 27. Measured and *Herschel-Bulkley model shear stress of OBDF 2.
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WBDF 3 25°C 50°C 25°C (aged) 50°C (aged)
Shear Rate | Measured HB* APE | Measured HB* APE | Measured HB* APE | Measured HB* APE

y [1/s] 7 [Pa] 7 [Pa] 7 [Pa] r[Pa] r[Pa] r[Pa] 7 [Pa] 7 [Pa]
1020 23.80 23.72 0.4% 17.00 16.93 0.4 % 23.80 23.71 0.4% 17.50 17.42 04%
511 14.70 15.00 2.0% 10.80 11.03 21% 15.10 15.39 1.9% 11.30 11.55 2.3%
HSR 287 10.50 10.26 2.3% 7.90 7.72 2.3% 11.00 10.77 21% 8.41 8.21 2.3%
LSR 162 7.88 8.04 2.0% 6.04 6.16 2.0% 8.41 8.59 21% 6.56 6.69 2.0%
90.9 6.08 6.34 4.2 % 4.75 4.88 2.7 % 6.65 6.93 42 % 5.27 5.42 2.8%
51.1 481 5.01 4.2 % 3.81 3.87 1.6 % 5.38 5.61 4.2 % 4.32 4.40 1.7%
28.7 3.87 3.98 2.7 % 3.08 3.08 0.1% 4.43 4.55 2.8 % 3.58 3.57 0.3%
16.2 3.17 3.17 0.1% 2.51 2.45 2.3% 3.71 3.72 0.2% 2.98 2.91 2.4 %
9.09 2.63 2.54 3.5% 2.05 1.96 4.6 % 3.13 3.04 2.7 % 2.49 2.37 4.8%
5.11 2.19 2.04 6.7 % 1.66 1.56 57 % 2.66 2.51 57 % 2.07 1.94 6.4 %
2.87 1.83 1.66 9.5% 1.34 1.26 6.3% 2.27 2.08 8.3% 1.70 1.59 6.5 %
1.62 1.53 1.36 114 % 1.07 1.01 52% 1.93 1.74 9.6 % 1.38 1.31 5.0 %
0.909 1.27 1.12 11.9% 0.84 0.82 23% 1.64 1.47 10.3% 1.11 1.08 2.4 %
0.511 1.05 0.93 11.0% 0.66 0.67 20% 1.38 1.26 9.0% 0.88 0.90 2.6 %
0.287 0.86 0.79 8.4 % 0.50 0.55 9.2 % 1.15 1.08 5.9 % 0.68 0.75 10.5%
0.162 0.70 0.68 2.6 % 0.38 0.46 20.8 % 0.95 0.95 0.5% 0.52 0.64 23.5%
0.0909 0.55 0.59 71% 0.28 0.38 37.4% 0.76 0.83 9.3% 0.38 0.54 41.8 %
0.0511 0.43 0.52 21.3% 0.20 0.32 60.8 % 0.61 0.75 23.5% 0.28 0.46 67.2%

Table 28. Measured and *Herschel-Bulkley model shear stress of WBDF 3.
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OBDF 4 25°C 50°C 25°C (aged) 50°C (aged)
Shear Rate Measured HB* APE | Measured HB* APE | Measured HB* APE | Measured HB* APE

y [1/s] 7 [Pa] 7 [Pa] 7 [Pa] r[Pa] r[Pa] r[Pa] 7 [Pa] 7 [Pa]
1020 30.40 30.30 0.3% 22.10 22.00 0.4 % 30.10 29.98 0.4% 22.40 22.30 0.5%
511 20.00 20.33 1.7% 14.80 15.11 21% 20.10 20.49 1.9% 15.30 15.63 2.2%
HSR 287 14.90 14.65 1.7% 11.30 11.07 2.0 % 15.30 15.00 1.9% 11.90 11.66 2.1%
LSR 162 11.50 11.70 1.8% 8.99 9.13 1.5% 12.00 12.22 1.9% 9.55 9.72 1.8%
90.9 9.12 9.50 41% 7.31 7.50 2.6 % 9.74 10.10 3.7% 7.88 8.10 2.8%
51.1 7.43 7.74 4.2 % 6.05 6.18 22% 8.07 8.39 4.0% 6.62 6.78 2.4 %
28.7 6.16 6.34 29% 5.08 5.11 0.5% 6.82 7.00 2.6 % 5.63 5.68 0.9%
16.2 5.19 5.23 0.8% 4.29 4.24 1.2% 5.84 5.88 0.7% 4.83 4,78 1.1%
9.09 4.42 4.33 2.0% 3.64 3.52 32% 5.06 4.96 1.9% 417 4.03 34%
5.11 3.81 3.62 5.0 % 3.10 2.94 51% 441 4.22 42 % 3.59 341 5.0 %
2.87 3.29 3.05 7.3% 2.63 2.47 6.1% 3.87 3.62 6.4 % 3.09 2.90 6.2 %
1.62 2.85 2.60 8.8% 2.21 2.09 5.6 % 3.39 3.14 7.5% 2.64 2.48 6.1%
0.909 2.48 2.23 9.9% 1.85 1.77 42 % 2.98 2.74 8.1% 2.24 2.13 5.0 %
0.511 2.14 1.94 9.2% 1.54 1.52 1.5% 2.61 2.42 7.3% 1.88 1.84 2.1%
0.287 1.84 1.71 7.0% 1.26 1.31 39% 2.27 2.16 4.9% 1.56 1.60 2.8%
0.162 1.57 1.53 2.7 % 1.02 1.14 11.8 % 1.96 1.95 0.6 % 1.27 1.41 10.9 %
0.0909 1.32 1.38 4.5 % 0.81 1.00 243 % 1.66 1.78 71% 1.01 1.25 23.3%
0.0511 1.09 1.26 15.8 % 0.63 0.89 41.9% 1.39 1.64 17.9% 0.78 1.11 432 %

Table 29. Measured and *Herschel-Bulkley model shear stress of WBDF 4.
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Appendix D — Quemada Model Values

OBDF 1 25°C 50°C 25°C (aged) 50°C (aged)
Shear Rate | Measured  Quemada APE | Measured  Quemada APE | Measured  Quemada APE | Measured  Quemada APE
y [s]| mn[Pass]  n[Pas] n[Pas]  m[Pas] n[Pas]  n[Pas] n[Pas]  m[Pas]

1020 0.0618 0.0629 1.8% 0.0344 0.0331 39% 0.0672 0.0679 11% 0.0371 0.0346 6.7 %
511 0.0710 0.0739 4.0% 0.0393 0.0399 1.4% 0.0787 0.0808 2.7% 0.0429 0.0424 11%
287 0.0850 0.0877 32% 0.0474 0.0485 23% 0.0951 0.0972 22% 0.0519 0.0522 0.6 %
162 0.106 0.108 2.4 % 0.0599 0.0612 22% 0.120 0.121 13% 0.0660 0.0668 11%
90.9 0.139 0.139 0.6 % 0.0796 0.0807 13% 0.157 0.158 0.7 % 0.088 0.089 13%
51.1 0.189 0.188 0.7% 0.110 0.111 0.4 % 0.217 0.216 0.7 % 0.123 0.124 11%
28.7 0.269 0.264 1.8% 0.159 0.159 0.4 % 0.310 0.306 11% 0.178 0.179 0.7 %
16.2 0.394 0.386 2.1% 0.236 0.235 0.7 % 0.457 0.451 13% 0.265 0.267 0.5%
9.09 0.601 0.589 2.0% 0.364 0.361 0.9 % 0.701 0.691 1.4% 0.411 0.412 0.1%
5.11 0.939 0.924 1.6 % 0.573 0.569 0.7 % 1.10 1.09 1.0% 0.652 0.652 0.0%
2.87 1.50 1.49 0.8% 0.923 0.919 0.4 % 1.77 1.76 0.6 % 1.06 1.05 0.1%
1.62 2.44 2.44 0.1% 151 1.50 0.1% 2.87 2.87 0.0% 1.73 1.73 0.1%

0.909 4.03 4.05 0.6 % 2.50 2.50 0.2% 4.74 a4T77 0.5% 2.87 2.87 0.1%

0.511 6.69 6.76 1.0% 4.17 4.18 0.4 % 7.89 7.94 0.7 % 4.81 4.81 0.1%

0.287 11.18 113 0.7% 7.00 7.02 0.2% 13.2 13.2 0.4 % 8.08 8.08 0.0%

0.162 18.6 18.5 0.2% 11.7 11.7 0.1% 21.8 21.8 0.1% 135 135 0.1%

0.0909 30.5 30.2 0.8% 19.5 19.4 0.4 % 35.8 35.6 0.5% 22.6 22.6 0.1%
0.0511 47.9 48.1 0.3% 317 31.7 0.1% 56.8 56.9 0.2% 374 374 0.0%

Table 30. Measured and Quemada model viscosity of OBDF 1.
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OBDF 2 25°C 50°C 25°C (aged) 50°C (aged)
Shear Rate | Measured ~ Quemada APE | Measured  Quemada APE | Measured  Quemada APE | Measured  Quemada APE
y [Us]| m[Pass]  mn[Pas] n[Pas]  n[Pas] n[Pas]  n[Pas] n[Pas]  n[Pas]

1020 0.0464 0.0439 53% 0.0273 0.0254 7.0% 0.0492 0.0480 25% 0.0290 0.0273 6.0 %
511 0.0528 0.0527 0.3% 0.0311 0.0310 0.3% 0.0573 0.0581 13% 0.0337 0.0337 0.2%
287 0.0631 0.0636 0.8% 0.0376 0.0382 15% 0.0697 0.0708 1.7% 0.0411 0.0419 20%
162 0.078 0.080 1.4 % 0.0479 0.0488 18% 0.0883 0.0897 16 % 0.0531 0.0541 19%
90.9 0.102 0.104 1.3% 0.0641 0.0650 14% 0.118 0.119 0.7% 0.0719 0.0730 14%
51.1 0.140 0.141 0.8% 0.0894 0.0901 0.8 % 0.163 0.163 0.2% 0.102 0.102 0.7%
28.7 0.198 0.199 0.3% 0.130 0.130 0.3% 0.235 0.234 0.5% 0.149 0.149 0.2%
16.2 0.290 0.290 0.1% 0.193 0.193 0.1% 0.348 0.346 0.6 % 0.224 0.224 0.1%
9.09 0.440 0.440 0.0% 0.299 0.298 0.4 % 0.535 0.531 0.7% 0.349 0.348 0.3%
5.11 0.687 0.685 0.2% 0.472 0.471 0.1% 0.841 0.836 0.7% 0.556 0.553 0.5%
2.87 1.09 1.09 0.0% 0.763 0.761 0.3% 1.35 1.35 0.5% 0.899 0.897 0.2%
1.62 1.77 1.77 0.0% 1.25 1.24 0.2% 2.19 2.19 0.1% 1.47 1.47 0.0%

0.909 2.93 2.93 0.0% 2.07 2.07 0.1% 3.61 3.62 0.3% 2.44 2.44 0.0%
0.511 4.87 4.87 0.0% 3.46 3.46 0.0 % 5.97 6.00 0.5% 4.07 4.07 0.0%
0.287 8.19 8.17 0.3% 5.82 5.83 0.2% 9.93 10.0 0.2% 6.79 6.80 0.1%
0.162 13.6 13.7 0.1% 9.75 9.76 0.1% 16.4 16.4 0.0% 11.2 11.3 0.2%
0.0909 22.9 22.9 0.1% 16.4 16.4 0.1% 26.8 26.7 0.4 % 18.6 18.6 0.2%
0.0511 38.2 38.1 0.0% 27.2 27.2 0.0% 42.9 42.9 0.2% 30.1 30.2 0.0%

Table 31. Measured and Quemada model viscosity of OBDF 2.
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WBDF 3 25°C 50°C 25°C (aged) 50°C (aged)
Shear Rate | Measured  Quemada APE | Measured  Quemada APE | Measured  Quemada APE | Measured  Quemada APE
y [Us] | n[Pas]  m[Pas] n[Pas]  n[Pas] n[Pas]  n[Pas] n[Pas]  n[Pas]

1020 0.0233 0.0216 7.5% 0.0167 0.0165 0.9% 0.0233 0.0216 7.3% 0.0172 0.0172 0.2%
511 0.0288 0.0285 0.8 % 0.0211 0.0222 5.0 % 0.0295 0.0293 0.9% 0.0221 0.0235 6.1%
287 0.0366 0.0371 15% 0.0275 0.0292 6.1% 0.0383 0.0389 15% 0.0293 0.0314 7.0%
162 0.0486 0.0495 18% 0.0373 0.0393 53% 0.0519 0.0530 21% 0.0405 0.0429 5.9%
90.9 0.0669 0.0679 16% 0.0523 0.0540 34 % 0.0732 0.0743 15% 0.0580 0.0602 3.9%
51.1 0.0941 0.0951 1.1% 0.0746 0.0756 1.4 % 0.105 0.106 1.0% 0.0845 0.0860 1.8%
28.7 0.135 0.136 0.8% 0.107 0.107 0.0% 0.154 0.155 0.6 % 0.125 0.125 01%
16.2 0.196 0.197 0.4 % 0.155 0.153 1.0% 0.229 0.229 0.1% 0.184 0.182 0.9%
9.09 0.289 0.289 0.2% 0.226 0.221 19% 0.344 0.344 0.1% 0.274 0.269 1.8%
5.11 0.429 0.427 0.3% 0.325 0.319 1.7% 0.521 0.519 0.3% 0.405 0.397 21%
2.87 0.638 0.635 0.4 % 0.467 0.459 1.6 % 0.791 0.788 0.4 % 0.592 0.583 1.6 %
1.62 0.944 0.942 0.3% 0.660 0.655 0.9% 1.19 1.19 0.1% 0.852 0.847 0.6 %

0.909 1.40 1.40 0.0% 0.924 0.925 0.2% 1.80 1.80 0.2% 1.22 1.22 0.2%

0.511 2.05 2.06 0.1% 1.28 1.29 0.3% 2.70 2.70 0.1% 1.72 1.72 0.2%

0.287 3.00 3.00 0.1% 1.75 1.76 0.3% 4.01 4.01 0.2% 2.38 2.38 0.2%

0.162 4.30 4.30 0.0% 2.33 2.34 0.8% 5.86 5.85 0.2% 3.18 321 0.9%

0.0909 6.05 6.07 0.3% 3.05 3.06 0.4 % 8.40 8.42 0.2% 4.19 4.22 0.6 %
0.0511 8.40 8.38 0.1% 3.91 3.89 0.6 % 11.8 11.8 0.1% 5.42 5.38 0.7%

Table 32. Measured and Quemada model viscosity of WBDF 3.
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WBDF 4 25°C 50°C 25°C (aged) 50°C (aged)
Shear Rate | Measured  Quemada APE | Measured  Quemada APE | Measured  Quemada APE | Measured  Quemada APE
y [Us] | n[Pas]  m[Pas] n[Pas]  n[Pas] n[Pas]  n[Pas] n[Pas]  n[Pas]

1020 0.0298 0.0287 37% 0.0217 0.0233 75% 0.0295 0.0290 16% 0.0220 0.0235 71%
511 0.0391 0.0391 0.1% 0.0290 0.0319 10.2 % 0.0393 0.0401 2.0% 0.0299 0.0326 8.9 %
287 0.0519 0.0522 0.6 % 0.0394 0.0428 8.8 % 0.0533 0.0544 2.1% 0.0415 0.0443 7.0%
162 0.0710 0.0716 0.9 % 0.0555 0.0589 6.2 % 0.0741 0.0757 22% 0.0590 0.0619 5.0 %
90.9 0.100 0.101 0.8 % 0.0804 0.0833 36% 0.107 0.109 13% 0.0867 0.0889 25%
51.1 0.145 0.146 0.3% 0.118 0.120 15% 0.158 0.159 0.7 % 0.130 0.130 0.7%
28.7 0.215 0.215 0.1% 0.177 0.176 0.3% 0.238 0.238 0.0 % 0.196 0.195 0.6 %
16.2 0.320 0.320 0.0 % 0.265 0.262 11% 0.360 0.360 0.2% 0.298 0.294 13%
9.09 0.486 0.486 0.1% 0.400 0.394 1.7% 0.557 0.554 0.5% 0.459 0.450 1.9%
5.11 0.746 0.743 0.3% 0.607 0.594 2.0% 0.863 0.859 0.4 % 0.703 0.691 1.6 %
2.87 1.15 1.14 0.1% 0.916 0.899 1.8% 1.35 1.34 0.5% 1.08 1.06 13%
1.62 1.76 1.76 0.2% 1.36 1.35 0.8% 2.09 2.09 0.0% 1.63 1.62 0.4%

0.909 2.73 2.72 0.1% 2.04 2.03 0.2% 3.28 3.28 0.0% 2.46 2.47 0.1%

0.511 4.19 4.19 0.1% 3.01 3.01 0.0% 5.11 5.11 0.0 % 3.68 3.70 0.5%

0.287 6.41 6.42 0.1% 4.39 4.41 0.5% 791 791 0.0 % 5.44 5.46 0.4%

0.162 9.69 9.69 0.0 % 6.30 6.33 0.5% 12.1 12.1 0.1% 7.84 7.86 0.3%

0.0909 145 145 0.1% 8.87 8.90 0.4% 18.3 18.3 0.2% 111 111 0.2%
0.0511 21.3 21.3 0.0 % 12.3 12.2 0.5% 27.2 27.2 0.1% 15.2 15.2 0.0%

Table 33. Measured and Quemada model viscosity of WBDF 4.
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