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Abstract

In this thesis, the pneumatic conveying and storage characteristics of particles mixed
with a drilling fluid are studied based on the pilot scale experiments. The objective of
this research is to investigate the impact of the presence of a drilling fluid towards the
pneumatic conveying and storage properties of a bulk solid, which can be utilized in
offshore drill cuttings handling.

Fluidization tests were conducted for sand samples with different particle size distributions
and for a treated drill cuttings sample. Tests were conducted for both dry and wet
(mixed with a drilling fluid) conditions. For this study two drilling fluids were considered
namely, EDC 95/11 (a base oil) and a premix based on EDC 95/11. The comparison
of the results shows that the minimum fluidization velocity of a particular dry particle
system is significantly increased when a small amount of drilling fluid (1.5% by weight)
is introduced to particle mixture. However, there was no significant deviation of the
fluidization behaviour when the drilling fluid concentration was increased from 1.5% up
to 6.3% but when it was further increased up to 10 %, the minimum fluidization velocity
started to increase. The phenomenon was observed in both sand and treated drill cuttings
sample with both drilling fluids.

The same sand mixtures were used in the pilot scale pneumatic conveying tests in dilute
state both under dry and wet (mixed with the premix) conditions. Horizontal pneumatic
conveying pressure drop displayed a similar behaviours as the minimum fluidization velo-
city with the drilling fluid concentration. That is, the pressure drop corresponding to the
sand-drilling fluid mixture at concentration of 1.5% was significantly low compared to the
pressure drop of the same dry sand mixture. It was also observed that the deviation of
the minimum fluidization velocity of a wet sand mixture with respect to its dry condition
and the the deviation of the horizontal pneumatic pressure drop of the same wet sand
mixture with respect to its dry condition are closely correlated.

An empirical model was developed to predict the pressure drop of horizontal pneumatic
conveying under dilute conditions. The model can successfully predict the pressure drop of
the same dry material with different size distributions. It was shown that by incorporating
the reduction of the minimum fluidization velocity which was obtained by the fluidization
tests, the proposed model can predict the horizontal pneumatic conveying pressure drop
of sand-drilling fluid mixtures approximately.
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Bulk solid flow properties of a sand-drilling fluid mixture with different drilling fluid
concentrations were analysed by using Jenike shear tester. The study shows that the
flowability of the bulk solid depends on the fluid concentration, type of the fluid and the
time period which the bulk solid is subjected under stress. With increasing fluid concen-
tration, the flowability of the bulk solid reduce and reaches a minimum and beyond that
the flowability improves as the bulk solid starts to behave as a slurry. Sand sample mixed
with water displayed a lower flowability compared to the sand-drilling fluid mixtures. A
sand-soap mixtures displayed a similar behaviour to the sand-drilling fluids approxim-
ately. It was also observed that the 7 days time consolidation has reduced the flowability
of all the sand samples with different fluid types and concentrations.
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Symbol Explanation Units
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D Pipe diameter [m]
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d Particle diameter [m]
dm Mean particle diameter [m]
Fr Frode number [-]
fc Unconfined yield strength [Pa] / [kgm−1s−2]
fD Darcy friction factor [-]
fp Impact and friction coefficient [-]
g Acceleration due to gravity [ms−2]
K1,K2 Numerical constants [-]
k Permeability [m2]
L Distance [m]
ṁ Mass flow rate [kgs−1]
∆P Pressure drop [Pa] / [kgm−1s−2]
Pi Initial pressure [Pa]
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u Velocity [ms−1]
ur Relative velocity [ms−1]
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Introduction

. Background

The statistics published by the U.S. Energy Information Administration [1] show that the
offshore oil production has been contributing for around 30% of the global oil production
during the last decade.The first reported offshore oil well was drilled in Santa Barbara
Channel at Summerland, California in 1897 and the offshore oil exploration in the Gulf
of Mexico commenced in early 1930s. However, the commercial oil production in the
Gulf of Mexico started in the period of 1960-70. Oil exploration in North Sea initiated
after 1958 and the first oil reservoir in North Sea was discovered in 1965 in the sector of
United Kingdom. The first commercially viable oil reservoir in the Norwegian sector was
discovered in 1967 [2]. Currently, Saudi Arabia, Brazil, Mexico, Norway and USA are the
five-major offshore oil producing countries and around 43% of the total offshore oil are
produced by them [1].

. . Offshore drilling process

The first step in drilling an oil well is to conduct proper surveys to explore and locate
suitable oil fields and to identify suitable drilling sites. Once all the technical, legal and
environmental requirements are being fulfilled the drilling process can be commenced.
Depending on the depth of the drilling site, different drilling rigs are used. Jack-up rigs
are used in relatively shallow waters while the semi-submersible platforms are used in
depths around 80-1800 m. In North Sea both Norway and United Kingdom use both
types of these platforms. In deep waters, drill ships are being used and they are quite
common in USA and Asia [3].

Both onshore and offshore wells are drilled by using a rotating drill bit. The drill bit is
connected to the drill platform through a hollow pipe known as the drill string. The drill
string is rotated by the top drive either by using an electric or hydraulic motor. The drill
string is also used to pump the drilling fluid (drilling mud) to the drill bit. The main
functions of a drilling fluid are to maintain the pressure inside the borehole, to lubricate
the drill bit, to function as a cooler to reduce the temperature of the drill bit and to to
transport the drill cuttings out from the well (well cleaning). The pumped drilling fluid
is returned to the platform through the annulus between the drill string and the casing
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1 Introduction

or the wall of the drilled hole. Drilling fluids can be categorized as water based drilling
fluids which is traditionally known as Water Based Muds (WBM) and oil based drilling
fluids which is traditionally known as Oil Based Muds (OBM) depending on the base
fluid. As the drill bit rotates and grinds the rock formations, small rock particles known
as cuttings are generated. These cuttings get suspended in the drilling fluid and comes to
the platform through the annulus. Reuse of returned drilling fluid in the drilling process
is both economical and environmental friendly. Hence, drill cuttings are separated from
the returning drilling fluids by using solid control devices such as shale shakers. Separated
drilling fluid are collected in the mud pit. This drilling fluid can be contaminated with fine
clay particles and its properties have been altered from its initial values. Hence chemicals
are added to it to correct the properties such as density and viscosity before being reused
in the drilling process. The separated drill cuttings from the solid control devices are
considered as drilling waste [4].

. . Offshore drilling waste handling

Offshore drilling operations generate significant amount of drilling waste which mainly
consists of drill cuttings and drilling fluid. Figure 1.1 shows the amount of drill cuttings
generated in the Norwegian Continental Shelf (NCS) during the last decade. The amount
of OBM associated cuttings generated has been in a steady state at around 100 000 tonnes
per year. During the period of 2008-11 the amount of WBM associated cuttings generation
has been increased exponentially and since then it has been reducing gradually.

Figure 1.1: Total amount of cuttings generated in Norwegian Continental Shelf [5]

As mentioned in section 1.1, offshore oil exploration and production developed expo-
nentially in the period of 1960-70. The concern over the environmental impact due to
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offshore waste also grew simultaneously. Offshore drilling waste management has three
approaches.

• Offshore discharge

• Re-injection

• Onshore treatment and disposal

Figure 1.2 and Figure 1.3 show the percentage of the disposal methods of the OBM and
WBM associated cuttings respectively. It can be clearly seen that no OBM-cuttings have
been discharged to sea except in 2015 where 2460 tonnes of extensively treated OBM-
cuttings have been discharged [5]. On the other hand, around 96% of the WBM-cuttings
have been disposed through offshore discharge.

Figure 1.2: Disposal of cuttings with OBM in Norwegian Continental Shelf [5]

Figure 1.3: Disposal of cuttings with WBM in Norwegian Continental Shelf [5]
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Offshore discharge

Prior to 1990, cuttings associated with WBM were allowed to be discharged into marine
environments under existing environmental regulations. Offshore disposal of cuttings con-
taminated with OBM were not allowed in the USA, but in North Sea countries (Norway,
Netherland and The United Kingdom) it was allowed [2]. In early 1980s high concentra-
tions of hydrocarbons in the sediments closer to several production platforms in North
Sea were discovered. This discovery led the governments to impose controls over offshore
discharge. The usage of diesel based muds were prohibited in 1980s and the permissible
amount of mineral oil associated with cuttings was gradually reduced [6]. According to
the OSPAR decision 2000/3, offshore discharge of cuttings contaminated with organic
phase fluids with a concentration above 1% of weight is completely prohibited. Other
offshore oil producing countries such as USA and Canada have also imposed similar strict
control over offshore discharge [2]. Therefore, no cuttings associated with OBM has been
allowed to be discharged into Norwegian continental shelf during the last decade while
around 96% of the cuttings associated with WBM has been allowed for offshore discharge.
Compared to the other oil fields, Norwegian continential shelf has the most strict regu-
lations with regarding the discharges. Even though WBMs are environmental friendly
and cuttings associated with them are easy to be discharged, many drilling operators still
prefer to use OBM due to its superior drilling performances such as better shale stability,
higher lubricity and higher thermal stability [7].

Re-injection

Re-injection was considered as the most economical and environmental friendly disposal
method for OBM-cuttings as they are not permitted for offshore discharge. A slurry is
made by mixing finely ground drill cuttings with water. This slurry can be pumped into
the re-injecting wells. The advantage of this method is that the treatment method is close
to the source which reduces the requirement for transportation. The energy consumption
and the emissions associated with re-injection was relatively less [8]. However, in 2009 it
was discovered that certain wells in Norwegian Continental Shelf have lost the integrity
causing the fractures to form up to the sea bed [9]. Therefore currently re-injection is
allowed to be carried out at dedicated re-injection wells which are drilled at suitable
locations. Drilling of dedicated re-injection wells and transportation of the slurry to
the disposal location has increased the waste handling cost significantly [10]. Therefore,
cuttings re-injection has been reduced significantly since 2009 and it can also be clearly
seen in Figure 1.2.
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Onshore treatment and disposal

The focus on onshore treatment and disposal of drill cuttings is continuously increasing as
the control over offshore discharge and re-injection are tightened. The most common on-
shore disposal methods are burial and land farming. Before the final disposal it is essential
to further treat the drill cuttings to convert them into non-hazardous waste. Stabilization
combined with solidification, vermiculture, thermal desorption and incineration are such
treatment methods [11][12]. Once completely treated, cuttings are disposed at burial sites
or seldomly used as road construction material [13].

Drill cuttings storage and transportation

Drill cuttings storage and transportation is one of the major challenges that must be
overcome in offshore waste handling. Conventionally skip-and-ship method was used to
transfer drill cuttings from the drilling platform to the conveying vessels. This operation
is slow, requires large amount of space to store the skips on the drilling platform and is
associated with several health and safety issues [8]. Within the drilling platform gravity
collection methods, screw conveyors and auger belts are used to convey the drill cuttings
from the solid control devices to the storage locations. These mechanical conveying sys-
tems have low capital cost but higher maintenance cost. Depending on the drilling fluid
concentration of the cuttings screw conveyors tend to get stuck and fail. Mechanical con-
veying systems in a drilling platform are associated with higher health and safety risks.
A detailed description of the challenges of offshore drill cuttings handling is presented in
Appendix A.

. Problem statement

The conventional drill cuttings storage equipment such as skips and the conventional
transportation systems such as conveyor belts and screw conveyors are unreliable and
have low capacity. Therefore, these conventional systems are being replaced by novel
techniques. Among the new conveying technologies, pneumatic conveying is claimed to
be applied successfully [14][15].

Pneumatic conveying has several advantages such as, flexible routing, closed conveying
system (less health and safety issues), potential to collect material from several pick up
points and the ability to discharge the material at several discharge locations. The disad-
vantages of pneumatic conveying are the higher energy consumptions and the sensitivity
of the conveying performances to the slight changes in the properties of the material to
be conveyed and/or slight changes in the operating conditions. Pneumatic conveying has
been developed and applied mostly for conveying of dry material. Pneumatic conveying
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of wet material is itself a challenging task. Therefore, a proper scientific study is required
to study the conveying characteristics of oil wet material to optimize the pneumatic con-
veying of drill cuttings.

. Aim of the project

The main objectives of this study can be listed as,

• Increase the reliability and applicability of wet particle (drill cuttings) transfer

– Identify the influential properties on wet particle (drill cuttings) transfer

– Establish a scientific method to design wet particle (drill cuttings) transfer
system

• Investigate the influence of wet particle (drill cuttings) properties in effective and
reliable storage and reclaiming process

– Investigate the influence of characteristic properties in flowability

– Identify the major challenges in storage of drill cuttings

. Outline of the thesis

This thesis is divided into six main chapters. In Chapter 2 the theoretical background and
related work with regarding particle fluidization, pneumatic conveying and flow properties
of bulk solids are presented. The experimental setups, instrumentation and procedures
corresponding to fluidization, pneumatic conveying and and bulk solid shear tests are
described in Chapter 3. The selection of experimental material is also described in this
chapter.

Chapter 4 includes the results and analysis of the fluidization and pneumatic conveying
tests. Based on the results a method to develop a model to predict the pressure drop
of horizontal pneumatic conveying is also presented. The results and the finding of the
fluidization and pneumatic conveying tests are also discussed in this chapter. Chapter 5
presents the results and analysis of the bulk solid shear test. The discussion corresponding
to the findings is also included in the same Chapter. The conclusion and the recommend-
ation for future work is presented in the Chapter 6. The graphical representation of the
experimental data are given in the Appendix C - Appendix H
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Theoretical background and related work

The objective of this chapter is to give the reader an overall background knowledge corres-
ponding to the experimental work carried out in this research project. The experimental
work can be categorized into three main fields, that is, pneumatic conveying, particle
fluidization and bulk solid flow properties. A brief theoretical background on those fields
is also provided in this chapter to facilitate the readers who are not familiar with the
principles of powder handling.

. Particle fluidization

The term particle fluidization is used to describe the process of suspending a bed of
particles in a fluid to form a fluid-solid mixture that behaves as a fluid-like state [16].

. . Phenomenon of fluidization

When a fluid is flowing upwards through a bed of solids, the pressure drop across the bed
is directly proportional to the fluid velocity at relatively low fluid flow rates. Under this
condition the bed is considered as a packed (fixed) bed. The frictional drag forces exerted
on the particles by the fluid flow increase with the fluid flow rate. When the fluid velocity
approaches the minimum fluidization velocity (um f ), the frictional drag forces acting on
the particles get closer to the apparent weight of the particles (actual weight - buoyancy
force). Then the particles tend to rearrange in a manner to reduce the resistance to
the fluid flow. As a result the solid bed expands and the voidage of the bed increases.
This phenomenon continues with increasing fluid flow rate until the frictional drag forces
are equal to the apparent weight of the particles. At this point the individual particles
get separated from one another as the vertical compression forces between the particles
diminish. At this point the fluid bed is considered to be at the minimum fluidization
condition [17].

Both liquid-solid and gas-solid systems behave similarly until the minimum fluidization
condition. When the fluid flow rate is increased above the minimum fluidization condi-
tions, the liquid-solid systems tend to expand the bed smoothly and continuously. On the
contrary, gas-solid systems tend to behave rather differently at gas flow rates above the
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2 Theoretical background and related work

minimum fluidization conditions. Gas bubbles and channelling can be observed within the
bed and with further increase of gas flow, solid particles start to move vigorously. How-
ever, the expansion of the bed is relatively low for gas-solid systems beyond the minimum
fluidization condition. When the gas flow rate is increased beyond the terminal velocity
(settling velocity) of the solid particles, the particles in the upper boundary of the bed
starts to get entrained with the gas flow. With further increase of gas flow rate, the solid
particles start to get carried away with the gas flow, initiating pneumatic transport of
solids [16].

In this research project fluidization behaviour of a gas-solid system where the solid
particles are contaminated with drilling fluids is considered. The fluidization behaviour of
the gas - dry particle systems is well studied relative to the fluidization behaviour of the
gas - wet particle systems. Therefore, the well established fundamentals of fluidization of
gas - dry particle systems are presented in the Section 2.1.2. The impact of the presence
of a liquid in the packed bed towards the fluidization behaviour is discussed in the Section
2.1.4.

. . Theoretical background

In Figure 2.1 the total pressure drop across the particle bed is plotted against the super-
ficial gas velocity (uc). The pressure drop increases with increasing gas velocity until the
bed initiates to expand (A-B). With further increase in gas velocity, the pressure drop
passes through a maximum (C ) and reaches a constant value. At the maximum pressure
drop, the bed gets fluidized and the voidage of the bed increases, resulting a reduction
in the pressure drop across the bed. Therefore, beyond the maximum pressure drop, a
slight reduction in the pressure drop is observed and the pressure drop reaches a static
condition with increasing gas velocity (D-E) [16].

Figure 2.1: Pressure drop vs. superficial air velocity diagram for particle fluidization
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2.1 Particle fluidization

In the packed (fixed) bed condition where the air velocity is less than the minimum
fluidization velocity, the pressure drop across the bed can be obtained by the Ergun’s
equation as follows,

∆P
L

= 150
µuc

d2
(1− ε)2

ε3 +1.75
ρgu2

c

d
(1− ε)

ε3 (2.1)

The first term in the right-hand side of the equation describes the viscous effects towards
the pressure gradient and the second term describes the kinetic effects towards the pressure
gradient in the bed. In the Ergun’s equation the term µ represents the dynamic viscosity
of the gas. The voidage in the packed bed (ε) is defined as the fraction of the bed volume
occupied by the voids (the gas spaces between the particles).

In a fluidized bed, the frictional drag forces acting on the particles due to the gas flow
are equal to the apparent weight of the particles. Therefore, the pressure drop across the
fluidized bed balances the weight of the bed and it can be represented as [16],

∆P
Lm f

= (1− εm f )(ρp −ρg)g (2.2)

Where Lm f and εm f are the height and the voidage of the bed at the minimum fluidization
condition respectively.

The pressure drop in A-B region can also be expressed in terms of a friction coefficient
(βA) using the Darcy’s law [18]. It is assumed that the effect of wall friction, acceleration
and gravity on the momentum balance of gas phase is negligible [18].

dP
dL

=−1
ε

βAur (2.3)

1
βA

=
k
µ

(2.4)

Where k is the permeability of the solid particle bed. In Equation 2.3, ur is the relative
velocity defined as, ur = ug − up. In the region of A-B, the bed is fixed and the solid
particles are stationary. Hence, up = 0.

Based on the extended version of the Ergun equation for fluidized bed (Equation 2.1) and
Equation 2.2, the superficial air velocity at minimum fluidization condition can be found
by solving the equation,

1.75
ε3

m f φs
Re2

p,m f +
150(1− εm f )

ε3
m f φ 2

s
Rep,m f =

d3
pρg(ρs −ρg)g

µ2 (2.5)
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Where Rep,m f is the particle Reynolds number at minimum fluidization conditions and
the Rep is defined as,

Rep =
dpucρg

µ
(2.6)

The sphericity of a particle (φs) is defined as the ratio of the surface area of a sphere
which has the same volume of the given particle to the surface area of that particle.

The solution of the Equation 2.5 for small particles or low Reynolds value (Rep,m f <20)
is given by,

um f ≈
d2

p(ρs −ρg)g
150µ

ε3
m f φ 2

s

1− εm f
(2.7)

For larger particles where, Rep,m f > 1000, the solution for the Equation 2.5 is given by,

u2
m f ≈

dp(ρs −ρg)g
1.75ρg

ε
3
m f φs (2.8)

For the systems where the voidage at minimum fluidization condition (εm f ) and the spher-
icity of the particles (φs) is not known, the Equation 2.5 can be expressed as,

K1 Re2
p,m f +K2 Rep,m f = Ar (2.9)

K1 and K2 are numerical constants and Ar is the Archimedes number and they are defined
as follows,

K1 =
1.75

ε3
m f φs

(2.10)

K2 =
150(1− εm f )

ε3
m f φ 2

s
(2.11)

Ar =
d3

pρg(ρs −ρg)g
µ2 (2.12)

Numerical values for the constants K1 and K2 can be found in literature which have
been defined empirically. The reported values for K1 and K2 are given in Table 2.1 .
These values can be used to simplify Equation 2.7 and Equation 2.8. It must be noted
that this method only gives a rough estimation of the minimum fluidization velocity.
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2.1 Particle fluidization

For more accurate prediction of the minimum fluidization velocity, the information with
regarding the voidage at minimum fluidization state and the sphericity of the particles
are required.

Table 2.1: Values for the two constants in Equation 2.9
Investigators K1 K2
Wen and Yu (1966) [19] 24.5 1651.3
from 284 data points from literature
Richardson (1971) [20] 27.4 1408.4
Saxena and Vogel (1977) [21] 17.5 885.5
for dolomite at high temperature and pressure
Babu et al. (1978) [22] 15.4 779.24
for reported data until 1977
Grace (1982) [23] 24.5 1332.8
Chitester et al. (1982) [24] 20.25 1162.4
for coal, char, Ballotini up to 64 bar

. . Material properties on fluidization behaviour

The behaviour of particles in a fluidized bed depends on the particle properties such as
density, particle size and cohesiveness. Based on those properties, solid particles can be
classified into groups representing different fluidization characteristics.

Geldart’s classification of powders

Powders consisting uniformly sized particles are classified into four groups by Geldart
based on their fluidization behaviour, mean particle size and the density difference between
the solid and fluid. This classification has been conducted based on fluidization with air
under ambient conditions and the classification is graphically represented in the Figure 2.2
[18].

Group A (Aerated)-Powders with a small mean particle diameter (30 µm - 100µm)
and a low particle density (<1400 kgm−3) are classified into this group. These powders
can be fluidized easily and they tend to expand the bed significantly after the minimum
fluidization condition. Until the air velocity is increased to a significantly higher value
than the minimum fluidization velocity, air bubbles will not be formed. The air velocity
at which the air bubbles will be formed is denoted as the bubbling velocity (ub).

Group B (Bubbling)-The powders in this group have the mean particle diameter in the
range of 40 µm - 500 µm. The particle density lies in the range of 1400 kgm−3 to 4000
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2 Theoretical background and related work

Figure 2.2: Geldart’s classification of particles [18]

kgm−3. Sand is a typical material that represent the Group B type powders. In these
powders, bubbling occurs at the minimum fluidization velocity and the bed expansion is
not significant. The boundary between Group A and Group B is given by the following
equation [25].

(ρp −ρg)dp = 225×10−3 (2.13)

Group C (Cohesive)-Cohesive and very fine powders are classified into the Group C.
Fluidization of these powders are difficult due to the significant interparticle forces.

Group D (Spoutable)-Group D consists of large and/or dense powders. These are also
difficult to be fluidized and with increasing air velocity exploding bubbles and spouting
occurs. The boundary between the Group B and Group D is given by the following
relation [25].

(ρp −ρg)d2
p = 10−3 (2.14)

Based on the Ergun’s equation given in the Equation 2.1 the pressure gradient across
a packed bed for the different Geldart’s groups has been analysed and it is given by
Figure 2.3.

According to the Figure 2.3 the pressure gradient for Group A shows a linear relationship
and for the Group D it shows a parabolic relationship. The pressure gradient curve can
be almost linear or slightly parabolic for different Group B materials [26]. Since Group C
material are difficult to be fluidized, a general form of the pressure gradient for the Group
C materials is not presented by the authors.
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2.1 Particle fluidization

Figure 2.3: Theoretical pressure gradient curve for packed bed state for different Geldart’s groups [26]

. . Influence of presence of liquid for fluidization

Geldart’s classification of powders is done under the assumption that the interparticle
forces are negligible compared to the drag forces and weight of the particles at fluidized
conditions. Generally, this assumption is acceptable but according to Molerus [27] the
difference in the fluidization behaviour in the Geldart’s powder groups can be explained
through the relative dominance of inter-particle forces and fluid drag forces. The difference
between Group A and Group C occurs due to the dominance of cohesive forces in Group C
type powders which limit the free motion of particles. Group A and Group B is separated
due to the insignificance of interparticle forces in Group B type powders under fluidized
conditions. The main inter-particle forces present in powders are Van der Waals forces,
electrostatic forces and liquid bridges (when a liquid is present in powders). A brief
description of these forces is presented in Section 2.3.1.

Group B powders which demonstrate good fluidization behaviour are transferred to Group
C via Group A with continuous addition of liquid to the fluidized bed. This phenomenon
was observed by Seville and Clift [28], McLaughlin and Rhodes [29] whom studied the
influence of non-volatile thin liquid layers on fluidization behaviour. However, according
to the experimental studies it was observed that the impact towards the fluidization
behaviour of Group B is negligible when only a very little amount of liquid is present.
Both these studies support the hypothesis that the boundary of Group A and Group C
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occurs at a fixed ratio of inter-particle forces to the fluid drag forces. The numerical
value of this ratio between interparticle forces and fluid drag forces obtained by different
researchers deviate significantly due to the challenges of estimating the magnitude of
inter-particle forces accurately [29]. Addition of liquid to a fluidized bed can make the
bed more compact as the voidage of the fluidized bed is reduced compared to the dry
conditions [30].

The minimum fluidization velocity also increases with the addition of liquid to the fluidized
bed. The difference between the fluidization velocities of the wet system and the dry
system can be expressed as, u−um f which represents the excess air velocity that is required
to overcome the defluidizing impact due to the addition of liquid to the fluidized bed.
Hartman et. al. [31] conducted fluidization experiments with sand contaminated with a
high viscous oil and low viscous oil separately. It was observed that the de-fluidization
effect of the heavy oil is higher compared to the light oil. They have also proposed two
correlations for the excess air velocity and oil concentration as follows,

Light oil

u−um f = 17900
w

Ar1/2 (2.15)

Heavy oil

u−um f

um f
= 9030

w
Ar1/2 (2.16)

Where w is the oil mass fraction in the fluidized bed and this study has been conducted
with w < 0.02.

. Pneumatic conveying

Pneumatic transportation of solids is commonly used in many industrial applications. A
wide range of powders and granular particles can be successfully conveyed pneumatically.
According to Molerus [32] pneumatic transportation of solids is a brutal misuse of the
principle which is basically suitable for transportation of fluids. Therefore, pneumatic
conveying has its own advantages, disadvantages and pitfalls. The main advantages of
pneumatic conveying are potential to have flexible routes and to have several pick up
and discharge points. Higher power consumption, particle degradation and wearing of
the conveying line are among the main disadvantages. The main pitfall associated with
pneumatic conveying is its high dependability on the conveying system parameters and on
the material properties. A slight variation of these parameters can cause severe problems
in the conveying process and even might cause complete system failure [32][33]. Therefore,
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2.2 Pneumatic conveying

a pilot scale tests covering the whole range of potential air flow rates and the potential solid
mass flow rates are recommended for each conveying material and it will provide required
information of the conveying system within the considered operating region [34].

The experimental data are plotted in the state diagram (pressure drop per unit length
vs. superficial air velocity). A typical state diagram for horizontal conveying is shown in
Figure 2.4. ṁs0 shows the pressure drop curve corresponding to no solid flow (air only).
Other five pressure drop curves denoted by ṁsi represent pressure drop corresponding
to different solid mass flow rates. The solid mass flow rate increases from ṁs1 to ṁs5.
The point c on each curve corresponds to the minimum pressure drop point. The min-
imum pressure drop curve can be obtained by connecting these corresponding c points at
different solid mass flow rates.

Figure 2.4: State diagram for horizontal pneumatic conveying
[35]

The region of a-c represents dilute phase conveying (fully suspended). As the air velocity
is decreasing from a to c, the solid loading ratio(η = ṁs

ṁg
) is increasing. At a particular

point, when the air flow rate is not sufficient to suspend all the solid particles, the particles
begin to separate from the gas-solid mixture and start forming beds on the bottom of the
conveying line. The air velocity at this point is denoted as the saltation velocity. For
fine particles, this occurs before the minimum pressure point and for the coarse particles
this occurs at the minimum pressure point [35]. Generally, the saltation point has to
be decided by visual observations or by using techniques such as electrical capacitance
tomography (ECT).
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. . Theoretical background

The pressure drop in a pneumatic conveying system represents the amount of power
required to convey the gas-solid mixture. The total pressure drop in pneumatic conveying
consists of the pressure drop due to the air only flow, pressure drop due to the acceleration
of solids, pressure drop due to the friction and impact of particles, pressure drop due to
the raising and suspending of particles and the pressure drop due to pipe bends.

The most common approach to study the pressure drop in pneumatic conveying is to
consider the total pressure drop as a linear summation of the pressure drops due to the
gas only flow (∆Pg) and pressure drop due to the solid flow (∆Ps) [35].

∆P = ∆Pg +∆Ps (2.17)

Gas phase pressure drop

It is assumed that the pressure drop due to gas flow is independent of the presence of
solids. Based on Darcy-Weisbach model, the pressure drop due to gas flow is commonly
expressed as follows[36],

∆Pg =
fD

2
ρgu2

g∆L
D

(2.18)

Where fD is the Darcy friction factor. According to the Blasius equation, the friction
factor is a function of the Reynolds number (Re) and for smooth pipes it can be expressed
as [37],

fD =
0.3164
Re0.25 (2.19)

The Equation 2.19 is valid for the range of 4000 < Re < 80 000. The friction factor can
also be estimated by using the Moody diagram for both smooth and rough pipes. There
are other semi-empirical correlations developed by different researchers under different
flow conditions. Klinzing [35] has proposed the following relationship for the compressed
air in straight pipes.

∆Pg = 1.6×103V̇ 1.85 L
D5Pi

(2.20)

Where V̇ is the volumetric air flow rate and Pi is the initial pressure.

Another empirical correlation has been present by Wypych and Arnold as follows,
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2.2 Pneumatic conveying

∆Pg = 0.5
[
(1012 +0.004567m1.85

g LD−5)0.5 −101
]

(2.21)

Solid flow pressure drop in dilute phase

Many research work has been conducted with regarding the pneumatic conveying for more
than a century, but still no universal mathematical model has been developed to express
the pressure drop in pneumatic conveying. The models acknowledged by professional
books deviate from one another as they have been developed for different systems with
different operating conditions. The approaches followed by the researchers to model the
pressure drop in pneumatic conveying can be classified into two groups as [36],

• Particles’ friction approach- The interactions of particles with the wall in a gas-
solid mixture is represented by a friction factor similar to the fluid friction model
for single phase flow.

• Force balance approach- The presence of particles in a gas flow is considered to
be a disturbance to the motion of the gas. This is represented by an additional gas
pressure drop which is obtained through force balance.

Particles’ friction approach

Similar to the Equation 2.18 pressure drop due to the impact and frictional forces in solid
flow can be expressed as,

∆Ps = λpη
ρg

2
u2

c∆L
D

(2.22)

Where λp is the additional pressure drop factor and η is the solid loading ratio which is
defined as,

η =
ṁs

ṁg
(2.23)

The additional pressure drop factor (λp) can be expressed as a function of the Frode
number based on the pipe diameter (FrD). The Frode number based on pipe diameter is
defined as,

FrD =
u√
gD

(2.24)

Some previous correlations developed to express the additional pressure drop factor is
presented by Naveh et al. [36] as.
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λp = 0.005
1−Fr−1

D
1+0.00125(FrD,∞)2 (2.25)

Where, FrD,∞ is the pipe Frode number based on the terminal velocity of the particles .
For spherical particle conveying following model can be used.

λp = 0.012η
−0.1 1√

FrD

(
dp

D

)−0.9

(2.26)

Konno and Saito [38] have obtained a correlation for the additional pressure drop factor
as,

λp = 0.114

√
D

usg
(2.27)

The Equation 2.27 has been derived based on the experimental results on pneumatic
conveying of glass beads, copper spheres, millet and grass seed with a particle diameter
in the range of 0.1 - 1 mm.

The model developed by Naveh et al. [36] is given by,

λp = 2D
ρggdp

µ

a
ump

(2.28)

Where ump is the air velocity corresponding to the minimum pressure drop in pneumatic
conveying. In situations where ump cannot be determined experimentally, it can be es-
timated by using mathematical models presented by Rabinovich and Kalman [39].

Instead of expressing the pressure drop due to solid flow separately, some models represent
the total pressure drop using a global friction factor (λt) as follows,

∆Pt = λtη
ρg

2
u2

c∆L
D

(2.29)

The global friction factor can be written as a function of several dimensionless parameters
as follows [40],

λt = x1η
x2Fr x3

(
dp

D

)x4
(

ρg

ρs

)x5

(2.30)
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2.2 Pneumatic conveying

The parameters (xi) have to be determined by fitting the experimental data. Several
researchers have developed models based on this approach but the parameters in the
Equation 2.30 significantly depend on the type of material and conveying conditions.

Force balance approach

In this approach the pressure drop due to solid flow is expressed using the impact and
friction coefficient ( fp). The model format is similar to the Fanning equaiton and it can
be expressed as [36],

∆Ps = fp(1− ε)
ρsu2

pL
2D

(2.31)

The Equation 2.31 can be obtained by substituting for the η in Equation 2.22 and the
friction coefficient can be correlated to the additional pressure drop factor as,

λp = fp

(
up

uc

)
(2.32)

Based on Yang’s unified theory, Wei et al. [41] have developed a model for dilute phase
conveying by taking the particle shape into consideration. According to Wei et al. [41]
the particle friction factor is given by,

fp = 1.98
(1− ε)−0.057

ε3

(
Re∞

Rep

)−0.902( ug√
gD

)−1.95

(2.33)

And the particle velocity to solve the Equation 2.31 is given by,

up = ug −

√
4(ρs −ρg)gdp

3ρgCd

√
fpu2

p

2gD f (ε)
(2.34)

Where f (ε) is voidage function used to calculate the drag coefficient in multiparticle
systems.

Raheman and Jindal [42] have developed a model analogous to the Equation 2.31 to
express the pressure drop of solid flow as,

∆Ps = 2 fp(1− ε)
ρsu2

pL
9.81D

(2.35)

And the friction factor is given by,
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fp = 3.35
(

u∞

up

)(
u2

∞

gD

)−0.95(dp

D

)0.7

+3.3×10−4
η

1.5

+0.53
(

u2
g

gD

)−0.7

+3.4×10−7
(

ρgurdp

µ

)0.9

−0.006

(2.36)

Based on the principles of power balance,Naveh et al. [36] have presented a model to
express the behaviour of pressure drop as,

∆Ps

∆Pg
=

6
π

ṁs

ρs

1
Ddp

Cd,HC

fd

1
us

(
1
ε
−

up

uc

)2

(2.37)

Where Cd,HC is the effective drag coefficient for dilute horizontal conveying and it can be
related to the standard drag curve as,

Cd,HC =Cd f (Ar,ReD,Frp) (2.38)

An empirical function f (Ar,ReD,Frp) based on curve fitting for experimental data has
been presented by the authors to evaluate Cd,HC.

. . Pneumatic conveying of wet materials

Traditionally pneumatic conveying is considered to be capable of conveying mostly dry
materials. When it comes to wet material, pneumatic conveying becomes challenging due
to the possible blockages and excessive energy consumption. It is impossible to have dry
drill cuttings on the rig. Hence this challenge has to be overcome when applying powder
conveying principles in designing a drill cutting transfer system.

Experimental studies conducted by Cai et.al. [43][44] to investigate the effect of the
moisture content on conveying characterisitics of pulverized coal show that the mass flow
rate decreases with the increasing moisture content in pulverized coal. These expeiments
have been conducted for coal particles with a median size of 31 -36 µm and with a
particle density of 1350 -1400 kgm−3. The study shows that when the moisture content is
greater than 6% - 8% (wt.) the pneumatic conveying becomes difficult. In the pneumatic
conveying state diagram, it was observed that for the same superficial air velocity, the
pressure drop decreases with increasing moisture content. At low moisture concentrations
(3%. wt) the friction coefficient between the particles are less and as a result higher solid
mass flow rate can be obtained. High mass flow rate results a higher pressure drop.
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2.3 Flow properties of bulk solid

In a series of experiments conducted by Sheer [45] to develop models to predict the flow
regimes of wet ice with air flow have come out with significant findings with regarding
pneumatic conveying of wet material. Slush ice having ice content of 70-75% was unable
to move in dilute phase using acceptable air velocities. But they were able to convey
dispersed dense phase mixtures in small agglomerating using air velocities up to 25 m/s.
When the ice content was reduced down to 65% the nature of the ice was completely
changed into a semi-fluid. Then the flow regime was changed into slow moving longer
slugs or full plugs due to low wall resistance. This shows that the liquid content has a
major impact towards the flow regime.

. Flow properties of bulk solid

The ability of a granular bulk solid or a powder to flow is known as its flowability. The
flowability of a bulk solid depends not only on its material properties but also on the
environmental conditions and the material handling and storage equipment. The most
influential parameters on the flowability of a bulk solid is the moisture content, particle
size, particle shape, humidity, temperature and pressure [46].

According to Jenike [47] two flow patterns can be observed in hoppers, namely mass flow
and funnel flow. In the funnel flow hoppers, the solid elements move towards the outlet
of the hopper in a channel and the solid elements outside the channel are stationary. In
mass flow hoppers this channel overlaps with the wall of the hopper, leaving no stationary
solid elements within the hopper . In funnel flow hoppers the flow can stop due to the
formation of stable arches or due to piping (rat-holing) where the bulk solid directly above
the outlet falls out. In funnel flow hoppers, arches can collapse and large stresses can be
exerted on the lower part of the hopper which can even tear off the section. If the stored
bulk material is easily aeratable, there is a risk of flooding when arches collapse in funnel
flow hoppers. As there are dead zones in funnel flow hoppers, there is a possibility that
the initially fed material remain within the hopper even after a long period of time. Free
flowing material can be segregated in funnel flow.

In mass flow hoppers, no stable arches or piping can occur and hence the flow will not
be interrupted. Steady bulk density and flow rate can be obtained when discharging
from a mass flow hopper. Material tends to come out in the order that they are fed
into the hopper. The main advantage of using mass flow hoppers for cohesive material
is that material flow interruptions are minimized. For non-cohesive materials the main
advantage is the minimization of particle segregation based on size. However, if the
particle segregation is not an issue there is no significant advantage of using a mass flow
hopper to store free flowing materials. The main disadvantage of a mass flow hopper is
that, a conical mass flow hopper will be taller than a funnel flow hopper with the same
capacity. Particle degradation and wall erosion can occur in mass flow hoppers as the
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particles move along the walls. Very high but predictable stresses occur in the area of
the beginning of the converging section of the mass flow hopper [48]. In Chapter 1, it
is described that the conventional drill cuttings storage devices such as skips have to be
replaced by hoppers when pneumatic conveying principals are applied in conveying drill
cuttings. It is a known fact that poorly designed storage bins and hoppers are unreliable
in having a continuous discharge.

. . Theoretical background on bulk solid flow

An arbitrary solid element which moves from the top of the hopper to the outlet is
subjected to a major principal stress (σ1) and a minor principal stress (σ2). When the
solid element lies on the top surface of the bulk solid in the hopper, no stresses are acting
on it. As the solid element moves downwards in the silo, it gets covered with layers
of solid elements and the stresses acting on the considered solid element increase. It is
assumed and experimentally justified that a radial stress field occurs in the conical section
of the hopper. In a radial stress field, the major principal stress in the conical section is
directly proportional to the local diameter of the hopper. Therefore, the major principal
stress tends to reach zero at the virtual hopper apex. Hence the stresses acting on the
considered solid element increase and reach a maximum at the beginning of the conical
section and reduces towards zero at the virtual apex of the silo. When the stresses acting
on the solid element changes, the particles in the element slide on one another and change
the shape and volume of the element. Therefore, the density of the solid element changes
during the flow of the element through the channel. This density depends on the last
stresses acted on the element and those stresses are known as consolidating stresses. The
strength of a bulk solid (ability to withstand shear failure) depends on the consolidation
level that the bulk solid has been subjected to. Generally, the bulk solid material gain
higher strength when subjected to a higher consolidation stresses and the flowability of
the material reduces. The fundamental principle of designing a mass flow hopper is that,
the strength of a bulk solid in a hopper should not be adequate to support any form
(arches) of obstruction to flow. Therefore, the stress – strength relationship of a bulk
solid material lays the foundation for the designing of a mass flow hopper [47] [49].

The shear stress (τ) - normal stress (σ) relationship of a bulk solid element can be
illustrated by a Mohr semi-circle which is shown in the Figure 2.5. A shear tester is used
to determine this relationship for the considering bulk solid material. The experimental
procedure is described in the Section 3.4

A bulk solid element which has been initially consolidated under a particular normal
stress (σ), can be sheared to failure at different shear stresses (τt1,τt2,τt3) by changing
the applied normal stress (less than the consolidating stress). The resulting shear stress
and normal stress pairs at failure gives the yield locus of the bulk material for the given
consolidating stress. A Mohr semi-circle representing the stresses acting on the bulk solid
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2.3 Flow properties of bulk solid

Figure 2.5: Shear stress - normal stress diagram and the Mohr semi-circle for a bulk solid element

element at failure will be tangent to the yield locus. The major and minor consolidating
stresses acting on the bulk solid element are represented by the two intersections of the
Mohr semi-circle at the x-axis. The yield locus terminates at point E where the applied
normal stress equals to the initial consolidation stress. The angle between the yield locus
and the horizontal axis (normal stress axis) is the kinematic angle of internal friction
and it is denoted by φ . A different yield locus can be obtained by changing the initial
consolidation stress. Higher the consolidation stress, higher the yield locus will be [49].

Effective yield locus

The straight line which goes through the origin of the σ −τ plot and which is tangent to
the steady flow Mohr semi-circle is the Effective yield stress and the angle between the
effective yield stress and the x-axis is the effective angle of internal friction which is denoted
by δ . This is a measurement of the resistance to flow when the material is in flowing
conditions. Larger δ implies a lower flowability and normally δ decreases with decreasing
consolidation stress. Different yield loci corresponding to different consolidation stresses
will have the same effective yield locus and effective angle of internal friction [49].

Unconfined yield strength

When an arch is formed, there exists a free surface. The normal force acting on the
free surface is zero. Therefor the minor principal stress acting on solid elements on the
arch is zero. This can be represented by a Mohr semi-circle which intersects the x-axis
at the origin of the σ − τ plot. When the arch is about to fail and collapse this Mohr
semi-circle should be tangent to the yield locus. The major principal stress corresponding
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to this Mohr semi-circle is σc and it is the largest stress that the material can withstand
at a free surface. This is also known as the unconfined yield strength ( fc) and this lies
tangent to the surface of the arch. For a particular initial consolidation stress, there
exists a corresponding unconfined yield strength and it is directly proportional to the
initial consolidation stress [49].

Wall yield locus

Solid elements in a hopper, flow along the slip lines that are formed at the boundaries
between the dynamic and static solid elements or between the dynamic solid elements
and the wall. The stresses along the boundary between the moving and stationary solid
elements are represented by the yield locus. Similarly, the stresses along the boundary
between the moving solid elements and hopper wall can be represented by a wall yield
locus. A straight line going through the origin of the σ − τ plot and the intersection of
the wall yield stress and the considered Mohr semi-circle is used to determine φ ′ which is
the static angle of surface friction [49].

Flow function (FF)

The concept of flow function was introduced by Jenike [47] and it is also known as the
failure function. The flowability of a bulk solid material is governed by the strength of
the material. The strength of the material is developed as a result of the consolidating
stresses which the bulk solid material is subjected to. The unconfined yield strength ( fc)
can be used to represent the strength of the material. As described previously different
unconfined yield strengths can be obtained by changing the initial consolidation stress.
The flow function of a bulk material can be obtained by plotting fc vs. σ1 [49].

Flow-no-flow condition

The most important parameters in designing a mass flow silo are the maximum allowable
hopper angle (θ ) and the minimum required area at the outlet to ensure a continuous
discharge from the silo.

As mentioned previously, the major principal stress (σ1) is proportional to the local
diameter of the in the conical section of the hopper due to the radial stress field. When
a stable arch is formed in the hopper, a force due to the weight of the bulk solid is
transferred to the wall of the hopper. The major stress that is required to support the
arch (σ ′

1) is given by [49],

σ
′
1 =

2r sinθgρb

1+m
(2.39)
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Where m = 0 for wedged shaped hoppers and m = 1 for conical shaped hoppers. The
term 2r sinθ describes the geometry of the considered hopper. The arch will be stable
if the unconfined yield strength is large enough to support it (σc > σ ′

1). The behaviour
of these stress are illustrated in Figure 2.6. The vertical location corresponding to the
position where σc = σ ′

1 gives the critical area of the hopper outlet. Any location above
the critical height gives a larger area and the corresponding unconfined yield strength will
not be sufficient enough to support an arch. The critical area gives the minimum area
which will avoid stable arch formation. The critical area can be calculated according to
[49],

Figure 2.6: Behaviour of stress at the lower section of the hopper

B = H(θ)
σc

gρb
(2.40)

Where B is the minor dimension of the outlet of the hopper (B = diameter for a circular
shaped outlet). H(θ) is a function of the hopper geometry and it has been calculated and
presented as a graph for different shapes by Jenike [47].

The major principal stress (σ1) in the hopper acts as the consolidation stress and the
corresponding σc is given by the flow function (FF) (σc vs. σ1). The relationship between
σ ′

1 and σ1 is given by the flow factor ( f f ), which is defined as,

f f =
σ1

σ ′
1

(2.41)

The flow factor ( f f ) will be increased and the flowability of the bulk solid will be reduced
by increasing the consolidation stress (represented by σ1). The flowability of the bulk
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solid will also be reduced if the major stress required to support the formed arch (σ ′
1)

is lowered and the corresponding f f will be increased. Therefore, a lower f f implies a
better flow of bulk solid.

The flow factor for a given hopper geometry and a bulk material can be calculated based
on the hopper angle (θ ), kinematic angle of wall friction (φ) and effective angle of internal
friction (δ ). Jenike [47] has calculated the values of flow factors covering the most common
range of the parameters mentioned above and the results are presented in forms of graphs.
Using these graphs, for a particular combination of δ and φ which represent material
properties, the critical hopper angle, θ that transforms the mass flow into funnel flow
region can be estimated. 30 to 50 should be reduced from this critical hopper angle which
lies in the boundary of the mass and funnel flow to ensure a mass flow hopper design.
The flow factor corresponding to the selected hopper angle can be estimated by using the
same graph. Once the flow factor is estimated, σc vs. σ1 and σ ′

1 vs. σ1 can be plotted
in the same graph and the critical unconfined yield strength (σc,crit) at σc = σ ′

1 can be
calculated. By substituting the σc,crit in equation 2.40 the critical area of the outlet of
the hopper can be calculated.

Time consolidation

Most of the bulk solid materials tend to increase their strength when they are stored at
rest for a period of time. The stresses acting on a flowing bulk solid element will prevail
even if the flow of the hopper is stopped. These prevailing stresses cause the bulk solid
element to be consolidated and increase its strength. This phenomenon is know as the
time consolidation or caking. The yield locus of a bulk solid which has been subjected to
time consolidation will be increased compared to the instantaneous yield locus of the same
material. The unconfined yield strength, flow factor corresponding to time consolidation
will be also increased.

. . Flowability of wet bulk solids

Inter-particle adhesive forces highly influence the flowability of bulk solid. Van der Waals
forces, electrostatic forces and liquid bridges are the most influential adhesive forces in
fine grained bulk solid material. Liquid bridges will be present in bulk solid with liquids
that have a viscosity sufficiently low enough to form liquid bridges. The magnitude of
these adhesive forces depend on the distance between the particles. The Van der Waals
forces will be dominant when the particles are in contact. The influence of Van der Waals
forces will be rapidly reduced at distances larger than 1 µm. Then the liquid bridges will
be the dominant adhesive force in short distances. The liquid bridges will diminish when
the distance is increased further and only the electrostatic forces will prevail. The amount
of liquid present in the bulk solid affect the magnitude of the liquid bridges. The influence
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of distance is significant when there is small amount of liquid present, ie. when there is
small amount of liquid present, the liquid bridges will diminish at longer distances. When
there is large amount of liquid present in the bulk solid, the variation of the magnitude
of the adhesive forces along the distance is less significant. Liquid bridges and Van der
Waals forces are the dominant forces among smaller particles with a diameter less than
100 µm. The impact of the weight of the particle rapidly increase for larger particles
as the weight is proportional to the third power of the particle diameter.Therefore,the
flowability of smaller particles are less compared to the larger particles as the adhesive
forces are more significant [49].

The moisture content can affect the frictional properties of the bulk solid and the hopper.
Generally it is expected that as the moisture content is increased the angle of internal
friction, unconfined yield strength and compressibility of bulk solid can be increased
significantly [46]. However, it was found that for rapeseed at higher normal stresses and
water saturation level higher than 10% (weight) , yield locus tends to reduce with the
increasing moisture content. Therefore,at higher moisture levels, it is possible to have a
thin layer of water existing on the surface of the particles and it can act as a lubricating
agent to reduce the inter-particle frictional forces. This lubricating effect can be significant
in large and hard particles with approximately spherical shape [50]. According to Çağli
[51], at low shear stresses the flow function of sand tends to increase with increasing
moisture content but at higher shear stresses the behaviour of the flow functions depend
on the moisture level of sand. That is, at higher shear stresses and low moisture levels (1%
wt.), the flow function tends to increase with increasing moisture content and at higher
shear stresses and high moisture levels (14% wt.) the flow function tends to decrease with
increasing moisture content.

The experimental measurement of yield loci of bulk solid is time consuming and the
accuracy is operator dependent. Pierrat [52] has proposed a fundamental relationship
between the yield locus of a dry free flowing material, tensile strength of the wet material
and the yield locus of the wet material based on theory of shift. The yield locus of a free
flowing dry material is horizontally shifted left when moisture is added. The magnitude
of the horizontal displacement depends on the tensile strength of the wet material and the
angle of internal friction. The horizontal displacement of the yield locus (isostatic tensile
strength) is given by,

∆σ = ∆T
1+ sinφ

2sinφ
(2.42)

Where ∆T is the difference of the tensile strengths of the wet and dry material.
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Experimental setup, instruments and

procedure

. Material selection

The most critical challenge in conducting experiments was to obtain a representative
sample of drill cuttings and their affiliated fluids in adequate amounts. The major chal-
lenges in obtaining drill cuttings were,

• The physical properties of the drill cuttings tend to change with time

• The physical properties of drill cuttings are highly influenced by the type of drilling
fluid used for drilling and the composition of the rock layers. Hence obtaining drill
cuttings with constant physical properties was a challenge.

• Legal, economical and safety constrains of both transporting and handling drill
cuttings.

Therefore, it was decided to use an alternative material to represent drill cuttings in
pneumatic conveying, fluidization and bulk solid shear tests.

. . Alternative material for drill cuttings

A thermally treated drill cutting sample was obtained from CUBILITY AS to analyse
the basic properties of the drill cuttings. The average particle density was 2598.25 kgm−3

which was measured by using a gas pycnometer. The offshore drill cuttings can have a size
larger than 30 mm, but generally the largest size would be around 20 mm (Appendix A).
The particle size distribution of the drill cutting sample was obtained through sieving and
the particle size distribution of the sample is shown in Figure 3.1. The major portion of the
particles less than 100 µm in the drill cuttings sample is barite and other additives present
in the drilling fluid. Therefore, for the experimental purposes particle size distribution
larger than 100 µm was considered.

The particle size distribution of the considered treated drill cutting sample is compared
with the particle size of the commonly available granular material in order to select an
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Figure 3.1: Particle size distribution of the drill cuttings sample

alternative representative material. According to the Figure 3.2, sand has a particle size
in the range of 74 - 2000 µm and gravel have a particle size larger than 2000 µm, which
indicate that the sand and gravel can be used to develop a mixture having a particle size
distribution equivalent to the treated drill cutting sample. The average particle density of
the sand and gravel are measured to be 2718.5 kgm−3 which is close to the particle density
of the drill cuttings. Adequate amounts of sand and gravel with constant properties can
be obtained easily and there are no special safety risks in handling and transporting sand.
Sand and gravel were categorized into five groups depending on the range of the particle
size distribution. These different particle size distributions were selected based on the
drill cuttings samples obtained from CUBILITY AS. These sand and gravel groups are
named as B,C,D,E and F and hereafter they are mentioned as sand groups. Particle size
distributions of the five sand groups are shown in Figure 3.3.

This basic five sand groups were mixed together as described in the Table 3.1 to get
differnt particle size distributions. The ratio between the five basic sand groups is B : C :
D : E : F = 1 : 1.6 : 2.4 : 2.5 : 2.5 and it was selected to approximately represent the particle
size distribution of the drill cuttings which is shown in Figure 3.1.

The particle size distributions plots of these sand mixtures are given in the Appendix C.
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Figure 3.2: Particle size and solid removal equipment [4]

Table 3.1: Properties of sand samples
Sample Composition [%] D90 D75 D50 D25 D10

B C D E F [mm] [mm] [mm] [mm] [mm]
B 100 - - - - 0.44 0.36 0.29 0.23 0.17
C - 100 - - - 0.91 0.83 0.69 0.59 0.52
D - - 100 - - 1.97 1.79 1.57 1.32 1.14
E - - - 100 - 5.4 4.9 4.1 3.4 3.0
F - - - - 100 10.27 8.2 5.67
BC 38.5 61.5 - - - 0.87 0.74 0.56 0.32 0.23
CD - 40 60 - - 1.84 1.62 1.22 0.80 0.60
BCD 20 32 48 - - 1.82 1.55 0.95 0.55 0.29
BCDE 13.3 21.3 32 33.3 - 4.7 3.4 1.5 0.7 0.35
BCDEF 10 16 24 25 25 8.8 5.6 2.8 1.0 0.5
CDEF - 17.8 26.7 27.8 27.8 9.0 6.0 3.3 1.4 0.7
DEF - - 32.4 33.8 33.8 9.4 6.8 4.0 1.8 1.4
EF - - - 50 50 9.8 8.1 5.6 4.1 3.4

. . Drilling fluid

EDC 95/11 which is a base oil used for drilling and a premix based on the same base oil
were used for the experiments in this research work. These drilling fluids were supplied
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Figure 3.3: Particle size distribution of the sand groups

by MI SWACO. According to the manufacturer, the premix consists of,

• Base oil EDC 95/11

• Fresh water

• Calcium Chloride (1% - 5%)

• Lime (Calcium hydroxide) (1% - 3%)

• Organophilic clay

• Emulsifiers

According to the material safety data sheets provided by the manufacturer, the densities
of the base oil and premix are, 800 kgm−3 and 1300 kgm−3 respectively at 200C. These
values were verified by the laboratory tests. The viscosity profile of the two fluids were
measured at the laboratory and are shown in Figure 3.4.

. Pneumatic conveying tests

The pneumatic conveying tests were carried out at the powder research laboratory of
the research group of Powder Science and TEChnology (POSTEC) of the department of
SINTEF-Tel-Tek (formerly Tel-Tek).
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3.2 Pneumatic conveying tests

Figure 3.4: Viscosity of the drilling fluids

. . Pneumatic conveying test facilities

The pilot-scale pneumatic conveying rig consists of a storage tank, rotary feeder, air-
solid mixing chamber and a receiving tank. A schematic diagram of the rig is shown in
Figure 3.5. The material conveying pipelines are made from stainless steel and they have
an inner diameter of 81.2 mm. The test rig has a closed loop flow path for solid material.
The outlet of the receiving tank is connected to the inlet of the storage tank which has a
capacity of 2.5 m3 and the layout of the receiving tank and the storage tank is shown in
Figure 3.6. The rotary feeder is used to control the material feed rate into the conveying
line. The solid flow rate in the conveying line depends not only on the rotary feeder speed
but also on the air flow rate and the type of the material. The motor speed of the rotary
feeder can be controlled manually. The mixing chamber is located just beneath the rotary
feeder where the solid particles will be mixed with compressed air before initiating to be
conveyed. A pneumatically controlled sample taker is installed just before the receiving
tank. Air stream separated from the receiving tank is sent to an air filter to separate fine
particles before discharging air into the environment. The pressure drop in the horizontal
section PT 8 - PT 9 with a length of 11.5m was considered in this research work as it
demonstrated best experimental data agreement with the theoretical models for air only
flow.
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3 Experimental setup, instruments and procedure

Figure 3.5: Schematic diagram of the pneumatic conveying rig

Air flow meter

There are two air flow meters installed to measure the inlet and outlet air flow rates of
the pneumatic conveying rig. The technical specifications of the air flow meters are given
below.

Manufacturer : Yokogawa Electric
Model : YF 108
Capacity : 1000 Nm3/h
Supply ovltage : 24 V DC
Electrical output : 4 to 20 mA
Accuracy category : ±1.0% for velocity ≤35ms−1

±1.5% for 35ms−1 < velocity ≤80ms−1

Pressure transducers

There are several pressure transducers installed in the pipelines of the pneumatic con-
veying rig. In the Figure 3.5 the locations of the pressure transducers installed on the
pipeline are illustrated. The type of the pressure transducers installed is UNIK 5000 series
pressure transducer manufactured by the General Electric. The technical specifications
of the pressure transducers are given below.
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3.2 Pneumatic conveying tests

Figure 3.6: Storage and receving tanks of the conveying rig

Model : PTX5072-TC-A1-CA-H0-PA
Material : 25mm Stainless Steel Industrial
Pressure range : 0 to 2.5 bar, Gauge
Electrical connection : DIN 43650 Demountable
Electrical output : 4 to 20 mA 2-wire (PTX)
Temperature range : -40 to +80 0C (-40 to +176 0F)
Accuracy category : Industrial
Calibration : Zero/span data
Pressure connector : G1/4 Female

. . Pneumatic conveying experimental procedure

The material which is to be conveyed is fed into the storage tank through the opening on
the top. Approximately 100 kg of the conveying material is required to achieve steady
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state conveying. Once the material is filled into the storage tank, the top opening is
closed and the pipe connecting the bottom opening of the receiving tank and the top
opening of the storage tank is installed. It must be make sure that both outlet valve of
the receiving tank and the inlet valve of the storage tank are closed. Then the pneumatic
conveying rig is ready to initiate the conveying tests. Each conveying test is conducted
under predetermined air flow rate and a solid loading ratio.

As the first step, the air inlet valve is opened until the desired air flow rate is achieved.
Once the air flow becomes steady, the solid particles are introduced into the mixing
chamber through the rotary feeder. The air flow rate tends to decrease as the solid
particles are introduced into the conveying pipe line. Hence the air flow rate is maintained
within an acceptable range of the desired flow rate by controlling the air inlet valve
manually. The pressure readings from the pressure transducers, air flow rate and the
accumulated weight of the receiving tank is recorded continuously through a LabVIEW
program. When the pressure values of the pressure transducers of the conveying line
reach steady state, it is assumed that the solid conveying has also reached steady state
conditions. It is desired to have a steady state flow at least for 20 seconds before the test
is terminated. Since the real time solid flow rate cannot be monitored through the data
acquisition system, saved data are analysed by a simple MATLAB script to calculate the
solid flow rate and the respective solid loading ratio. If the desired solid loading ratio has
not been achieved, a new conveying test has to be conducted with modified rotary feeder
speed accordingly.

Once adequate amount of data is recorded under steady state conditions, the conveying
test is terminated by stopping the rotary feeder. Then the data acquisition is also stopped.
Then the air flow rate is increased up to 400-450 Nm3/hr and maintained for about 30
seconds to make sure that the conveying pipeline is cleaned before the next conveying
test. The material collected in the receiving tank is fed into the storage tank by opening
the two valves and when the receiving tank is emptied these valves are closed again. Then
the pneumatic conveying rig is ready to conduct another conveying test under different
flow conditions. Likewise, pneumatic conveying tests are conducted at all the desired air
flowrates at all the desired solid loading ratios that are required to complete the state
diagram. Then the conveying material is discharged from the experimental rig and a new
conveying material is fed into the storage tank.

Pneumatic conveying tests were conducted for both dry and oily samples and the details
of the test samples are given in the Table 3.2.

For each of these samples pneumatic conveying tests were conducted under superficial air
velocities of 250 Nm3hr−1, 300 Nm3hr−1, 350 Nm3hr−1 and 400 Nm3hr−1 with solid flow
rates of 0.2 kgs−1, 0.25 kgs−1, 0.3 kgs−1, 0.35 kgs−1 and 0.4 kgs−1 . For some samples with
coarse particles such as the sample D, solid loading ratio of 0.2 was difficult to achieve
as the rotary feeder tends to get blocked due to large the presence of large particles. On
the other hand for samples with fine particles such as the sample B, high solid loading
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3.3 Fluidization tests

Table 3.2: Pneumatic conveying samples
Sample Premix

concentration
[%wt.]

B 0 - - -
C 0 - - -
D 0 - - -
BC 0 1.5 - -
CD 0 1.5 6.3 10
BCD 0 1.5 6.3 -
BCDE 0 1.5 6.3 -

ratios were difficult to be achieved as the discharge rate from the storage tank was not
adequate to maintain a steady state flow.

. Fluidization tests

Fluidization tests were conducted to study the impact of the amount of drilling fluid
present and the particle size distribution towards the fluidization behaviour of the model
drill cuttings and the experiments were carried out at the ‘Process hall’ of the Univerisity
of South-Eastern Norway (USN).

. . Fluidization test facilities

The lab-scale fluidization test rig is composed of a cylindrical pipe made from Lexan
plastic with a diameter of 84 mm and a height of 140 cm. A schematic diagram of the
test apparatus is shown in Figure 3.7. The compressed air is supplied via a compressor
and an air distributor is installed at the bottom of the cylinder between the first and the
second pressure transducers. There are 10 pressure transducers installed on the cylinder
with a distance of 0.1 m.

The compressor used in this experiment is manufactured by Nessco and it has a pressure
range of 7.5 bar. A Sierra mass flow controller is used to control the air flow rate into the
fluidization rig and the technical details of the mass flow controller is given below.
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3 Experimental setup, instruments and procedure

Figure 3.7: Schematic diagram of the fluidization rig

Model : C100H2-DD-17-OV1-SV1-PV2-V1-S4-C3-CC
Flow range : 0 to 1000 SLPM at 210C and 760 mmHg
Output signal : 0 - 5 VDC/ 4-20 mA
Set signal : 4 -20 mA
Inlet pressure : 4.5 bar g
Outlet pressure : 0.5 bar g
Maximum pressure : 500 psi g
Temperature range : 200C - 500C

. . Fluidization experimental procedure

A sand mixture sample of 2 kg was poured into the fluidization cylinder from the top
opening using a funnel. The sample forms a bed on the air distribution plate. A paper
bag filter is installed at the outlet of the pipe to minimize health and safety issues that
may arise due to dust and drilling fluid vapour. A relatively large air flow pulse is given
to the bed to obtain a uniformly distributed bed. The height of the bed before and after
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the air flow pulse was measured. The fluidization test was initiated by introducing the
compressed air flow from the bottom of the fluidization cylinder. The desired air flow rate
is set at the air flow controller and when the air flow rate and the pressure readings from
the pressure transmitters reach a steady state, air flow rate and the pressure reading values
are saved by using the LabVIEW interface. Then the air flow is increased to a higher
value and the air flow rate and pressure readings at steady conditions are saved. Likewise,
the air flow rate is increased step wise and corresponding data are saved. This procedure
is continued until either the bed is fully fluidized or the maximum allowable air flow rate
through the air flow controller is reached. 2-3 replicate tests were conducted for each
sample and a new material with the same particle size distribution and oil concentration
was used for the replicate tests. After completing a fluidization test for each test sample,
the fluidization cylinder was thoroughly cleaned before introducing a new sample.

Fluidization tests were conducted for both dry and oil samples and the details of the test
samples are given in the Table 3.3.

Table 3.3: Fluidization test samples
Sample Premix

concentration
[%wt.]

Base oil
concentration
[%wt.]

B 0 - - - - - -
C 0 1.5 6.3 10 1.5 4 6.3
D 0 1.5 6.3 10 1.5 4 6.3
E 0 - - - - - -
BC 0 1.5 6.3 10 1.5 6.3 10
CD 0 1.5 6.3 10 1.5 6.3 8
BCD 0 1.5 6.3 10 1.5 6.3 10
BCDE 0 1.5 6.3 10 1.5 6.3 10
BCDEF 0 - - - - - -
CDEF 0 - - - - - -
DEF 0 - - - - - -
EF 0 - - - - - -
Treated Drill cuttings 0 1.5 6.3 10 1.5 6.3 10

. Bulk solid shear tests

Bulk solid shear tests were conducted to study the influence of drilling fluid towards the
flowability of the model drill cuttings and the shear tests were conducted at the Powder
Science and TEChnology (POSTEC) of the department of SINTEF-Tel-Tek.
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. . Shear test apparatus

Different shear testers such as Jenike shear tester, torsional shear tester and ring shear
tester can be used for the reliable measurement of flowability of bulk solid. Among those
shear testers, Jenike shear tester was selected as it has been used for a long period of time
and a well established testing procedure is available.

The experiments were conducted in accordance with the standard shear testing technique
presented by the Institution of Chemical Engineers [53] with the standard Jenike shear
cell. A schematic diagram of the Jenike shear cell is shown in Figure 3.8.

Figure 3.8: Schematic diagram of the Jenike shear cell

The dimensions of the shear cell used for the experiments is equivalent to the dimensions
of the standard Jenike cell where the diameter of the shear ring is 95.25 mm, height of
the shear ring is 15.875 mm and the inner height of the base is 12.7 mm. The shear cell
is made from stainless steel.

In Figure 3.8 the shear ring is located at the initial off-set position. A vertical force is
applied to the particulate material in the Jenike cell by using weights which are connected
to the shear lid. A mechanically driven stem is used to apply the horizontal force to the
particulate material in the cell. It is driven at a steady speed of approximately 1-3
mm/min. The shear ring will be moved horizontally due to the applied horizontal force
and the maximum horizontal distance that it will be moved is twice the thickness of the
wall of the base. The horizontal force acting on the shear ring is recorded against time
and since the stem is driven at a steady speed, this can be transformed into shear force-
shear strain plot.
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3.4 Bulk solid shear tests

. . Shear test experimental procedure

Shear testing using Jenike shear cell is carried out in two steps. The first step is the
sample preparation and the second one is the actual shear stress measurement. In order
to measure the shear stress correctly, the samples have to be prepared in a special manner.
The experiments were conducted for the sand sample CD and samples containing 10 %
(vol.), 20%, 30% and 40% of premix and base oil were tested separately. Another shear
test was performed for the dry sample as well. For all the samples both instantaneous
and 7 day time consolidation shear tests were conducted.

Sample preparation

A mould ring which is similar to the shear ring but having a height of 9.525 mm is placed
on top of the shear ring (the shear lid is removed) before filling the particulate material
into the shear cell. The material has to be filled in small uniform horizontal layers by using
a spoon until it is filled slightly above the mould ring. When filling the material, it has to
be make sure that no force is applied to the surface of the material. The excess material
has to be scraped in small quantities by using a blade and the surface of the material
should be levelled. The blade should be used in a zig-zag motion without disturbing the
position of the shear ring on the base.

After the material is filled into the cell correctly, it has to be preconsolidated before
conducting the actual shear tests. A twisting lid (consolidation lid) is placed on top of
the levelled surface and a vertical force is applied to the material though a mass of mwtw

hanging in the weight hanger. This weight should impose a normal shear stress on the
material that is approximately equal to the preshearing normal stress (σp). It has to be
kept for a short period of time to let the air in material to scape and then the weights,
hanger and the twisting lid are removed carefully. If there is space above the compressed
material, it has to be refilled and compressed again following the same procedure. After
having the shear cell filled with compressed material, the twisting lid is placed on the
surface of the material and once again a mass of mwtw is mounted on the weight hanger
to apply the vertical force on the material. Then the sample is twisted with about by 20
cycles by using a twisting device. Rotation of the lid for 900 and reverse is considered
as a twist cycle. When twisting, no vertical force should be applied on the material and
the mould and shear ring should be allowed to rotate freely and independently of each
other. After finishing twisting, the weight and the weight hanger should be removed. The
mould is also carefully removed while keeping the twisting lid by placing a finger on it
without applying a pressure on it. Then the twisting lid is removed by sliding it off gently
in the direction towards the stem. After twisting the compressed material must be evenly
distributed above the shear ring and the excess material should be scraped as described
above.
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Then the shear lid is placed on the surface of the material and the apparatus is completed
as shown in Figure 3.8. The weight in the weight hanger should imposes a normal shear
stress of σp on the material. The horizontal force is applied on the shear ring until it
moves complete shear distance and the corresponding force vs. time data are recorded.
The shear stress - shear strain plot obtained from those data is used to determine the
consolidation status of the sample. A typical shear stress - shear strain plot is shown in
figure which shows the different behaviour under different consolidation conditions.

Figure 3.9: Shear stress - strain diagram

For the shear tests, it is desired to have critically consolidated samples. If the sample
is overconsolidated, the number of twisting cycles used in the twisting stage has to be
reduced systematically until the critical consolidation is achieved and if the sample is
underconsolidated, the number of twisting cycles has to be increased gradually until the
critical consolidation is achieved. For each preshearing stress level the corresponding
number of twist cycles to achieve critical consolidation should be determined by following
this procedure.

Shear tests

A sample which is in critically consolidated conditions corresponding to the considered
preshearing normal stress is placed in the shear tester according to the apparatus in
Figure 3.8. Weight corresponding to preshear normal stress σp is connected through
the weight hanger. The horizontal force is applied on the ring until the shear stress
increases and reach the steady state value of τp. This steady state shear stress has to
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3.4 Bulk solid shear tests

be achieved within 3/4 of the total shear distance available. After achieving the steady
state value, the forward moving stem is stopped and disconnected from the bracket. Then
the weights corresponding to the preshear normal stress is reduced down to the weight
corresponding to the desired shear normal stress and the horizontal force is applied again.
The monitored shear stress will rise upto a maximum value of τs and decreased. The
shear stress τs is the stress at failure which is also known as shear point corresponding
to the considered shear normal stress and preshear normal stress. In order to develop a
yield locus corresponding to the considered preshear normal stress at least three shear
tests must be conducted under different shear normal stresses. In order to develop the
material flow function, several yield loci are obtained by conducting the shear tests under
different preshear normal stresses.

Shear testing for time consolidation

Similar to the instantaneous shear test procedure described above, a critically consolidated
sample is presheared until the steady state shear stress τp is reached. Then the stem
and the weight hanger is carefully removed and the shear cell is transformed to the
consolidation bench which is shown in Figure 3.10.

Figure 3.10: The consolidation bench

The shear cell should be mounted in manner so that the weight carrier acts centrally on
the shear lid. The rubber cover is lowered to cover the shear cell and a weight of mwt
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is placed on the weight carrier. The samples were kept in the consolidation bench for 7
days. After that the weights are removed from the weight carrier and the shear cell is
transformed back to the shear tester. Then the shear is performed on the sample according
to the same procedure for instantaneous shear test. For time consolidation shear test at
least two experimental replicates must be conducted.

Wall friction test

The sample wall material corresponding to the standard Jenike shear cell must have a
dimension of 120 × 120 mm. It must be washed and dried before the test. The wall
material sample should be fixed on the shear tester in a manner such that the top surface
of the wall material sample lays on the horizontal plane of the force measuring stem. The
shear ring is placed on the edge of the wall material sample covering only the inner wall
of the ring. This ensures that the shear ring can be moved the maximum distance during
the test.

A mould ring is mounted on the shear ring and the particulate material is filled in layers
similar to the sample preparation procedure in the shear test. Then the twisting lid
is placed on the surface of the particulate material and the weight hanger is connected.
Generally, six wall friction normal stresses are considered and the weight corresponding to
the maximum normal stress is mounted on the weight hanger. Then the sample is twisted
carefully without applying any vertical force on the particulate material and making sure
that the mould and shear rings are allowed to rotate freely. After twisting is completed,
the weights are removed, the mould ring is removed while holding the twisting lid gently.
The twisting lid is removed by sliding it carefully in the direction of the stem. The excess
material above the shear ring is scraped carefully and the shear lid is placed on the levelled
material surface.

The selected wall friction normal stresses in the wall friction test is denoted by σw1, ...,σw6
and the corresponding weights mounted on the weight hanger is denoted by m1, ...,m6.
The weights on the hanger should be mounted in a manner such that by removing a
weight, the corresponding wall friction normal stress should be lowered by one level.
Initially the highest wall friction shear stress is applied by mounting a weight of mw1
Then the horizontal force is applied and shear starts. The shear stress will increase and
reach a constant value τw6. If the shear stress passes through a maximum value when
reaching the constant value, the maximum value corresponds to the static wall friction
while the constant value corresponds to the kinematic wall friction. While the horizontal
force is applied, a weight is removed to achieve the wall friction normal strss of σw5.
Then the shear stress will reach a new constant value of τw5 and that value is recorded.
Likewise, different wall friction normal stresses are applied by removing weights and the
corresponding constant shear stress values are recorded. Once the test is completed the
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weight of the sample is measured. The recorded constant values of shear stresses are used
to obtain the kinematic angle of wall friction.

A similar test is conducted to obtain the static angle of wall friction. In this test, the
horizontal force is removed when the maximum shear stress is reached. Then a weight
is removed to reach a lower wall friction normal stress and then the horizontal force is
applied again. Then the shear stress will reach another maximum value and it will be
recorded. Likewise, the horizontal force is stopped at the maximum shear stress and a
weight is removed to reach a different wall friction normal stress. The recorded maximum
values of shear stresses are used to obtain the static angle of wall friction. Generally, 2-3
replicate experiments must be conducted in wall friction tests. Since it is known that
the operator might have an influence over the shear tests, special consideration was taken
when conducting the tests to achieve the best repeatability.
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Fluidization and pneumatic conveying

behaviour

. Fluidization

. . Fluidization behaviour of dry particles

Fluidization tests were conducted for the B,C,D,E sand groups (sample B has the smal-
lest particle diameter and the sample E has the largest particle diameter) and their
mixtures such as BC,BCD,BCDE and CD. A complete list of the sand mixtures that
were considered in the fluidization tests are presented in the Table 3.3. The particle size
distribution of the considered sand mixtures are significantly different from each other
and it is important to select a parameter to represent the particle size distribution of
these sand mixtures. The parameters obtained from the particle size distribution are,
D90 (particle diameter at the 90% of the cumulative distribution), D75, D50, D25, D10,
mean diameter, span, relative span, and quartile ratio. The values of the parameters of
all the considered sand mixtures are given in the Appendix C. A basic multivariate ana-
lysis was conducted to identify the influential parameters of the particle size distribution
towards the minimum fluidization velocity of the dry sand samples. The loadings plot
corresponding to the principle component analysis (PCA) is shown in the Figure 4.1.

The loadings plot shows that the minimum fluidization velocity of a dry sand sample is
closely related to the mean particle diameter and to the particle diameters at the 25%
and at the 10% of the cumulative distribution (D25 and D10). In Figure 4.2 the variation
of the minimum fluidization velocity of the dry sand samples are plotted against the the
D25, D10 and the mean diameters of the different sand mixtures. Since D25 is more
correlated to the minimum fluidization velocities of the samples, D25 was taken as the
parameter to represent the particle size in further analysis of the fluidization behaviour
of the particles under dry and wet (mixed with drilling fluid) conditions.

Based on the D25 diameter of the particles, the relative positions of the sand samples in
the Geldart’s diagram is shown in Figure 4.3. The particle density of the sand samples
are represented by an average value which is equal to 2718.5 kgm−3.

67



4 Fluidization and pneumatic conveying behaviour

Figure 4.1: Loadings plot from the PCA of the fluidization and particle size distribution parameters of
the dry sand samples

Figure 4.2: Minimum fluidization velocity vs. particle diameter of dry sand samples

According to the Figure 4.3, the sand mixtures of B,BC,BCD and C belong to the
Geldart’s Group B while all the other sand mixtures can be classified into the Geldart’s
Group D. However, the sand mixtures of C,BCD,BCDE and CD lie in the boundary
between Group B and Groupd D. The treated drill cuttings sample can be also classified
into the Group D and it lies close to the samples of D,CDEF and DEF . According to
Shaul et al. [54], the Archimedes number (Ar) which is defined in Equation 2.12, has
a value between 80 and 3000 for the Geldart’s Group B materials while the Group D
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materials have an Archimedes number greater than 3000. The boundaries corresponding
to the values of Ar = 80 and Ar = 3000 for sand particles are also plotted in Figure 4.3
and it agrees with the classification of the sand samples based on the classical Geldart’s
diagram. Based on the Equation 2.12, the Ar number for the treated drill cuttings sample
is calculated to be 1.43E+05 which lies in the Geldart’s Group D region. Therefore, for
the considered dry sand samples and the treated drill cuttings samples, both Geldart’s
diagram and the Ar number can be used to categorize the materials according to their
fluidization behaviour.

Figure 4.3: Geldart’s classification for dry sand mixtures

The classification of the sand mixtures based on the empirical models have to be confirmed
through the fluidization experiments. Based on the observations of the experiments it can
be stated that the fluidization tests also support the classification in Figure 4.3 as the
samples B,C,BCD and BC does not expand the bed at minimum fluidization state and
reach the bubbling conditions as soon as reaching the minimum fluidization condition
which is similar to a Group B material. For the samples E,EF and DEF the spouting
behaviour was clearly visible which is an inherent property of the Group D materials.

The pressure gradient vs. superficial air velocity curves which is also known as the fluid-
ization curves obtained from the fluidization tests for all the considered dry samples are
given in the Figure 4.4. The fluidization curves for the dry sand samples and the min-
imum fluidization velocities corresponding to each sample is given in the Appendix D. The
fluidization curves are grouped into 3 groups in the Figure 4.4 to present the data more
clearly. The fluidization curve corresponding to the treated drill cuttings sample is plotted
in all three groups to compare its fluidization behaviour with all the sand mixtures.

The pressure gradient across the fluidization bed in the packed bed state shows a parabolic
behaviour for the mixtures of E and EF which is a characteristic property of the Geldart’s
Group D material. B and BC samples show a linear pressure gradient characteristic in
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Figure 4.4: Fluidization curves for dry sand samples

the packed bed state implying that they belong to the Geldart’s Group B. All the other
samples show a slightly parabolic pressure gradient curves. It is also interesting to observe
that the fluidization curve for the treated drill cuttings sample follows a similar path to
the sand mixtures, specially to the sand mixtures of D and DEF. The similar fluidization
behaviour of the drill cuttings and the sand samples can be considered as a justification
for the selection of sand to represent drill cuttings in the considered research work.

Before analysing the impact of the presence of drilling fluid towards the fluidization be-
haviour of the dry samples, it is important to validate the experimental results of the
fluidization behaviour of the the dry samples based on available fluidization models. The
voidage at the minimum fluidization state and the sphericity of the particles could not
be measured due to the time and instrumentation limitations during the experiments.
Therefore, the minimum fluidization velocity for each sample was estimated based on the
Equation 2.9 and using the constants presented in the Table 2.1. The obtained results
are compared in the Figure 4.5.
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Figure 4.5: Comparison of the models to predict the minimum fluidization velocities

The calculations were performed based on the D25 diameter of the samples as it gave
the best results compared to the the mean particle diameter corresponding to the same
sample. The norm of the residuals which is calculated according to the Equation 4.1 of
the 6 models considered are also compared in the Figure 4.5. Based on the results it
can be concluded that the model present by Babu et.al. [22] which has a value of K1 =
15.4 and K2= 779.24 can be used to calculate the minimum fluidization velocity with an
error less than 20%. The model is highly deviated for the samples of E and EF which
have relatively larger particles. Since the experimental results can be predicted based on
an available empirical model with an acceptable accuracy, it can be considered that the
results obtained from the tests are physically acceptable.
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Norm o f residuals =
√

∑(Valuemeasured −Valuepredicted)2 (4.1)

. . Impact of drilling fluids towards the fluidization behaviour

An initial set of experiments were conducted with the sand mixtures of C,D and CD to
get an overview of the impact of drilling fluid towards the fluidization behaviour of the
particles. The fluidization curves corresponding to the sample C - Premix mixtures are
presented in Figure 4.6 and the fluidization curves corresponding to the samples of D
and CD are presented in the Appendix E. The drilling fluid concentration is presented
as weight percentage (wet basis).

Figure 4.6: Fluidization curves for C - Premix mixture

According to the Figure 4.6 it can be observed that the fluidization curves correspond-
ing to the sample C-Premix mixtures are clearly deviated from the fluidization curve of
the dry condition. It is interesting to observe that the fluidization curves of the sample
C-premix mixtures do not deviate much with respect to the drilling fluid concentration
associated with the mixtures except for the concentration of 10% of the premix. A similar
behaviour can be observed in the fluidization curves of the mixtures of D and CD as well.
The variation of the minimum fluidization velocity with the drilling fluid concentration
is given in the Figure 4.7 for the considered three sand mixtures. It can be seen that the
minimum fluidization velocity is increased significantly with respect to the dry conditions
by introducing a small amount of drilling fluid such as 0.8% by weight (for the mixtures
of C-premix, CD-premix and CD-base oil). For the samples of C and CD it can be seen
that the minimum fluidization velocity remains at a relatively constant value with further
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increasement of the drilling fluid concentration. However, the sample CD displayed a sud-
den drop in the minimum fluidization velocity at the drilling fluid concentration of 10%
and 8% for the premix and the base oil respectively. The sample D displayed a similar
behaviour to the other two sample by increasing the minimum fluidization velocity when
drilling fluid is introduced to the system but contrast to the other two samples, the min-
imum fluidization velocity was decreasing with the increasing drilling fluid concentration.

Figure 4.7: Minimum fluidization velocity vs. Drilling fluid concentration for the samples of C,CD and
D

Based on these observations, fluidization tests were conducted for the mixtures of BC,
BCD, BCDE and for a sample of treated dry drill cuttings with a drilling fluid concen-
trations of 1.5%, 6.3% and 10% of premix and base oil. The fluidization curves obtained
from these experiments are presented in the Appendix E.

Basically, the fluidization curves of all the samples significantly deviates from the dry con-
ditions when a drilling fluid is introduced. The linear pressure gradient in the packed bed
state has transformed into a parabolic behaviour and the minimum fluidization velocity
has been increased compared to the dry conditions. This phenomenon can be observed in
all the samples which is given in the Appendix E. It is also observed that all the samples
except sample D-premix mixture, display a relatively constant minimum fluidization ve-
locities at the drilling fluid concentrations of 1.5% and 6.3% for both premix and the base
oil. When the drilling fluid concentration is increased up to 10%, the fluidization curve
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is shifted back towards the dry condition. For some samples such as CD and BCDE the
fluidization curve corresponding to the concentration of 10% is shifted left side surpass-
ing the fluidization curve at the dry conditions, resulting a lower minimum fluidization
velocity compared to the dry state. Both in CD and BCDE - base oil 10% mixtures,
it was observed during the fluidization tests, that the drilling fluid is separated from the
sand-drilling fluid mixture and the drilling fluid reaches the top of the fluidization bed
as shown in Figure 4.8. Almost all the samples started slugging with increment of air
velocity beyond the minimum fluidization velocity.

Figure 4.8: Separation of drilling fluid for the mixture of BCDE-Base oil at air velocity of 100 SLPM

The minimum fluidization velocities obtained from the experimental data are presented
separately for both base oil and the premix in Figure 4.9. As discussed above, it can be
seen that the minimum fluidization velocity is increased when drilling fluid is added to
the dry sample. The most interesting observation is that there is no significant difference
between the minimum fluidization velocities at the fluid concentrations of 1.5% and 6.3%
for both drilling fluid samples. This phenomenon can be observed not only in sand
samples but also in the treated drill cuttings sample as well. However, when the drilling
fluid concentration is further increased up to 10%, the minimum fluidization velocity of all
the samples tends to be lowered compared to the value at the drilling fluid concentration
of 6.3%.

It was observed that in the treated drill cuttings mixture with 10% premix, the particles
in the mixture stick together and forms a strong cake like material that tends to move
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Figure 4.9: Minimum fluidization velocity vs. drilling fluid concentrations

as a plug at higher air velocities. As a result it was not possible to determine a clear
fluidization velocity for the sample and it was considered as an outlier in further analysis
of the samples. However, this behaviour must be taken into consideration as it indicates
that sand might not be a suitable replicate material to represent drill cuttings at higher
concentrations of drilling fluids.

Since the considered dry samples displayed a linear relationship between the minimum
fluidization velocity and the D25 diameter of the particles, it is interesting to see the
behaviour of the minimum fluidization velocity of the samples mixed with drilling fluids
with respect to the D25 diameter of the mixture. The plots of minimum fluidization
velocity vs. D25 diameter of the particles are plotted for the concentrations of 1.5%, 6.3%
and 10% for both the premix and the base oil are presented in the Figure 4.10. The
parameters of the linear regression correlation between the minimum fluidization velocity
and the particle diameter are tabulated in the Table 4.1.

All the mixtures associated with drilling fluids tend to increase the minimum fluidization
velocity as the particle diameter of the mixture increases. The linear regression models
for the mixtures of 1.5% and 6.3% of both premix and the base oil have a similar gradient
compared to the dry conditions. Only the 10% premix mixtures are highly deviated from
this pattern. The Figure 4.10 clearly indicates that the variation of the drilling fluid
concentration at low levels of drilling fluid concentrations (less than 6% of weight) has
a negligible impact on the fluidization behaviour of the particles as the linear regression
models for the mixtures of 1.5% and 6.3% of both premix and the base oil almost overlap
on one another. The Figure 4.10 also shows that the presence of base oil in a certain
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Figure 4.10: Minimum fluidization velocity at different drilling fluid concentrations vs. particle diameter

Table 4.1: Parameters of the linear regression correlation between the minimum fluidization velocity and
the particle diameter
Mixture Gradient Intercept Coefficient of Norm of

determination residuals
Dry 0.7166 -0.1172 0.9577 0.15372
Base oil - 1.5% 0.7496 0.2455 0.9174 0.22958
Base oil - 6.3% 0.6193 0.3321 0.9416 0.1574
Base oil - 10% 0.6281 0.0530 0.7573 0.30118
Premix- 1.5% 0.7091 0.1566 0.9886 0.077571
Premix - 6.3% 0.4952 0.3285 0.9495 0.11659
Premix - 10% 0.1925 0.3936 0.4353 0.16651

mixture cause a higher fluidization velocity compared to the presence of premix in the
same mixture with the same concentration.

The deviation of the minimum fluidization velocity compared to the dry condition of
different sand mixtures are presented in the Figure 4.11 for both base oil and the pre-
mix. Mixtures such as BC and BCD which have smaller D25 diameter tend to have a
higher minimum fluidization velocity increment ratio compared to the mixtures with lar-
ger D25 diameters. This phenomenon is clearly presented by the Figure 4.12. According
to the Figure 4.12 as the D25 diameter of the sample increases the increment ratio of the
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minimum fluidization velocity decreases and the correlation between the two parameters
display a parabolic behaviour.

Figure 4.11: Increasement of minimum fluidization velocity compared to the dry conditions vs. drilling
fluid concentration

Figure 4.12: Increasement of minimum fluidization velocity compared to the dry conditions vs. particle
diameter

According to the Figure 4.11 the behaviour of the treated drill cuttings sample and the
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sand mixture D is relatively similar at low drilling fluid concentrations. This can be
also seen in the Figures of the Appendix F where the fluidization curves of different sand
mixtures are compared at a particular drilling fluid concentration. At the drilling fluid
concentration of 1.5% for both premix and the base oil, the pressure gradient across the
bed of the mixture D and the treated drill cuttings sample follow the same path in the
packed bed condition. At the drilling fluid concentration of 6.3% both samples follow the
same pressure gradient curve at very low superficial air velocities and starts to deviate
after about 0.5 ms−1 of air flow.

When considering the fluidization curves presented in the Appendix E, it can be seen that
the deviation of the minimum fluidization velocity of the oily samples occur as a result
of the change of the pressure gradient across the bed in the packed bed conditions. The
gradient in the fluidization curve in the packed bed state is proportional to the air-particle
friction coefficient of the system and it is inversely proportional to the permeability of the
bulk solid material. The variation of the air-particle friction coefficient with the drilling
fluid concentration is presented in the Figure 4.13.

Figure 4.13: Air-particle friction coefficient vs. drilling fluid concentration

It can be seen that as a little amount of drilling fluid is mixed with the dry sand mixture,
the air-particle friction coefficient reduces significantly for both premix and the base oil.
The reduction of the air-particle friction coefficient is relatively significant for the sand
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mixtures with smaller D25 particle diameters. The sand mixtures with premix tend
to have a higher air-particle friction coefficient compared to the mixtures with base oil
with the same drilling fluid concentration. The Figure 4.13 also shows that the air-
particle friction coefficient is not affected by the increasing drilling fluid concentration
up to around a concentration of 6% and beyond that the air-particle friction coefficient
would be increased significantly. The variation of the air-particle friction coefficient with
the particle diameter is present in the Figure 4.14.

Figure 4.14: Air-particle friction coefficient vs. particle diameter

According to the Figure 4.14, it can be seen that the air-particle friction coefficient of the
dry mixtures significantly depend on the particle diameter and as the D25 diameter of the
sample increases the the air-particle friction coefficient decreases. The samples mixed with
drilling fluid also have a reduced air-particle friction coefficient with increasing drilling
fluid concentration but the dependency of the air-particle friction coefficient on the particle
size is smaller compared to the dry conditions. The behaviour of the mixtures with 10%
drilling fluid is significantly deviated from the rest of the samples and it can be expected
as oil and solid particles tend to be separated in some of the samples with 10% of drilling
fluid.
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. . Summary

Based on the analysis of the fluidization tests it can be concluded that when a dry sample
is mixed with a little amount of drilling fluid (even less than 1% of weight), the air-
particle friction coefficient of the mixture will be reduced significantly compared to the
dry condition. As a result the minimum fluidization velocity of the mixture is increased.
With further increasement of the associated drilling fluid concentration (up to around 6%
of weight) neither the air-particle friction coefficient nor the minimum fluidization velocity
of the mixture change significantly. It can be observed that the fluidization curves follows
the same path regardless of the increasing drilling fluid concentration. However, when the
drilling fluid concentration exceed the value of 6-8%, drilling fluid tends to be separated
from the packed bed with increasing air velocity and according to the fluidization curves,
the air-particle friction coefficient is significantly enhanced while reducing the minimum
fluidization velocity. The fluidization tests also show that the treated drill cuttings sample
display a similar behaviour to the mixture D at low levels of drilling fluid concentrations.

The fluidization tests display that the minimum fluidization velocity increase with the
increasing D25 diameter of the mixtures while the air-particle friction coefficient reduces.
The mixtures with smaller D25 diameter tend to have a higher increasement of the min-
imum fluidization velocity compared to the dry condition while the increasement of the
mixtures with larger D25 diameters are relatively low.

. Pneumatic conveying

Pneumatic conveying tests were conducted for the dry mixtures of the B,C,D,BC,CD,
BCD and BCDE mixtures (B has the smallest particle diameter and E has the largest
particle diameter). The composition of the considered sand mixtures are presented in the
Table 3.1. The state diagrams of those mixtures obtained for the horizontal section of PT
8 - PT 9 in the pneumatic conveying rig are presented in the Appendix G. Based on the
state diagrams it can be seen that both the dry and oily mixtures were conveyed in the
dilute phase and some mixtures such as B(dry) entered into the dense phase at low air
flow rates.

. . Pnematic conveying of dry mixtures

The state diagrams of the pneumatic conveying of the dry mixtures of B,C,D,BC,CD,
BCD and BCDE are presented in the Appendix G by the figures of G.1, G.3, G.5,
G.2, G.4, G.6 and G.7 respectively. Based on those state diagrams, the pressure drop
for different sand mixtures at different solid flow rates are compared at different air flow
rates and it is presented by the Figure 4.15.
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The pneumatic conveying state diagrams of the considered mixtures display the flow
pattern similar to a general state diagram which is described in the Section 2.2 under the
Figure 2.4. At a particular air flow rate, all the mixtures display a higher pressure drop
at a higher solid flow rate. The pressure drop at a particular solid flow rate increases
with the air flow rate for all the considered mixtures. However, some mixtures such as B
and C tend to reach a minimum pressure drop in the region of 12-15 ms−1 of air velocity
and tend to increase the pressure drop with decreasing air velocity. It is considered that
this behaviour occurs when the conveying mode is transformed from the dilute phase into
the dense phase. The mixtures displaying an increasing pressure drop with decreasing air
flow rate are marked as ‘Dense’ in the Figure 4.15.

The sand mixtures in the Figure 4.15 are sorted according to the span of the particle size
distribution, where the mixture B has the lowest span and the mixture BCDE has the
largest span. According to the Figure 4.15, there is a general trend to have a decreasing
pressure drop with decreasing span of the particle size distribution of the mixtures in the
dilute phase flow conditions. When transformed into the dense phase region the samples
with low span and low particle diameter, tend to have a higher pressure drop compared
to the other mixtures.

An initial analysis of the pneumatic conveying of sample B,C and D shows that the all
three samples would reach theit minimum pressure drop in pneumatic conveying when
the superficial air velocity is in the region of 15-18 ms−1. It was also observed that the
impact of the particle size towards the pressure drop of the three samples are minimum
in this flow region. CFD simulations based on multiphase particle-in-cell method were
used to predict the horizontal pressure drop of the considered samples and the simulated
results had a a good agreement with the experimental results. Detailed description of this
study is presented in the Appendix B.

Correlation between pressure drop and material properties

In order to study the impact of the presence of drilling fluid towards the pneumatic
conveying behaviour of the particles, it is important to establish a correlation between
the pneumatic conveying pressure drop and the material properties of the dry particles.
Since the particle conveying velocity and the voidage of the conveying material cannot
be estimated in the pneumatic conveying experimental rig, a correlation was developed
for the total pressure drop across the horizontal section of PT 8 - PT 9 based on the
Equation 2.29 and the Equation 2.30. In order to suit the experimental system the
Equation 2.30 is slightly modified as follows,

• The particle density (ρp) in the Equation 2.30 is replaced by the bulk density of the
mixture as the particle density is same for all the considered text mixtures.

• Based on a basic multivariate data analysis it was observed that the span of the
particle size distribution of the considered test mixtures are more closely related to
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Figure 4.15: Pressure drop in the horizontal section of PT 8 - PT 9 vs. air velocity for pneumatic
conveying of dry sand mixtures at different solid flow rates

the pressure drop than the particle diameter. Hence the particle diameter(dp) is
replaced by the span of the text mixtures.

The modified Equation 2.30 can be expressed as,

λt = x1η
x2Fr x3

(
dspan

D

)x4
(

ρg

ρbulk

)x5

(4.2)

82



4.2 Pneumatic conveying

The coefficients (xi) of the Equation 4.2 must be estimated based on the experimental
data. The mixtures of B,CD and D were selected for the calibration of the model
coefficients since those mixtures cover a wide range of particle diameter and span. The
coefficients were determined by using the MATLAB function fitlm which is used to create
linear regression models. The determined coefficients of the Equation 4.2 are tabulated
in the Table 4.2.

Table 4.2: Coefficients of the Equation 4.2
Coefficient Value

x1 1.5524E+13
x2 -0.34094
x3 -1.1847
x4 0.32806
x5 4.0252

The Figure 4.16 gives the experimental vs. calculated pressure drop for the mixtures of
B,CD and D for the considered section of the experimental rig. The mean absolute per-
centage error (MAPE) of the predicted pressure drop is 6.4% and the adjusted coefficient
of determination (R2) is 0.8.

In the Figure 4.16 it can be seen that the some data points corresponding to the mixture B
is significantly under predicted compared to the rest of the data points. When considering
the solid flow rate and the air flow rate corresponding to those experimental points it can
be seen that the the model is unable to predict the pressure drop of mixture B at dense
phase where the solid flow rate is high and the air flow rate is low. Therefore, it can be
considered that the model developed for the horizontal pneumatic conveying of dry sand
mixtures is suitable for the dilute phase conveying.

Based on this model, the pressure drop for the mixtures of C,BC,BCD and BCDE were
predicted and the experimental vs. calculated pressure pressure drop in the horizontal
section of PT 8 - PT 9 is presented in the Figure 4.17. It can be seen that the calibrated
model can predict the pressure drop for the mixtures of C,BC,BCD and BCDE with
an absolute mean percentage error of 8.9%. The R2 value for the predicted pressure drop
is 0.82. According to the Figure 4.17, the model slightly over predicts for the C mixture
which has a relatively low span. A data point corresponding to the BCD mixture which
is in dense phase conveying mode (solid flow of 0.4 kgs−1, air flow rate of 13 ms−1) is
also under predicted. The accuracy of predicting the pressure drop corresponding to the
BCDE which has the largest span is relatively low but is within the acceptable limits.

The results presented in the Figure 4.17 show that the calibrated model can be successfully
used to estimate the pressure drop corresponding to dry mixtures with the same material
but with different size distributions, with the solid flow rate in the region of 0.2 - 0.4
kgs−1 and with the air flow rate in the region of 13 - 22 ms−1.
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Figure 4.16: Experimental vs. calculated pressure pressure drop in the horizontal section of PT 8 - PT 9
(calibration)

Figure 4.17: Experimental vs. calculated pressure pressure drop in the horizontal section of PT 8 - PT 9
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. . Impact of drilling fluid towards the pneumatic conveying behaviour

When sand samples mixed with drilling fluid (premix) were pneumatically conveyed, they
displayed a different pressure drop compared to the dry condition at a particular air and
solid flow rate. The pneumatic conveying state diagrams of the sand mixture CD at dif-
ferent premix concentrations are compared in the Figure 4.18. The pneumatic conveying
state diagrams corresponding to other sand mixtures are given in the Appendix G.

According to the Figure 4.18, it can be clearly seen that when a drilling fluid is mixed
with the dry particles there is a considerable reduction in the pressure drop at a particular
air flow rate and a solid flow rate compared to the dry conditions. However, there is no
significant difference between the pressure drop at the drilling fluid concentrations of
1.5% and 6.3%. When the drilling fluid concentration is increased upto 10%, the pressure
drop increases compared to the pressure drop at the drilling fluid concentration of 6.3%.
A similar behaviour can be observed for the other sand mixtures for the drilling fluid
concentrations of 1.5% and 6.3%. It can be also seen that the shape of the state diagrams
are not affected by the presence of drilling fluid at the drilling fluid concentrations of
1.5% and 6.3% and the state diagrams suggest that the sand-drilling fluid mixtures are
conveyed in the dilute phase under the considered air and solid flow rates.

The impact of the drilling fluid towards the horizontal pneumatic conveying pressure
drop displays a behaviour similar to the change of minimum fluidization velocity with
drilling fluid concentration. Therefore, it is interesting to compare the pressure drop
ratio, minimum fluidization velocity ratio and the bulk density ratio of a particular solid-
drilling fluid mixture with the same drilling fluid concentration at a particular air and
solid flow rate. The pressure drop ratio, bulk density ratio and the minimum fluidization
velocity (MFV) ratio are defined as follows,

Pressure drop ratio =
Pressure drop o f a sand +drilling f luid mixture

Pressure drop o f the same sand mixture at dry conditions
(4.3)

Bulk density ratio =
Bulk density o f a sand +drilling f luid mixture

Bulk density o f the same sand mixture at dry conditions
(4.4)

MFV ratio =
MFV o f a sand +drilling f luid mixture

MFV o f the same sand mixture at dry conditions
(4.5)

The Figure 4.19 compares the variation of actual pressure drop at air flow rate of 400
Nm3hr−1 at different solid flow rates and drilling fluids concentrations for the sand mixture
of CD. The same figure compares the pressure drop ratio, minimum fluidization ratio and
the bulk density ratio for the same sand-drilling fluid mixture.

85



4 Fluidization and pneumatic conveying behaviour

Figure 4.18: Pneumatic conveying state diagrams for CD for the section of PT 8 - PT -9 at different
drilling fluid concentrations

The actual pressure drop for the other sand-drilling fluid mixtures at different air flow
rates and solid flow rates are presented in the Figures from H.1 to H.15 (for the horizontal
section of PT 8 - PT 9) in the Appendix H. The pressure drop ratio, minimum fluidization
velocity ratio and the bulk density ratio of a particular solid-drilling fluid mixture at a
certain air and solid flow rate are also compared in these figures.

The Figures from H.1 to H.15 show that both dry and wet samples have a higher
pressure drop at higher air flow rates and at higher solid flow rates. All the considered
mixtures with 1.5% of drilling fluid (premix) display a reduced pressure drop compared to
the dry conditions. When thd drilling fluid concentration is increased up to 6.3%, BCD
mixtures display a slight increasement in the pressure drop and the BCDE mixtures
display a higher increasement in the pressure drop while the CD mixtures display a
slightly reduced pressure drop. However, for all the sand mixtures the pressure drop at
the drilling fluid concentration of 6.3% is less than the pressure drop corresponding to dry
conditions. Pneumatic conveying tests for 10% of drilling fluid were conducted for the
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Figure 4.19: Pressure drop vs. drilling fluid concentration for the mixture CD at air flow of 400 Nm3hr−1

CD mixture and it displayed a significant increasement of the pressure drop compared to
the pressure drop at 6.3% of drilling fluid and for most of samples with 10% drilling fluid
display a pressure drop higher than the dry conditions.

Based on the Figures from H.1 to H.15 it can be observed that the pressure drop ratio
of a particular sand-drilling fluid mixture at a certain drilling fluid concentration remains
relatively at a constant value with changing air and solid flow rates. When comparing
the pressure drop ratio with the bulk density ratio and the minimum fluidization velocity
ratio it can be observed that the pressure drop ratio in the BC and BCD mixtures are
closely related to the bulk density ratio except for the BCD mixtures at air flow rate
of 250 Nm3hr−1. On the other hand the pressure drop ratio of the mixtures of CD
and BCDE display a close relationship with the reciprocal of the minimum fluidization
velocity ratio.

. . Correlation to predict the pneumatic conveying pressure drop of the

sand-drilling fluid mixtures

Based on the results it can be seen that the deviation of the pressure drop of a particular
sand-drilling fluid mixture with respect to its dry condition is closely related to either
bulk density ratio or the minimum fluidization velocity ratio. The model presented by
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the Equation 4.2 and the Table 4.2 can be used to estimate the pressure drop of the
horizontal pneumatic conveying dry material. Therefore, it is interesting to incorporate
the bulk density and the minimum fluidization velocity ratios in the model to predict the
pressure drop of the pneumatic conveying of sand-drilling fluid mixtures. Initially the
prediction capability of the proposed model is studied without any modification as the
bulk density of the mixture is already a parameter in the Equation 4.2. The experimental
vs. the calculated pressure drop value based on the model for the sand-drilling fluid
mixtures are presented in the Figure 4.20.

Figure 4.20: Pressure drop vs. drilling fluid concentration for the mixture BC at air flow of 250 Nm3hr−1

According to the Figure 4.20, it can be seen that except for the CD mixtures with 10%
drilling fluid all the pressure drop for all the other mixtures are over predicted by the
model. Since the dry mixture of CD was used to calibrate the model and as the CD with
10% drilling fluid mixtures have a pressure drop closer to dry conditions, the pressure
drop for those mixtures are estimated with a good accuracy. Therefore, the bulk density
term in the Equation 4.2 is not adequate to estimate the pressure drop of the mixtures
with drilling fluids and the model has to be adjusted to suit the pneumatic conveying
of wet mixtures. Since the pressure drop reduction of the sand-drilling fluid mixtures
are closely associated with the reciprocal of the minimum fluidization velocity ratio, the
model can be modified as follows,
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λt = (1.55×1013)
um f

um f ,dry
η
−0.34Fr−1.18

(
dspan

D

)0.328(
ρg

ρbulk

)4.025

(4.6)

The experimental vs. the calculated pressure drop based on the Equation 4.6 are presented
in the Figure 4.21. The model can be further improved by raising the minimum fluidization
velocity ratio by a factor which has to be estimated by calibrating with experimental
data. Since there are not enough data to calibrate and validate such a model, no further
modification is done to the proposed model.

Figure 4.21: Pressure drop vs. drilling fluid concentration for the mixture BC at air flow of 250 Nm3hr−1

The comparison of the estimated values presented in the Figure 4.21 with the values in the
Figure 4.20, it can be seen that the modified model has an improved prediction capability.
The mean absolute error percentage has been reduced down to 35.3%

. . Summary

Under the considered regions of the superficial air velocities (10 - 22 ms−1) and the solid
flow rates (0.2 - 0.4 kgs −1), dry sand mixtures were conveyed in dilute phase in the pneu-
matic conveying experimental rig where the pipe diameter is 8.12 cm. When a drilling
fluid is mixed with the sand mixtures, the pneumatic conveying pressure drop reduces
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relative to the pneumatic conveying pressure drop of the dry sand mixture. The devi-
ation of pneumatic conveying pressure drop with the drilling fluid concentration display a
similar behaviour as the deviation of the minimum fluidization velocity with the drilling
fluid concentration. Therefore the change in the minimum fluidization velocity can be
incorporated into a model to predict the pressure drop of pneumatic conveying of wet
particles.

. Discussion

Based on the fluidization and pneumatic conveying tests it can be concluded that the
particles mixed with a drilling fluid exhibits a significantly deviated behaviour with respect
to the dry particles. Basically the minimum fluidization velocity is increased and the
pneumatic conveying pressure drop is decreased when drilling fluid is introduced to the
dry particles. Since the drilling fluid has a lubricating effect, it lubricates the particle
surface and the wall of the pipe. Then the friction between the air and particles and the
friction between the wall and the particles reduce. As a result, in fluidization, air streams
can penetrate through the bed more easily and hence higher air velocity is required to
create a pressure drop equal to the weight of the bed. In pneumatic conveying, the
pressure losses due to friction is reduces and as a result the pressure drop is reduced for
mixtures with drilling fluid. However this phenomenon is valid only for low concentrations
of drilling fluids, where the amount of drilling fluids are adequate to form a thin film of
drilling fluid on the particles’ surface. When the drilling fluid concentration is increased
beyond a certain limit, drilling fluid tends to separate from the solids and accumulate
in the voids. This was seen in the fluidization tests of 10% of drilling fluid. Under
these conditions the behaviour of the sand-drilling fluid mixtures deviate from the low
concentration mixtures. Since the voids are filled with drilling fluid, air cannot penetrate
through the bed and as a result the minimum fluidization velocity will be reduced. At
the same time as the mixture starts to behave more like a slurry, pneumatic conveying
cause higher pressure drop.

According to Mills [55] wet or damped material can be conveyed pneumatically but the
challenge is to feed them to the pipelines and to discharge from the hopper. If the material
contains fine particles, wetness can be a challenge in pneumatically conveying systems as
they tend to coat the pipeline and finally causing blockages. If the material is not so wet,
hot air flow can be used to overcome the issue of wetness. Otherwise single plug blow
tank systems have to be adopted in handling wet material. However, Hollier and Reddoch
[56] claim that they have implemented a vacuum conveying system to convey the wet drill
cuttings successfully.

When considering the drill cuttings, particle size distribution is a important parameter as
it tends to differ from one location to another in the drilling well. The study shows that
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conducting few pneumatic conveying tests of a dry sample with samples with same physical
properties but with different particle size distributions, a reasonably good model can be
developed to predict the pressure drop of horizontal pneumatic conveying under dilute
phase for the mixtures with different particle size distributions. It was also observed that
the pressured drop reduction in the pneumatic conveying and the minimum fluidization
velocity reduction in the fluidization tests can be also correlated. Therefore, this study
shows that a combination of pneumatic conveying of dry particles and the fluidization of
particles mixed with drilling fluid can be used to develop a model to estimate the pressure
drop in pneumatic conveying of particles mixed with drilling fluids.
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Flow properties of sand - drilling fluid

mixtures

In this chapter the flow properties of the sand - drilling fluid mixtures are analysed with
varing drilling drilling fluid concentrations. According to the Section 3.4 , the shear tests
were conducted for the CD sand mixture. The sand - fluid samples were prepared with
premix, base oil, water and a soap mixture with concentrations of 10%, 20%, 30% and 40%
(by volume). The analysis is conducted for both axial symmetric and plane symmetric
silos and the basic geometrical shape of those two silos are given in the Figure 5.1.

Figure 5.1: Plane and axial symmetric silos [49]

. Wall friction and the hopper angle

The friction between the bulk solid and the hopper wall is represented by the wall friction
angle. The wall friction angle between the experimental sand - fluid samples and the
hopper wall are presented in the Figure 5.2 . The considered wall material is stainless
steel.

Except for water, the other mixtures does not display a significant deviation from the dry
conditions at low fluid concentrations (10% vol.). The wall friction angle of the premix
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Figure 5.2: Wall friction angle vs. fluid concentration

samples reduces with increasing fluid concentration and reaches a minim at 30% of fluid.
The wall friction angles of the base oil and soap mixtures start to reduce at 20% of
fluid levels and reach a minimum at the concentration of 30% of fluid. Beyond 30% of
fluid, the mixtures of premix, base oil and soap tend to have a increasing wall friction
angle until a fluid concentration of 40%. The Figure 5.2 clearly shows that the behaviour
of the sand-water mixtures are significantly different from the rest of the mixtures at
low concentrations. The mixture with 10% of water has the highest wall friction angle
and with increasing water concentration, the wall friction angle reduces dramatically and
reaches a minimum at 20% of water. Beyond that the sand-water mixtures have a similar
behaviour as rest of the mixtures.

The wall friction angle directly affects the hopper angle. The hopper angle of the con-
sidered mixtures are given for both axial and plane symmetric hoppers in the Figure 5.3.

The Figure 5.3 shows that the hopper angles of both silo types are inversely proportional
to the wall friction angle. A large wall friction angle indicates a higher friction between
the bulk solid and the hopper wall. Therefore, the flowability of the bulk solid decreases
with increasing wall friction angle. A bulk solid with a high wall friction angle which
indicates a low flowability requires a small hopper angle to ensure to have a massflow silo.
Hence the sand mixtures of premix, base oil and soap have the highest flowability at 30%
of fluid with the minimum wall friction angle and highest hopper angle. According to the
the Figure 5.3 it can be seen that the hopper angle vs. fluid concentration profiles of the
two silo types have the same shape but the hopper angle of a plane symmetric silo is larger
than the hopper angle of an axial symmetric silo at a particular fluid concentration.

Based on the Figures of 5.2 and 5.3, it can be seen that at 10% fluid concentration,
the sand-premix mixture has a slightly better flowability compared to the sand-base oil
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Figure 5.3: Hopper angle vs. fluid concentration

mixture. However, beyond the fluid concentration of 20% the sand-base oil mixtures have
a better flowability compared to the sand-premix mixtures. It is also interesting observe
that the behaviour of the sand-soap mixture is similar to the sand-base oil mixtures
beyond the fluid concentration of 20%.

. Effective angle of internal friction (δ)

The effective angle of internal friction (δ) which is described under the Figure 2.5 in the
Section 2.3.1 is plotted for the considered mixtures in the Figure 5.4.

As described in the Section 2.3.1, the effective angle of internal friction represents the
resistance to the flow when the bulk solid is in flowing conditions. The angle increases
with decreasing flowability of the material. There is no significant difference between the
internal friction angle of the base oil and soap mixtures at 10% of fluid when compared
to the dry conditions. Both base oil and soap mixtures display a gradual increase of
effective angle of internal friction until the 20% of fluid and start to decrease with further
increasing fluid concentration and reach a minim angle at 30% of fluid. Similar to the
wall friction and hopper angle plots, base oil and soap mixtures have a similar profile
of effective angle of internal friction vs. fluid concentration. The sand-premix mixture
display a significant reduction of the internal friction angle at 10% of fluid, with respect
to the dry conditions and beyond that the effective angle of internal friction is decreasing
with increasing drilling fluid concentration. The sand-water mixtures have the highest
angle of internal friction at 10% of water and the minimum angle at 20% of water. With
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Figure 5.4: Effective angle of internal friction vs. fluid concentration

further increment of water concentration, the effective angle of internal friction tends to
increase gradually.

. Flow function and the flowability

The flow function (FF) which gives the relationship between the unconfined yield strength
( fc) and the major consolidation stress (σ1) for the considered sand-fluid mixtures are
given in the Figure 5.5.

Schulze[49] describe a numerical method to represent the flowability of a bulk solid mixture
and it is given by,

f lowability ( f fc) =
σ1

fc
(5.1)

The lines of constant flowability are also plotted in the Figure 5.5. These constant flow-
ability lines can be used to describe the boundaries of different flowing conditions [49].

• f fc < 1 : not flowing

• 1 < f fc < 2 : very cohesive

• 2 < f fc < 4 : cohesive
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5.3 Flow function and the flowability

• 4 < f fc < 10: easy-flowing

• 10 < f fc : free-flowing

Figure 5.5: Instantaneous flow function vs. fluid concentration

According to this plot, the dry sand sample is a free flowing material as its flow function
lies parallel to the f fc = 10 line. All the sand-fluid mixtures except for the sand -base
oil mixture at 40%, have a higher unconfined yield strength than the dry sample at a
given major consolidation stress. The premix and the base oil mixtures with 10% of
liquid display a slight reduction in the flow function with respect to the dry conditions.
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5 Flow properties of sand - drilling fluid mixtures

The flow functions of the both drilling fluid mixtures significantly increase when the liquid
concentration is increased up to 20%. However, the flow function of the mixtures decrease
as the unconfined yield strength corresponding to 30% of fluid is reduced compared to the
20% of fluid. At 40% of concentrations both mixtures further decrease their flow functions.
The plots also show that at a given fluid concentration, the sand-premix mixtures have
a higher unconfined yield strength. The sand-soap mixture display a similar behaviour
until the fluid concentration of 30%. Both the drilling fluid mixtures of 20% concentration
lies in the no-flow/very cohesive flow region. The 10% and the 40% mixtures of both
drill fluids lies in the region of easy-flowing region. The sand-premix mixture at 30%
concentrations mainly display cohesive behaviour while the 30% of the base oil mixture
display an easy-flowing/cohesive behaviour.

The flow function of the sand-soap mixture at 40% of fluid is significantly increased and
when conducting the tests it was observed that some foam was formed at higher soap
concentrations. The sand-water mixtures behave rather differently when compared to the
other mixtures. It shows a high flow function at 10% of water and at 20% of water the
flow function reduces. The experimental results show that sand-water mixtures have the
highest flow function at 30% of water. The 30% of water mixture is basically in a no flow
condition while the 10% mixture displays a high cohesive features.

. Size of the hopper opening

Based on the results obtained from the Jenike shear test, the size of the hopper opening
was calculated by using the silo designing software at SINTEF-Tel-Tek. The calculated
hopper opening dimensions for both axial symmetric and plane symmetric hoppers are
given in the Figure 5.6.

For both premix and base oil mixtures, the highest opening size is required at 20% of
liquid concentration. The reason for this is that the both drilling fluid mixtures display
the lowest flowability at the concentration of 20%. Similarly sand-water mixture which
has the lowest flowability at 30% of water, requires the largest opening at 30% of water.
Some mixtures such as 10% of base oil display a minimum opening of 0 cm which implies
that at any opening size, a massflow discharge pattern can be obtained. However, as a
rule of thumb the diameter of the opening should be 10 times the diameter of the largest
particle in the bulk solid. Since the mixture CD’s largest particle size is 2.5 mm, the
minimum required diameter of the opening is 2.5 cm. Therefore, if the calculation results
a diameter less than 2.5 cm, the required hopper opening dimension should be taken as
2.5 cm.
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5.5 Time consolidation

Figure 5.6: Hopper opening dimension [cm] vs. fluid concentration

. Time consolidation

The flow functions obtained from the 7 days time consolidation tests are given in the
Figure 5.7.

When compared to the Figure 5.5, which illustrate the instantaneous flow functions, it
can be clearly seen that the flowability of all the mixtures have been reduced after 7 days
of consolidation. No mixture lies in the regions of free flowing or easy-flowing. Almost all
the mixtures display either no-flow or very cohesive flow features. For the sand-premix
mixtures the lowest flowability is displayed at 20% of fluid while the sand-base oil and
sand-water mixtures display the lowest flowability at 30% of liquid.

The hopper opening size of the considered samples after 7 days consolidation is given in
the Figure 5.8.

It can be clearly seen that the required minimum opening size of the hopper after 7 days
of consolidation has been increased compared to the required opening at instantaneous
conditions. The sand-premix mixture requires the largest opening size at 20% of fluid
concentration while the sand-base oil and sand -water mixtures require the highest opening
size at 30% of fluid concentration. The sand-soap mixture displays significantly large
opening size at 40% of fluid level but it displays a similar behaviour as sand-base oil
mixtures in the region of fluid levels of 10% - 30%
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5 Flow properties of sand - drilling fluid mixtures

Figure 5.7: Instantaneous flow function vs. fluid concentration

. Discussion

This study basically concerns about the impact of the drilling fluid towards the storage
and the flowability of a bulk solid material. Based on the results, it can be clearly seen
that the flowability of the considered sand mixture of CD is reduced with respect to
its dry state when it is mixed with a liquid. The main reason for this phenomenon is
the increase of inter-particle forces within the bulk solid due to the formation of liquid
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5.6 Discussion

Figure 5.8: Hopper opening dimension [cm] (time consolidation) vs. fluid concentration

bridges. It is also observed that the level of flowability depends on the type of the fluid
, fluid concentration and the time period which the bulk solid has been subjected to a
consolidation stress.

Fluid concentration

The flowability of the sand-fluid mixtures are basically studied based on their flow func-
tions. Under the instantaneous conditions the flowability is associated with the effective
angle of internal friction. The lowest flowability is obtained at the fluid concentration
where the effective angle of internal friction is the highest.

Both premix and base oil mixtures have the lowest flowability at 20% of fluid concentration
at instantaneous conditions. After 7 days of consolidation, the sand-premix mixture
has the lowest flowability at 20% of fluid and the sand-base oil mixture has the lowest
flowability at 30% of fluid. The sand-soap mixture also has the lowest flowability at
40% fluid content under both instantaneous and 7 days time consolidation conditions.
Since some foam was started to be formed beyond the soap concentration of 30%, the
flowability at 40% of soap cannot be compared with the other mixtures. If the sand-soap
mixture at 40% fluid content is considered as an outlier, the sand-soap mixtures have
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5 Flow properties of sand - drilling fluid mixtures

the lowest flowability at 20% and 30% fluid concentrations under instantaneous and 7
days time consolidation conditions respectively. Contrary to these mixtures, sand-water
mixtures display the largest effective angle of internal friction at 10% of water. When
considering the flowability, the lowest flowability occurs at 30% of water but contrast to
the other mixtures, sand-water mixture at 10% fluid content has a lower flowability than
the sand-water mixture at 20% of water.

The fluctuation of the flowability with the fluid concentration can be described by the
formation of liquid bridges. When a fluid is introduced in to a bulk solid, liquid bridges
start to form and the inter-particle forces increase. With increasing fluid concentration,
number of individual liquid bridges increase and the forces between the particles increase.
As a result the flowability of the solid-liquid mixture is reduced. When the voidages
starts to be filled with the fluid, the individual liquid bridges are diminished and a slurry
is formed gradually. Beyond the liquid level where the individual liquid bridges start to
diminish, the quantity of the inter-particle forces reduce. Therefore, the flowability will
be increased beyond that fluid concentration.

Type of fluid

When comparing the sand-premix and sand-base oil mixtures, the sand-premix mixtures
have a low flowability but the profile of the flow parameters with fluid concentration is
similar under instantaneous conditions. The purpose of conducting tests with soap and
water was to study the possibility of replacing the drilling fluid with a non-hazardous,
easily available fluid to conduct laboratory test. It can be seen that sand-water mix-
tures significantly deviate from the sand-drilling fluid mixtures. The sand-water mixtures
display a very low flowability when compared to the drilling fluid mixtures. This phe-
nomenon justifies the reason for not adding sea water to drill cuttings when it get stuck
in the screw conveyors. However in the fluid concentration level of 10% - 30%, the soap
mixture display a similar behaviour as the sand - base oil mixture.

The flowability of the sand-water mixtures are significantly low compared to the other
mixtures. The reason for that is water tends to form liquid bridges more easily. In a soap
mixture, the surface tension is reduced and as a result there is a lubrication effect. This
lubrication effect reduces the inter-particle friction forces. Therefore, drilling fluid and
soap mixtures have a better flowability compared to the sand-water mixtures.

Time consolidation

The study shows that the time consolidation has reduced the flowability of the all the
mixtures significantly. The mixtures having a easy-flowing or cohesive flowing under
instantaneous conditions are transformed into cohesive or very cohesive flow after being
subjected to time consolidation With time the inter-particle forces increase and as a result
of that the flowability reduces. Therefore, the designing should be based on the results of
time consolidation tests.
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5.6 Discussion

Wall friction angle

Even though the addition of drilling fluid has reduced the flowability of the sand mixture,
the friction between the bulk solid and the silo wall has been reduced due to the presence
of drilling fluid. The sand-drilling fluid mixtures display the lowest wall friction angle at
30% of fluid and under that condition the required hopper angle will be maximum. The
reduction of the wall friction occurs due to lubrication effect of the fluids. A fluid layer
formed on the wall of the silo reduces the friction forces between the bulk solid and the
hopper wall. It can be also seen that the wall friction is significantly increased at 10% of
water concentration. This increase of wall friction occurs due to the formation of liquid
bridges but with increasing water content the individual liquid bridges diminish and the
wall-particle forces reduce.

Size of the hopper opening

The required minimum opening size of the silos becomes larger as the flowability reduces.
Therefore, both sand-drilling fluid mixtures have the largest opening size at the lowest
flowability conditions. The study also shows that the time consolidation has reduced
the flowability of the sand-drilling fluid mixtures significantly. Therefore, the designing
should be based on the results of time consolidation tests.

Practical applications

When considering the practical applications it can be concluded that it will not be feasible
to store sand-drilling fluid mixtures with fluid concentrations of 10%-30% (vol.). It is
either better to have sand-drilling fluid mixtures with fluid concentration less than 10%
or higher than 40%. The sand-drilling fluid mixtures with 40% of fluid display better
flowability due to its slurry like nature and it will be difficult to be conveyed even though
it can be discharged from the silo easily. Eventhough the mass flow design can over come
the forming of arches and rat holing, the capacity of the silo is reduced due to the high
angle conical bottom. Therefore, the potential of using silos with higher capacities (which
are not mass flow silos) has to be considered as the space available for storage of drill
cuttings in a drilling platform is a critical factor. These alternative silo designs should be
assisted by mechanical systems such as internal agitators or screw type augers. It should
be noted that such silos are more complex in design, expensive and have a potential for
mechanical failure. A novel design with multiple outlets knwon as the ’Honey comb base
tank’ has been developed by Halliburton. In this design, compressed air is applied to the
top of the silo to push the drill cuttings and another air stream is injected to the base
of the tank to mechanically breakup and fluidize the cuttings. Therefore, no additional
mechanical agitation system is required [57].
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Conclusion

As discussed in Chapter 1, the objective of this research was to study the influence of
drilling fluids towards the pneumatic conveying and storage of wet particles to illustrate
offshore drill cutting handling. The basic findings of the study can be presented under
fluidization and pneumatic conveying of wet particles and the storage of wet particles.

. Fluidization and pneumatic conveying of wet particles

Based on the experiments, it can be concluded that the presence of drilling fluid has
a significant impact towards the fluidization and pneumatic conveying behaviour of the
considered sand mixtures. When a small amount of drilling fluid (about 1.5% by weight)
is mixed with a sand mixture, both the minimum fluidization velocity and the pressure
drop in pneumatic conveying is reduced when compared to the fluidization and pneumatic
conveying behaviour of the dry mixtures. The reduction of the minimum fluidization
velocity and the pneumatic conveying pressure drop suggest that the presence of drilling
fluid in a sand mixture acts as a lubricating agent. As a thin layer of drilling fluid is
formed on the surface of the particles, the air-particle, particle-particle and particle-wall
frictions are reduced. However, it was also observed that the gradual increment of the
drilling fluid concentration does not affect the change of either the minimum fluidization
velocity or the pneumatic conveying pressure drop until reaching a certain drilling fluid
concentration (approximately 6-10 % by weight). Beyond that concentration limit the
drilling fluid tends to get separated from the sand mixtures.

The study shows that an empirical model can be developed to predict the pressure drop
in horizontal pneumatic conveying under dilute phase for dry particles. It is also observed
that the change of the minimum fluidization velocity, change of the bulk density and the
change of the pneumatic conveying pressure drop due to the presence of drilling fluid are
closely correlated. Hence by incorporating the change of minimum fluidization velocity
factor to the pneumatic conveying pressure drop model, the pressure drop of the sand -
drilling fluid mixtures could be predicted approximately. Therefore, it can be concluded
that by conducting pneumatic conveying tests for dry mixtures and fluidization tests for
particle - drilling fluid mixtures, a model can be developed to predict the pneumatic
conveying pressure drop of the particle - drilling fluid mixtures.
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6 Conclusion

. Storage of wet particles

The study also shows that by conducting a proper bulk solid shear tests, both the impact
of the drilling fluid towards the flow properties of the sand - mixtures and the design
parameter for the storage silos can be estimated. It was observed that the presence of
drilling fluid reduced the flowability of the bulk mixtures compared to the dry conditions.
However, with increasing drilling fluid concentration flowability improves as the drilling
fluid tends to lubricate the flow. The flowability depends on the fluid concentration, type
of the fluid and the amount of time consolidation.

The Jenike shear test clearly shows that the consolidation for 7 days significantly reduces
the flowability of the bulk solid compared to the instantaneous conditions. Therefore,
when designing storage tanks the time period which the solids are to be stored in plays a
vital role. The study also shows that, presence of water reduces flowability compared to
the presence of drilling fluid. This shows the importance of not to add water to the drill
cuttings during offshore handling. The use of soap mixture display a relatively similar
behaviour as the drilling fluids which suggests that it is possible to use a soap mixture
which is a non-hazardous solution to replicate drilling fluids in lab scale shear tests.

. Recommendations

• This research study basically studies the impact of the drilling fluid concentration
towards the pneumatic conveying and storage of particles relative to its dry condi-
tions. The study can be further extended by conducting experiments with different
drilling fluid types and different solid materials. It would be interesting to conduct
pneumatic conveying tests for different drill cuttings samples. These test can be
used to develop a more comprehensive model based on the findings of this study.

• It is also recommended to utilize the experimental data obtained from fluidization
and pneumatic conveying tests in CFD simulations to predict the pressure drop and
flow behaviour.

• It would be interesting to study the impact of the type and the amount of drilling
fluids towards the interparticle forces.

• Process analytical technologies are recommended to be utilized for the online meas-
urements of the particle size and the drilling fluid concentrations.
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Appendix A

Powder conveying principles for efficient

handling of offshore drill cuttings

This paper was published at the 8th International conference for conveying and handling
of particulate solids, Israel, May 2015.
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Abstract - Drill cuttings generated by offshore drilling 

operations are handled as a hazardous waste offshore. Its impact 

towards the marine environment has been concerned by 

different environmental regulatories. In sensitive marine 

environments, the concept of zero discharge of waste is 

implemented, which has emphasized the importance of having 

an advanced drill cutting treating system. A typical offshore 

well generates around 500-1000 tonnes of drill cuttings where 

its properties such as size, shape, composition and the type of 

the associated drilling fluid etc., change continuously and 

sometimes unpredictably. Hence transporting drill cuttings 

within the rig and from the rig to ships has become a challenge 

as no proper scientific procedure has been developed to design 

transportation and storage systems. Conventionally screw 

conveyors, manual forces along with the skip and ship methods 

have been utilized in transferring drill cuttings. As these 

methods are both lacking in efficiency and are associated with 

considerable health and safety issues, it has been focused on 

replacing those operations by vacuum and blowing systems. 

Powder technology principles have been successfully applied in 

transporting and storing bulk powders such as weighting 

materials and oil-well cement in offshore rigs. Therefore, it is a 

potential to implement the same fundamentals in designing drill 

cutting transportation and storage systems. Currently vacuum 

systems are used in several offshore rigs to convey drill cuttings 

from the shakers into the bulk storage tanks. From the bulk 

storage tanks, cuttings are blown into the transporting vessels. 

Due to the sticky nature of the cuttings, conveying and 

discharging from the tanks is a challenge. Several mechanically 

assisted tanks and pneumatic tanks with multiple discharge 

points have been developed to overcome this issue. However the 



lack of understanding of the flow properties of the drill cuttings 

and their continuous changes of the properties, have caused 

these systems to face frequent operational failures. This ongoing 

research is focusing on characterizing the properties of the drill 

cuttings and relating them with their transport characteristics. It 

is necessary to control the flow behaviour of the drill cuttings 

along with the amount of associated fluids with it. Based on 

these relationships, it is proposed to develop a scientific method 

to convey the drill cuttings pneumatically.  The need for this 

method is described in detail, and the basic principle of the 

method is outlined in the current article. 

 

1.INTRODUCTION 

 

Disposal of waste, generated from drilling and completion operations in offshore rigs has 

always been a challenge. These drilling wastes mainly consist of drill cuttings, drilling muds and 

completion fluids. During the drilling and completion operations these residual materials have to 

be transferred to the storage locations on the rig and then must be transferred to the treatment 

facilities via transport vessels. Conveying of drill cuttings is a challenging task due its sticky 

nature. Drill cuttings can be neither discharge into the marine environments directly nor can be 

stored on the rigs due to the space limitation. Hence a new scientific study is required to 

optimize the offshore drill cutting handling process. 

 

1.1 Generation of the Drill Cuttings 

 

Drill cuttings are the solid particles removed from the different rock layers which are 

being drilled through. Isolated grains and clusters are generated when the drill bit makes contact 

with the rock. These drill cuttings are carried to the surface with the drilling mud (drilling fluid) 

that is being used. Drilling muds are used in drilling operations to control the pressure within the 

wellbore, to cool down the drill bit and also to remove the drill cuttings from the wellbore. 

According to Caenn [1], three types of drilling muds are used which can be classified as, Water 

Based Muds (WBM), Oil Based Muds (OBM) and sometimes Synthetic Oil Based Muds (SBM). 

The size and the shape of the drill cuttings have a strong relationship with the type of the drill 

bit, rotation speed of the drill bit, lithology of the rock layer and the type of the drilling mud 

being used.  

 Since the drill cuttings are removed from the wellbore along with the drilling muds, they 

are contaminated with the solid and the liquid components associated with the adherent drilling 

mud. According to Neff [2] the size of the drill cuttings vary in the range of clay sized particles 

(~ 2μm) to coarse gravel particles (> 30mm). A sample of drill cuttings used by Saasen et al. 

(2012) [3] to measure the particle size distribution of a top-hole shale section is shown in Fig.1. 

This sample shows a significant variance of the size of the particles. The largest particle size was 

roughly around 2cm while the rest of the cuttings were larger than 100 μm. 



 
Fig.1: A sample of cuttings used to measure the particle size distribution. (Distance between each 

line is 1 cm) (Saasen [3]) 

 The volume of the drill cuttings generated from a particular well can be estimated by 

using Eq.(1) 

 

𝑉 =
𝜋

4
𝐷2𝐿(1 − 𝜑)(1 + 𝐸)                         − (1) 

 

An example well can be assumed to be drilled with 17 ½¨ section followed by a 12 ¼¨ 

section and then finally followed by a 8 ½¨ section hole. For the example, the lengths of the 

sections are assumed to be respectively 1700m, 1200m and 900m. It is calculated that the gauge 

hole cuttings volume of the well is 388m3 while volume of the oil wet cuttings (including waste 

oil) is 873 m3. As the densities of shale, sandstone and carbonates lie the range of 2200 kg/m3 – 

2700 kg/m3, it can be roughly estimated that the considered example well has produced around 

1000 tonnes of drill cuttings. The environmental impact assessment conducted by Irvine et al. [4] 

shows that 17 different wells drilled using both WBM and non-aqueous drilling fluids (NADF), 

have produced around 600 tonnes of drill cuttings on average. Hence depending on the length of 

the well and the properties of the rocks, a typical offshore well produces around 500-1000 tonnes 

of drill cuttings. 

 

1.2 Chemical composition of the Drill Cuttings 

 

The chemical and the mineral composition of the drill cuttings are closely associated with 

the compositions of the sedimentary layers that are being drilled through. Hence the composition 

and the properties of the cuttings differ from one location to another. Gerrard et al. [5] show that 

the cuttings generated in North sea are primarily composed of sandstone and shale while NRC 

(1983), cited in Neff [2] shows that the continental shelf cuttings contain 4 types of clay, quartz 

and natural minerals. When the size of the cuttings reduce, it becomes difficult to separate them 

from the drilling muds. Hence the amount of solid and liquid components of the drilling muds 

which are associated with the drill cuttings vary with the size of the cuttings. More importantly 

Wills [6] the drill cuttings are contaminated with heavy metals as well. Barium, zinc, chromium, 

nickel, vanadium and copper  are commonly found in drill cuttings while trace amounts of 

arsenic, cadmium, mercury are silver are also found. According to Neff [2], the metal 

concentrations in the drill cuttings are similar to the concentrations in the drilling muds used in 

the drilling process.  It can be seen that barium is a major component in barite used in drilling 

muds and as a result it has a significant concentration in the drilling muds as well.  But for zinc 

the concentrations in the drilling muds are smaller than the concentrations in the cuttings. Neff 

[2] mentioned that the presence of zinc in drilling cuttings must be due to the erosion of the dope 

and not from the formation. Saasen et al. (2001) [7] illustrate the effect of low-toxic drilling 

muds such as nonaromatic base oils (NAOBM) and linear alphaolephine (LAO) based drilling 



muds which are used in Norway. Due to the less toxicity cuttings associated with synthetic based 

muds are considered less harmful to the environment. 

 

1.3 Discharge of drill cuttings into marine environments 

 

According to Wills [6] until around year 2000, drill cuttings were freely discharged into 

offshore environments. Around 1.3 million cubic meters of drill cuttings and associated drilling 

wastes which have been discharged in the period of 1960-2000, are accumulated in the UK and 

Norwegian sectors of the North Sea. It is estimated that the cutting piles on the sea bed have a 

mass around 2 – 2.5 million tonnes. Other than that high concentration of heavy metals such as 

chromium, copper, nickel etc. are causing harmful environmental impacts.  Practically it is not 

possible to completely remove the organic and inorganic traces from the drill cuttings by using 

separation and cleaning techniques. Hence different authorities have imposed various rules and 

regulations to control the discharge of drill cuttings. Some of the most influence offshore drilling 

regulations are presented by Neff [2].  

 

1.3.1 United States of America 

 

Discharge of drill cuttings in the territorial seas from the outer boundary of the state 

waters to the edge of the exclusive economic zone is regulated under the Outer Continental Shelf 

Lands Act (OCSLA). Under this act, reinjection of drill waste is approved to be carried out in 

suitable geological formations with necessary measurements to prevent any kind of leakages. It 

is recommended that discharging of drilling waste into offshore environment can be considered 

only if and only zero discharge techniques or reinjection are not feasible.  

The Federal Water Pollution Control Act (CWA) regulates the discharge of drilling 

wastes and cuttings in the State and Federal waters. OBMs and cuttings associated with it are not 

allowed to be discharged in State waters or in Federal waters. Cuttings associated with WBM 

and SBM are not allowed to be discharged if they contain refined, mineral or formation oil. 

WBM and SBM associated cuttings can be discharged into marine environments if they do not 

contain any free oil (if they do not produce an oil sheen with the bucket sheen test).  

 

1.3.2 Canada 

 

Under the Canadian regulations imposed by the National Energy Board of Canada 

(NEBC), drill cuttings associated with SBM and OBM can be discharged into sea, only if 

reinjection is not technically or economically feasible. Before discharging into sea, the cuttings 

have to be treated with the best available technology and the concentration of the synthetic 

chemical concentrations should be less than 6% on wet solids. Operators may discharge 

untreated WBM associated cuttings under the approval of the National Energy Board.  

 

1.3.3 Norway, UK and Netherlands 

 

In the countries such as Norway, United Kingdom and Netherlands, offshore discharge of 

drilling wastes is regulated under the Convention for the Protection of the marine Environment 

of the North-East Atlantic (OSPAR) convention. These guidelines are applied to the regions of 

North Sea, Norwegian Sea and Barents Sea. Discharge of OBMs and associated cuttings were 

prohibited in 1996 in the OSPAR area. In order to discharge the cuttings into the sea, the 

associated concentration of OBM and SBM should be less than 1% by weight on dry cuttings. 

 

 



2. Application of powder conveying principles in drill cuttings transportation 

 

Due to the strict regulations, practically it is not always possible to discharge drill 

cuttings into the marine environments if drilling occurs with oil based drilling fluids. Therefore 

the cuttings have to be either transferred to onshore treatment facilities or to be re-injected. 

Transport methodology of the drill cuttings within the rig plays a vital role to ensure a 

continuous and economical drilling process, regardless of the discharge method being adopted. 

 

2.1 Current Drill Cutting Transportation systems 

 

Alba et al. [8] mention four basic transport methods are used in drilling rigs. They can be 

classified as, 

1. Gravity collection methods 

2. Augers belts and screw conveyors 

3. Vacuum transportation 

4. Pneumatic bulk transportation and storage systems 

 

Both gravity assisted flow and the mechanical conveyors are simple and cheap methods 

yet become impractical in most rigs due to space limitations. Practically it is difficult to transfer 

drill cuttings vertically upwards and longer distances. Both these methods require significant 

amount of drilling fluids to lubricate the drill cuttings flow. Amount of drilling fluid associated 

with the drill cuttings is a significant economic factor in drill process. From one hand additional 

drilling fluid is required to replace the drilling muds needed for the drilling process. On the other 

hand high liquid content in the drill cuttings implies higher treatment costs. Hence the drilling 

companies prefer to have drill cuttings as dry as possible. It is impossible to add sea water to 

lubricate the drill cuttings flow, as water tends to form a sticky formation with the drill cuttings. 

Hollier et al. [9] mention that the screw conveyors cause breakdown issues, failures and injuries 

along with high maintenance costs. The design of the conveyors is not flexible and as a result of 

that while installing they might need to penetrate the deck or walls. Conventionally ship and skip 

method has been adopted in transporting drill cuttings from the offshore rigs to onshore/offshore 

treatment facilities. These operations are both time consuming and inherit significant health and 

safety risks which are a critical factor in offshore drilling operations. 

 

2.2 Pneumatic and vacuum conveying systems 

 

Several offshore drilling operators are currently considering the possibility of adopting 

new transport techniques to convey the drill cuttings within the rig and also from the rig to 

transportation vessels.  

Vacuum transfer systems use vacuum blower units. According to Alba et al. [8], the main 

limitations of this method are the short transfer distances, the effect of the properties of the drill 

cuttings and the rate of drill cuttings being generated. Pneumatic conveying systems utilize 

positive air pressure drive which enables longer transport distances. Both these transport 

mechanisms are capable of conveying both wet and dry particles. Since the wetness of the 

particles is the major challenge in conveying drill cuttings, ability to convey wet particles is an 

important feature. 

Schonacher et al. [10] claimed that they were able to implement a unique cuttings 

transport system using a pneumatic conveying system. This new method has been able transport 

oily clay like cuttings while replacing over 500 conventional crane lifts. The pneumatic bulk 

transfer system delivers cuttings in a series of blows. The time gap between the blows can be 

adjusted by using a level sensor.  



By the work carried out by Hollier et al.[9], two gravity vacuum hoppers are used to 

ensure a continuous flow as typical vacuum hoppers cannot discharge and vacuum 

simultaneously. They also claim that this patented design is capable of handling oil based 

cuttings effectively. 

According to Alba et al. [8], cutting re-injection process can be optimized by coupling it 

with a pneumatic conveying system. Their transportation system was designed in 1998 and 

claimed that it has been proven efficient on various kinds of rigs. Saasen et al. (2014) [11] 

clamed, cutting re-injection is not an environmental friendly process as a result, it is no longer a 

desired method. However the approach to convey drill cuttings pneumatically still holds a valid 

application. 

All these applications of powder conveying principles ensure that they were able to 

achieve zero discharge conditions while transferring the cuttings effectively. Even though the 

basic concepts of their designs are presented, the relationship between the design parameters and 

the drill cutting properties are not presented. Hence a proper scientific work has to be carried out 

in understanding the design principles of conveying drill cuttings. Lack of understanding of the 

wet granular behaviour in pneumatic conveying systems, causes excessive energy consumption, 

frequent plugging leading to operational halts during the drilling operations. The economic 

impact of these issues is so significant that it is vital to study the factors influencing the transport 

of drill cuttings using pneumatic conveying methods. 

 

2.3 Challenges of applying  powder technology principles in drill cutting transportation 

 

Currently powder technology principles have been applied in designing bulk conveying 

systems in offshore drilling rigs to store materials such as barite, cement and liquids. Due to the 

wetness and the continuous and random changing of the properties of the drill cuttings (size, 

shape, associated drilling fluid type etc.), it is a challenging task to design a similar system to 

convey drill cutting on the rig.  

 

2.3.1 Wetness 

 

Traditionally pneumatic conveying is considered to be capable of conveying any kind of 

dry material. When it comes to wet material, pneumatic conveying becomes challenging due to 

the possible blockages and excessive energy consumption. It is impossible to have dry drill 

cuttings on the rig. Hence this challenge has to be overcome when applying powder conveying 

principles in designing a drill cutting transfer system. 

In a series of experiments conducted by Sheer [12] to develop models to predict the flow 

regimes of wet ice with air flow have come out with significant finding with regarding 

pneumatic conveying of wet material. Slush ice having ice content of 70-75% was unable to 

move in dilute phase using acceptable air velocities. But they were able to convey dispersed 

dense phase mixtures in small agglomerating using air velocities up to 25 m/s. When the ice 

content was reduced down to 65% the nature of the ice was completely changed into a semifluid. 

Then the flow regime was changed into slow moving longer slugs or full plugs due to low wall 

resistance. This shows that the liquid content has a major impact towards the flow regime. 

According to Mills [13] wet or damped material can be conveyed pneumatically but the 

challenge is to feed them to the pipelines and to discharge from the hopper. If the material 

contains fine particles, wetness can be a challenge in pneumatically conveying systems as they 

tend to coat the pipeline and finally causing blockages. If the material is not so wet, hot air flow 

can be used to overcome the issue of wetness. Otherwise single plug blow tank systems have to 

be adopted in handling wet material. However, Hollier et al. [9] claimed that they have 

implemented a vacuum conveying system to convey the cuttings successfully.  



 

2.3.2 Scaling Up 

 

In developing a pneumatic conveying system, a reliable characterization technique is still 

unavailable for design calculation. The general approach is to conduct design calculations based 

on the data obtained by the lab scale experiments. Since the design of a pneumatic conveying 

system highly depends on the properties of the material being conveyed, these lab scale 

experimental data possess valuable information. Basically two approaches are used in scaling up 

the design, namely, 

1. The global approach 

2. The piecewise approach 

In the global approach the whole conveying system is taken a single unit. The discrete 

position of the components of the system is not considered. Equivalent length method is adopted 

in designing such components. This approach is good for designing a particular conveying 

system but it lacks the flexibility in altering the design. On the contrary the piecewise approach 

considers the discrete position of the different components such as bends and vertical sections of 

the conveying system. Ratnayake et al [14] shows how the piecewise scaling approaches can be 

applied in designing bulk transfer systems to convey barite, bentonite and cement within drilling 

rigs. As drill cuttings can be considered as a challenging material to be handled with, piecewise 

approach can be considered as the most suitable one. 

 

2.3.3 Storage 

  

As the drill cuttings are wet and sticky, conventional single outlet silos may face the 

problem of blockage and rat holing. Currently, it is investigating the possibility of having 

mechanically assisted tanks by installing internal agitators, screw type augers or sliding tank 

bases. On the other hand by installing such units make the storage tanks more complex and 

increase the capital cost. Morris et al [15] claimed that Halliburton has come out with a new 

concept of designing a storage tank for cuttings having multiple outlets, calling it as the Honey 

comb base tank. This method has been used for storing fly ash and sewage sludge. As the 

compressed air is injected from the bottom and top of the tank, no additional mechanical 

agitation is required. They claim that this tank is capable of discharging cuttings to a horizontal 

distance of 102m with a rate of 48 tonnes per hour (tank pressure is 4bar). It can also transfer 

cuttings to a height of 55m at a rate of 30 tonnes per hour (tank pressure is 5 bar). 

 

2.4 Development of a drill cutting transfer system 

 

The objective of the proposed research work is to develop a scientific method to design 

an efficient drill cutting transfer system. As the properties of the drill cuttings vary significantly 

based on the location and the type of the drilling mud used, getting a representative sample is the 

major challenge. It will be a challenge to develop relationships and models based on the limited 

number of samples used in the experiments. In order to overcome this issue both theory of 

sampling and multivariate data analysis techniques are expected to be applied.  

As the properties and the flowrate of the drill cuttings are varying while drilling a 

particular well, it is essential to have an online measurement system to detect the changes in the 

process parameters. Hence the scientific design procedure is expected to integrate process 

analytical tools (PAT) with the research work. 

 

 

 



4.Conclusion 

 

Transportation of drill cuttings within and from the offshore drill rigs is a very vital 

process. Even though several pneumatic conveying systems have been applied in conveying drill 

cuttings, no proper study has been conducted in designing an efficient drill cutting handling 

system. The properties of the drill cuttings significantly vary from one location to another, 

depending on the rock formation, drill bit type and on the type of the drilling mud used. As drill 

cuttings are contaminated with oil and drilling muds they possess a wet and a sticky nature. 

Hence designing a conveying and storage system based on the conventional powder principles is 

challenging. Therefore it is proposed to conduct a proper scientific research work to understand 

the behaviour of wet drill cuttings in pneumatically transferring systems and to develop a 

scientific procedure for designing an efficient drill cutting transfer system. 

 

5.Nomenclature 

5.1 Symbols 

 

D : Diameter of the well [m] 

E : Expansion factor [-] (normally ~ 0.25) 

L : Length of the well [m] 

V : Volume [m3] 

𝜑 : Porosity [-] 
 

5.2Abbreviations 

 

NADF : Non-Aqueous Drilling Fluids 

OBM : Oil Based Muds 

PAH : Polycyclic Aromatic Hydrocarbon 

SBM : Synthetic Oil Based Muds 

WBM : Water Based Muds 
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4. Abstract 
Investigation of the possibility of using pneumatic conveying technique for the transportation of 

dry drill cuttings is the main objective of this study. Both pilot-scale experimental and simulation 

approaches were carried out for sand which is used as a model material which mimics the 

properties of dry drill cuttings. The simulations based on multiphase particle-in-cell method 

(MP-PIC) which is an Eulerian-Lagrangian model is used to predict the pressure drop and the 



predictions are in good agreement with experimental results. Both approaches confirm the 

possibility of using pneumatic conveying technique for the transportation of dry drill cuttings 

under tested conditions. The study provides a foundation for further analysis of pneumatic 

conveying of wet drill cuttings. 

5. Text 

5.1 Introduction 

Oil and gas drilling operation produces large amount of solid rock cuttings when drilling through 

different rock layers. These solid rock cuttings are brought into the surface by means of drilling 

fluid used for the drilling process. These solid cuttings which are contaminated with drilling fluid 

are called drill cuttings. The drill cutting properties such as particle size, particle shape, particle 

density, moisture content and oil content are dependent on the type of the drill bit used for 

drilling, speed of the drill bit, lithology of the rock layer and type of the drilling fluid used. Once 

these are brought to the surface, different solid control techniques (shale shakers, screens, etc.) 

are used to separate the solids from the drilling fluid, and the clean drilling fluid is pumped into 

the borehole again [1, 2]. 

Possible impacts of offshore drill cuttings (which are separated out through the solid separation 

techniques but still contaminated with drilling fluid) on marine life have been identified by 

environmental authorities, and it is categorized as a hazardous waste offshore [3, 4]. Therefore, 

the drill cuttings are conveyed into intermediate storage silos instead of being dumped into the 

sea. Eventually, these are transported to the onshore treatment facilities by the ships. However, 

the conveying of drill cuttings is a vital process and the current practices are facing frequent 

operational failures. Therefore, carrying out a proper scientific research on this topic is becoming 

important nowadays [5]. 

Since wetness, oiliness, wide particle size distribution and large particle sizes of drill cuttings are 

really challenging factors for pneumatic conveying; at first, a preliminary study is carried out for 

dry model materials representing particle size ranges of real drill cuttings. Both pilot-scale 

experiments and CFD simulation approaches are used for the investigation. Basically, the 

pressure drop results of a particular horizontal section of the rig are analyzed for a certain range 

of operating conditions i.e. the solid loading ratio between 2 to 4 and the superficial air velocity 



at the inlet between 13 ms-1 to 22 ms-1. More details about the experiments and the simulations 

are presented in the Sect. 5.2. 

A detailed literature review on pneumatic conveying is presented by Malagalage [6]. It is 

important to conduct set of experiments which covers the whole range of desired solid mass flow 

rates and the potential air flow rates. The experimental pressure drop per unit length is plotted 

against superficial air velocity for a particular solid flow rate. Combination of such plots at 

different solid flow rates form a state diagram for the considered material in the considered 

experimental rig [7]. A typical state diagram for horizontal pneumatic conveying is shown in 

Fig.1  

 

Figure 1 General state diagram for horizontal pneumatic conveying [8] 

5.2 Experimental setup 

A model material was selected for the experiments as the model drill cuttings, in order to 

overcome the problem of obtaining adequate amounts of representative samples of dry drill 

cuttings. A drill cutting sample was analyzed to specify the desired physical properties of the 

model material. The density of the sample was 2598.25 kgm-3. The particle size was in the range 

of 0.18 mm – 8 mm and is shown in Fig.2.  Sand was selected as the model material as it has 

equivalent density and particle size range of drill cuttings. The particle density of the sand 

samples was 2718.5 kgm-3. Three size distributions were selected in the considered size range 

and their particle size distributions are shown in Fig.2. The parameters of the particle size 

distributions of the three sand samples and the drill cuttings are given in Tab.1. Particles larger 



than sample D were not considered as it was not possible to use them in experiments as the 

rotary feeder would get blocked. 

 

Figure 2 Cumulative particle size distribution (weight % less than) of the sand particles used for the pneumatic conveying 
experiments and simulations. 

Table 1: Particle size distribution of the drill cuttings and model material 

 Particle size 

Material D90 (mm) D50 (mm) D10 (mm) 

Drill cuttings 4.55 2.55 0.6 

B (sand) 0.44 0.29 0.17 

C (sand) 0.91 0.69 0.52 

D (sand) 1.97 1.57 1.14 

 

The experiments were carried out at the pneumatic conveying pilot rig at Tel-Tek, Norway and a 

schematic diagram of the rig is shown in Fig. 3.  The testing material was stored in the storage 

tank and it was fed into the mixing chamber via a rotary feeder. In the mixing chamber, the 

particles were mixed with compressed air and the resulting gas-solid mixture was transported 

through the conveying line. The total length of the conveying line is around 40 m. During the 



conveying, the local pressures at several points were measured by pressure transmitters as shown 

in Fig. 3. After the conveying is completed, solid particles were collected in the receiving tank. 

Material collected in the receiving tank can be loaded back into the storage tank to convey the 

material repeatedly in batch wise. It is assumed that the experiments were conducted under 

isothermal conditions at 290 K. 

 

Figure 3 Schematic diagram of the pilot scale pneumatic rig used for the experiments 

The experimental data from the horizontal section of PT-8 – PT-9 were selected since that 

section provided reproducible results under same conditions. The inside diameter of the pipe is 

81.2 mm and the considered section had a length of 11.5 m. The experiments were conducted 

with air flow in the range of 13-22 ms-1 and with solid loading ratio in the range of 2-4. Solid 

loading ratio less than 2 was not possible to achieve as the rotary feeder tends to get stuck at low 

rotating speeds. Solid loading ration higher than 4 was not possible to achieve as the material 

discharge rate from the storage tank was not adequate.  

5.3 Modelling and simulations 

 

The experimental cases were simulated using computational particle fluid dynamics (CPFD) 

numerical scheme incorporated with the multiphase-particle-in-cell (MP-PIC) method. The 

model equations can be found elsewhere [9]. 



The CPFD numerical methodology incorporated in the commercially available Barracuda® 

17.0.3 code was used as the platform for the modelling and simulations. The horizontal pipe 

section of PT-8 – PT-9 (Fig.1) was selected for the simulations as mentioned above. The particle 

properties and pipe dimensions were as described in the Sect. 5.2 .The air viscosity was 

1.84469×10-5 kgm-1s-1. 

The mass flow rates of the air and the particles at the inlet of the selected pipe section for 

different cases are specified in Tab. 2. Slip ratio between gas and particle velocities at the inlet 

was assumed as 1. The solid loading ratios for the all simulation cases were in the range of 

3.00±0.07. At the outlet, a pressure boundary condition was adopted with experimental pressure 

measurements. A partial slip of the particles was assumed at wall boundary. A normal-to-wall 

momentum retention = 0.95, a tangent-to-wall momentum retention = 0.87 and a particle-particle 

restitution coefficient = 0.98 were used for the current simulations. Each simulation was run over 

6 s (in flow time) to make sure the quasi-steady state. 

Table 2: Details of the simulation cases 

 

Description Case 1 Case 2 Case 3 Case 4 Case 5 

)1-Superficial air velocity at the inlet (ms 12.88 15.20 17.51 19.62 21.64 

Solid loading ratio (kg solids/kg air) 3.07 2.98 2.95 2.97 2.98 

)1-Air mass flow rate (kgs 0.084 0.100 0.118 0.134 0.150 

)1-Solids mass flow rate (kgs 0.258 0.299 0.347 0.398 0.448 

Solid volume fraction at the inlet (%) 0.143 0.141 0.142 0.145 0.148 

Reynolds number of the flow 73972 88358 103359 117732 132198 

 

5.4 Results and discussion 

Results are discussed under two sub-sections below; “Experiments” and “Modelling and 

simulations”.   

5.4.1 Experiments 

The state diagram of the sample C that shows the pressure drop per meter in the section of PT-8 

– PT-9 obtained from the experimental data is presented in Fig. 4. These data have been obtained 



by averaging 3 replicate experimental data (each experiment has been time averaged). The 

standard deviation of the measured values are also plotted in the Fig. 4. Second order polynomial 

curve fitting has been used for each data series. It was not possible to obtain enough steady 

replicates for the points at (solid loading = 4, air velocity ~ 13 ms-1) and (solid loading = 2, air 

velocity ~ 17ms-1), hence the standard deviation values are not plotted for those two points. The 

pneumatic conveying state diagram of the considered model drill cutting follows the standard 

state diagram which is explained by Malagalage [6]. As the gas-solid mixture has a similar 

behavior as the air only curve at velocities higher than ~17 ms-1 , it can be assumed that the 

particles are conveyed in dilute phase. At air velocities less than ~17 ms-1 it can be seen that 

there is a tendency to increase the pressure drop per meter with reducing air velocities. This has 

to be verified by conducting more experimental tests. Since it was possible to get relatively better 

reproducible data for the considered air velocity range, data with the solid loading ratio of 3 are 

selected for the modelling and simulation purposes. 

 

Figure 4 Experimental pressure drop per meter values in the section between pressure sensor 8 and 9 (PT8 – PT9) at different 
solid loading ratios 

State diagrams can also be plotted for particular solid flow rates. Similar state diagrams were 

achieved for both sample B and D and they are presented by Malagalage [6]. For the comparison 

of the results, state diagram for sample C at different solid flow rates are plotted in Fig.5. 



 

Figure 5 Experimental pressure drop per meter values in the section between pressure sensor 8 and 9 (PT8 – PT9) at different 
solid flow rates 

According to Fig. 5 the superficial air velocities corresponding to the minimum pressure drop at 

different solid flow rates can be calculated. This calculation is conducted based on second order 

polynomial curve fitting for the experimental data.  The results are tabulated in Tab.3 along with 

the results presented by Malagalage [6]. 

Table 3: Minimum pressure drop and corresponding air velocities for the sand samples 

Solid flow rate (kgs-1) 0.25 0.3 0.35 

Sample B C B C D B C D 

Minimum Pressure drop 

(Pam-1) 

96.87 99.72 114.80 127.13 131.58 137.80 133.01 149.90 

Corresponding air 

velocity (ms-1) 

16.84 14.68 17.96 16.24 15.92 18.57 16.88 16.69 

 



It is interesting to see that all three samples reach their minimum pressure drops in the same 

range of superficial air velocities and the corresponding minimum pressure drops lie in the same 

range as well.  For further analysis of this behavior pressure drops the solid flow rates of 2.5 kgs-

1, 3 kgs-1 and 3.5 kgs-1 are plotted in Fig. 6a, Fig. 6b and Fig. 6c respectively. 

 

Figure 6a Comparison of pressured drops of sample B,C and D at solid flow rate of 2.5 kgs-1 

 

Figure 6b Comparison of pressured drops of sample B,C and D at solid flow rate of 3 kgs-1 



 

Figure 6c Comparison of pressured drops of sample B,C and D at solid flow rate of 3.5 kgs-1 

According to the Fig. 6 at low air velocities smaller particles (Sample B) have the highest 

pressure drop and at higher air velocities larger particles (Sample D) have the highest pressure 

drop. In between these two extreme cases all three samples reach their minimum pressure drop 

within a similar range of superficial air velocity. In that region the pressure drop of the three 

samples reach a relatively equal value regardless of the different particle sizes. Based on these 

results it can be concluded that when operating at the minimum pressure drop region, the impact 

of the particle size distribution would be minimum. This is an important phenomenon for drill 

cuttings conveying as the particle size distribution of the drill cuttings can fluctuate in the 

drilling operation.  

5.4.2 Modelling and simulations 

Fig. 7 shows the comparison of simulated pressure drop results with experimental data. The 

simulated pressure drop results are taken by time-averaging pseudo steady state data at fully 

developed region. For a particular solid loading ratio, the pressure drop increases with increase 

of superficial air velocity. This is reasonable for a dilute phase gas-solid flow in a horizontal 

pipe. It is because the gas phase shear is increased similar to a single-phase flow in very dilute 

systems. 

Moreover, the predicted pressure drops are in good agreement with experimental data for the 

tested operating conditions. The deviation between the experiments and simulations ranges from 



0% to 8%. However, it should be noted that the pressure drop results are predicted for a certain 

particle-wall boundary condition, and one would expect different results when the particle-wall 

collision parameters are changed. 

 

Figure 7 Comparison of simulated pressure drop per meter values with experimental data where the solid loading ratio = 3 

Fig. 8 shows the solid distribution pattern after stabilizing the flow (at 6s). The flow is dilute as 

expected. The solid particles flow downwards after entering to the pipe due to the gravity effect. 

Once these particles hit the rough wall these bounce back to the core region of the pipe. 

Therefore, the maximum solid concentration can be found nearby central region towards bottom 

side. 

 

Figure 8 Predicted solids volume fraction of the pipe at time = 6s for the simulation case 5 



5.5 Conclusion 

As a preliminary step for investigating the possibility of using pneumatic conveying technique 

for the transportation of drill cuttings, experiments and simulations were carried out for 

conveying of a model material which mimics the dry drill cutting properties. The tested solid 

loading ratios were in the range of 2-4 and the superficial air velocity range was 13-22 ms-1, 

hence the flow was dilute. Basically, the pressure drop results for a particular horizontal section 

of the rig are presented and analyzed. 

Both experiments and simulations give physically reasonable pressure drop results. The 

experimental pressure drop increases when the superficial air velocity is increased from 13 ms-1 

to 22 ms-1. Moreover, the simulated pressure drop results are in good agreement with 

experimental results and the deviations are in the range of 0-8% for the tested conditions and for 

the selected particle-wall boundary conditions in the model. Simulation results also show axial 

and radial solid distribution patterns which are reasonable for a dilute phase conveying. 

According to the experiments and simulations, it can be concluded that the dilute phase 

pneumatic conveying is viable and successfully used for the transportation of dry drill cuttings. 

By comparing the results presented by Malagalage [6] it can be seen that sand with three 

different particles size distributions would reach the minimum pressure drop when conveying 

pneumatically in the region of superficial air velocity of 15-18 ms-1. The corresponding pressure 

drop for the three samples are significantly similar in this range and it can be concluded that for 

the same material, the impact of the particle size towards the minimum pressure drop and the 

corresponding air velocity would be minimum when the solid flow rate is in the region of 2.5-3.5 

kgs-1.  These are some preliminary results of a scientific investigation, which is aimed enhance 

the knowledge on drill cuttings handling in offshore applications. Advance experiments and 

simulation methods are planned to investigate the influence of oil content, water content, particle 

size distribution and other influential properties of dill cuttings in to their transport properties and 

how computer simulation techniques could be used to predict the flow modes involved. 
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Appendix C

Particle size distributions of the sand

samples

Figure C.1: Particle size distribution of mixture B

Figure C.2: Particle size distribution of mixture C
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Appendix C PSD of sand samples

Figure C.3: Particle size distribution of mixture D

Figure C.4: Particle size distribution of mixture E

Figure C.5: Particle size distribution of mixture BC
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Figure C.6: Particle size distribution of mixture CD

Figure C.7: Particle size distribution of mixture BCD

Figure C.8: Particle size distribution of mixture BCDE
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Appendix C PSD of sand samples

Figure C.9: Particle size distribution of mixture BCDEF

Figure C.10: Particle size distribution of mixture CDEF

Figure C.11: Particle size distribution of mixture DEF
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Figure C.12: Particle size distribution of mixture EF

Figure C.13: Particle size distribution of the treated drill cuttings sample
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Appendix D

Fluidization curves for dry sand samples
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Appendix E

Fluidization curves for oily sand samples

Figure E.1: Fluidization curves for the C- base oil mixtures
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Appendix E Fluidization curves for oily samples

Figure E.2: Fluidization curves for the C-premix mixtures

Figure E.3: Fluidization curves for the D- base oil mixtures
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Figure E.4: Fluidization curves for the D-premix mixtures

Figure E.5: Fluidization curves for the CD- base oil mixtures
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Appendix E Fluidization curves for oily samples

Figure E.6: Fluidization curves for the CD- premix mixtures

Figure E.7: Fluidization curves for the BC- base oil mixtures

148



Figure E.8: Fluidization curves for the BC- premix mixtures

Figure E.9: Fluidization curves for the BCD- base oil mixtures
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Appendix E Fluidization curves for oily samples

Figure E.10: Fluidization curves for the BCD- base oil mixtures

Figure E.11: Fluidization curves for the BCDE- base oil mixtures
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Figure E.12: Fluidization curves for theBCDE- premix mixtures

Figure E.13: Fluidization curves for the drill cuttings- base oil mixtures
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Appendix E Fluidization curves for oily samples

Figure E.14: Fluidization curves for the drill cuttings - premix mixtures

152



Appendix F

Fluidization curves at different drilling fluid

concentrations

Figure F.1: Fluidization curves for mixtures with 1.5% of premix
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Appendix F Fluidization curves at different oil concentrations

Figure F.2: Fluidization curves for mixtures with 1.5% of base oil

Figure F.3: Fluidization curves for mixtures with 6.3% of premix
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Figure F.4: Fluidization curves for mixtures with 6.3% of base oil

Figure F.5: Fluidization curves for mixtures with 10% of premix
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Appendix F Fluidization curves at different oil concentrations

Figure F.6: Fluidization curves for mixtures with 10% of base oil
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Appendix G

Pneumatic conveying state diagrams

Figure G.1: Pneumatic conveying state diagram for mixture B (dry)
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Appendix G Pneumatic conveying state diagrams

Figure G.2: Pneumatic conveying state diagram for mixture BC (dry)

Figure G.3: Pneumatic conveying state diagram for mixture C (dry)
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Figure G.4: Pneumatic conveying state diagram for mixture CD (dry)

Figure G.5: Pneumatic conveying state diagram for mixture D (dry)
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Appendix G Pneumatic conveying state diagrams

Figure G.6: Pneumatic conveying state diagram for mixture BCD (dry)

Figure G.7: Pneumatic conveying state diagram for mixture BCDE (dry)
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Figure G.8: Pneumatic conveying state diagram for mixture BC- Premix 1.5%

Figure G.9: Pneumatic conveying state diagram for mixture CD- Premix 1.5%
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Appendix G Pneumatic conveying state diagrams

Figure G.10: Pneumatic conveying state diagram for mixture BCD- Premix 1.5%

Figure G.11: Pneumatic conveying state diagram for mixture BCDE- Premix 1.5%
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Figure G.12: Pneumatic conveying state diagram for mixture CD- Premix 6.3%

Figure G.13: Pneumatic conveying state diagram for mixture BCD- Premix 6.3%
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Appendix G Pneumatic conveying state diagrams

Figure G.14: Pneumatic conveying state diagram for mixture BCDE- Premix 6.3%

Figure G.15: Pneumatic conveying state diagram for mixture CD- Premix 10%
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Appendix H

Comparison of pressure drop change and

MFV drop

Figure H.1: Pressure drop vs. drilling fluid concentration for the mixture BC at air flow of 250 Nm3hr−1
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Appendix H Comparison of pressure drop change and MFV drop

Figure H.2: Pressure drop vs. drilling fluid concentration for the mixture BC at air flow of 300 Nm3hr−1

Figure H.3: Pressure drop vs. drilling fluid concentration for the mixture BC at air flow of 350 Nm3hr−1
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Figure H.4: Pressure drop vs. drilling fluid concentration for the mixture BC at air flow of 400 Nm3hr−1

Figure H.5: Pressure drop vs. drilling fluid concentration for the mixture BCD at air flow of 250 Nm3hr−1
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Appendix H Comparison of pressure drop change and MFV drop

Figure H.6: Pressure drop vs. drilling fluid concentration for the mixture BCD at air flow of 300 Nm3hr−1

Figure H.7: Pressure drop vs. drilling fluid concentration for the mixture BCD at air flow of 350 Nm3hr−1
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Figure H.8: Pressure drop vs. drilling fluid concentration for the mixture BCD at air flow of 400 Nm3hr−1

Figure H.9: Pressure drop vs. drilling fluid concentration for the mixture BCDE at air flow of 250
Nm3hr−1
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Appendix H Comparison of pressure drop change and MFV drop

Figure H.10: Pressure drop vs. drilling fluid concentration for the mixture BCDE at air flow of 300
Nm3hr−1

Figure H.11: Pressure drop vs. drilling fluid concentration for the mixture BCDE at air flow of 350
Nm3hr−1

170



Figure H.12: Pressure drop vs. drilling fluid concentration for the mixture BCDE at air flow of 400
Nm3hr−1

Figure H.13: Pressure drop vs. drilling fluid concentration for the mixture CD at air flow of 250 Nm3hr−1
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Appendix H Comparison of pressure drop change and MFV drop

Figure H.14: Pressure drop vs. drilling fluid concentration for the mixture CD at air flow of 300 Nm3hr−1

Figure H.15: Pressure drop vs. drilling fluid concentration for the mixture CD at air flow of 350 Nm3hr−1
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