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Abstract 
The pressure on the oil and gas market has challenged drilling companies to develop new techniques to 
reduce their production costs. When a new well is drilled, a substantial expense is formed by the drilling 
fluid treatment process. During this process cuttings are removed from the drilling fluid to enable recycling 
of the drilling fluid. To innovate the treatment process and save on the costs, a feasibility study is carried 
out for a new cuttings removal method. The studied method involves the separation of cuttings from the 

drilling fluid by gravitational settling and by pressure filtration inside a pressurized tank. 
 
To understand the effects and effectiveness of cuttings removal by gravitational settling in settling tanks, 
calculations are performed with Camp’s ideal horizontal settling tank model. The results showed a first 
approximation of the achievable separation efficiency and the effects of various fluid parameters. The 
predicted separation efficiency was promising however did not satisfy the drilling fluid treatment 

requirements. As shown by the calculations, enhancements were possible if the drilling fluid viscosity could 
be reduced throughout the gravitational settling process. 
 
Based on a literature review, vibrations were chosen as a method to reduce the drilling fluid viscosity. 
Experiments with vertical and horizontal vibrations are performed to study the obtainable viscosity 
reductions. The results were promising showing viscosity reductions of up to 80%, which could improve the 
separation efficiency of gravitational settling significantly. Additionally, pressure filtration experiments were 
carried out to obtain an indication of the applicability and separation efficiency of this separation method. 
The pressure filtration method was aimed to separate the fine particles from the drilling fluid, however the 
experiment results showed that this method was not feasible. The drilling fluid was clogging the filter 
medium instantaneously preventing filtration. 
 
Finally, the information obtained from the calculations and experiments is combined in 2D and 3D 
simulations to evaluate the feasibility of the new treatment method. Using the finite element method 
software COMSOL, multiple 2D simulations are carried out to select an effective settling tank design. The 
selected tank design is than further evaluated using 3D simulations. The tank efficiency is evaluated for 
multiple parameters including different inflow rates and cutting sizes. The removal ratio’s obtained from the 
simulations provide an indication of the achievable separation efficiency by gravitational settling and the 
effectiveness of the vibrations. While promising, the results showed that complete separation of the fine 
cuttings (< 1mm) is not possible by only applying gravitational settling in the considered cases. Since 
pressure filtration was found not feasible to separate the fine cuttings, another complementary separation 

technique is necessary to meet the drilling fluid treatment separation requirements. 
 
The application of the pressurized gravitational settling tank stays challenging. Further research is 
necessary to validate the simulation results and verify the applicability of vibrations inside a pressurized 
tank. Further development and optimization of the settling tank design is also recommended to increase the 
separation efficiency, while reducing the overall tank complexity. 
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Nomenclature 
 

Latin symbols Description Unit 

B Width [m] 

   Drag coefficient [-] 

     Solids concentration [-] 

         Maximum solids concentration [-] 

           Total solids concentration [-] 

   Particle parameter [-] 

   Particle diameter [m] 

   Buoyancy force [kg·m/s2] 

   Frictional drag force [kg·m/s2] 

   Gravitational force [kg·m/s2] 

   Froude number [-] 

     Support force [kg·m/s2] 

g Gravitational constant [m/s2] 

H Height [m] 

      Cake thickness [m[ 

  Flow consistency [Pa s] 

k Filter permeability [m2] 

L Length [m] 

n Flow behaviour index [-] 

    Richardson & Zaki index [-] 

      Richardson & Zaki index of fraction i [-] 

     Porosity [-] 

p Pressure [Pa] 

   Pressure difference [Pa] 

Q Flow rate [m3/s] 

q Specific flow rate [m/s] 

R Hydraulic radius [m] 

r Cylindrical coordinate [-] 

   Reynolds Number [-] 

    Particle Reynolds number [-] 

s Relative density [-] 

T Temperature [°C] 

t Time [s] 

v,   ,      ,    Velocity [m/s]  

   Dimensionless parameter [-] 

   Settling velocity [m/s] 

    critical scour velocity [m/s] 

      Slip velocity [m/s] 

        Slip velocity of fraction   [m/s] 

     Terminal settling velocity [m/s] 

z Cylindrical coordinate [-] 

 

Greek symbols Description Unit 

    Dimensionless parameter [-] 

   Specific filter resistance [1/m2] 

  Mechanical friction factor [-] 

   Shear rate [1/s] 

      Minimum shear rate [1/s] 

θ Cylindrical coordinate [-] 
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      Fann dial deflection [lb/100 ft2] 

κ Geometrical factor [-] 

  Hydraulic viscous friction factor [-] 

  Dynamic viscosity [Pa s] 

     Apparent viscosity [Pa s] 

     Effective viscosity [Pa s] 

    Plastic viscosity [Pa s] 

     Kinematic viscosity [m2/s] 

   Fluid density [kg/m3] 

   Particle density [kg/m3] 

  Shear stress [Pa] 

  
  Bingham yield point [Pa] 

  
   Herschel-Bulkley yield point [Pa] 

     Effective yield stress [Pa] 

   Hydraulic shear [Pa] 

   Mechanical shear [Pa] 

ψ Shape factor [-] 

Ω Angular velocity [rad/s] 

      Fann rotor speed [r/min] 
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 Introduction 1.
In this introductory chapter, information is provided about the project background and the problem definition. 
The project objective and the related secondary objectives are composed in the second part based on the 
problem definition. The last section includes a reading guide, briefly summarizing the thesis outline. 

1.1. Background 

The drilling companies in today’s oil and gas drilling industry are challenged to reduce their production 
costs to breakeven in the low-price oil market. As seen in other industries, automatization of the expensive 
labour intensive processes is a promising approach to achieve this goal. 
 
This thesis focuses on the drilling fluid treatment process, which plays a critical role in drilling process. The 

drilling fluid treatment process is a labour intensive activity, involving the management of multiple 
separation equipment. This results in a significant cost contribution to the total well costs of up to 10% [36]. 

Future development and automatization of the drilling fluid treatment process promises thus an interesting 
opportunity to save on total well costs. To achieve this development, future understanding of the drilling 
fluid functions, behaviour, composition and the various mud treatment processes is required. 
 
 
 

 
 

Figure 1: Example of a drilling rig setup with a mud treatment system [28] 

 
 
Drilling fluids are used all over the world to aid drilling operations into the earth. They come in various types 
and are used in all kinds of drilling operations ranging from tunnelling with tunnel boring machines to the 
drilling of oil and gas wells from large offshore drilling platforms. The drilling fluid fulfils important tasks like 
cooling the drill bits, providing support pressure in the borehole and transporting the drilled solids from 
downhole to the surface, where it is guided to the mud treatment system by the flowline. 
 
The removal of the large cuttings takes place at the beginning of the mud treatment cycle where the two 
phase flow is distributed over multiple filtration screens, or so called shale shakers. The liquid is allowed to 
drain through the filter medium while the cuttings retain on the filter screens. In order to remove silt and 
finer particles, the drilling fluid is further treated by hydrocyclone units; desander, desilters and centrifuges.  
 
In order to enhance the separation performance of cuttings from the drilling fluid, a thorough understanding 
of the non-Newtonian drilling fluid and particle interaction is required. Only then future development, with 
respect to space requirements, efficiency, automation and control is possible. 
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1.2. Problem description 

In the present drilling industry, drilling mud treatment systems consist of many separate components, 
which make them complicated, labour intensive, largely energy consuming and costly to automate. Research 
is being carried out by Huisman Well Technology (HWT) to come up with effective measures to improve the 
cutting separation process and reduce unwanted effects of the traditional system such as cuttings 
degradation and loss of additives.  
 
The targeted concept is an enclosed pressurized separation tank that uses gravitational settlement as a 
separation technique to remove larger cuttings from the drilling fluid. The smaller particles that will not 
settle will be removed from the drilling fluid by regulated and precise filtration. With the development of the 
enclosed separation tank, it is aimed to simply the overall system by eliminating components of the 
traditional treatment system and thereby making automation viable. 

1.3. Project objective 

The main objective of this thesis is to perform a feasibility study for the pressurized separation tank and the 
proposed separation techniques. In order to achieve this goal a literature review and experiments have been 
performed. The results of these studies are combined into a model to simulate the settling efficiency within 
the proposed separation tank. 
 
In order to structure the research strategy, a clear main objective and five secondary objectives have been 
defined. The main research goal for the thesis is: 
 

Perform a feasibility study for a pressurized solids separation tank, which uses 
gravitational settling and precise filtration as separation techniques to separate 

suspended solids down to 20 microns. 
 
The secondary objectives are as follows: 
 

1. Perform a literature review on relevant processes that play a role in particle settling and filtration. 

2. Create a model and include relevant effects to study the parameter influence on particle settling. 

3. Perform experiments to get an indication of the applicability and to gain realistic input parameters: 

a. Influence of vibrations on the drilling fluid viscosity 

b. Pressure filtration performance 

4. Perform simulations to evaluate the separation efficiency of the separation tank. 

5. Evaluate the feasibility and effectiveness of the separation tank. 

1.4. Thesis outline 

This reading guide gives an overview of the main part of the thesis report starting from Chapter 2. 
 

 Chapter 2 presents the theoretical background that is relevant for the project. It provides 

background information and discusses various processes and parameter effects relevant for the 
gravitational settling of particles in tanks and particle separation by filtration. 

 The considered effects influencing the gravitational settling of particles are evaluated in Chapter 3, 

by assessing them using Camp’s ideal settling tank model. 

 Chapter 4 focusses on the vibration and filtration experiments. In order to improve the settling rate 

of particles, the influences of vibrations on the drilling fluid viscosity are verified. Secondly, the 
achievability to separate fine particles from the drilling fluid is tested using pressure filtration. 

 The information obtained from previous chapters in combined into a COMSOL model, which is 
discussed in Chapter 5. In order to obtain an efficient separation tank, 2D and 3D simulations are 
evaluated. 

 Chapter 6 concludes the thesis by briefly summarizing the main conclusions of the performed work 

and evaluates the feasibility of the solids separation tank. The recommendations for future research 
and development are also included in this chapter.  
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 Theoretical background 2.
This section of the report will include the theoretical background of drilling fluids and mud treatment systems. 
It will cover the most important results from the literature study. 

2.1. The drilling process 

One of the most commonly used and effective methods for drilling into the earth’s formations is the rotary 
drilling method. This method is based on a rotating drill bit which is driven by rotating the entire drill pipe 
at the surface. By applying a downward force on the rotating bit, the system is able to penetrate even the 
hardest rock. During operation the bit crushes or shears the rock and cuttings are generated at the contact 
point between the drilling bit and the formation. These cuttings are subsequently transported to the surface 
by circulating drilling fluid down the drill pipe, through the drilling bit and up the annular space between 

the drill pipe and borehole wall. At the surface the suspended cuttings are removed from the drilling fluid 
and circulation continues by pumping the fresh drilling fluid back downhole. 

 

 

Figure 2: Rotary drilling system and flow directions in the 
annulus [7]. 

 

Figure 3: Blow Out Preventer (BOP), Rotating Control Device 
(RCD) and MPD Choke Manifold [38]. 

 

During the drilling process operating pressures are limited to a drilling margin, which is defined as the 
difference between the maximum pore pressure and the minimum effective fracture pressure of the 
formation. Staying within this margin prevents influx of formation fluids to the well and unwanted rock 
fracturing. In overbalanced drilling (OBD), the drilling fluid weight is continuously managed (by weighting 
agents) to maintain a borehole pressure which exceeds the maximum pore pressure in the formation. 
However, when the drilling margin becomes narrower, the OBD method becomes more challenging. In this 
case Managed Pressure Drilling is a more favourable option.  
 
Managed Pressure Drilling (MPD) is defined as: an adaptive drilling process used to precisely control the 
annular pressure profile throughout the wellbore. The objectives are to ascertain the downhole pressure 
limits and to manage the annular hydraulic pressure profile accordingly. The pressure in the annulus is 
controlled by sealing it off near the surface with a Rotating Control Device (RCD) or Pressure Control Device 
(PCD) as shown in Figure 3. By adjusting the MPD choke the outflow of mud is restricted and pressure is 
able to build up in the wellbore. While MPD is much safer and more advantageous compared to OBD in most 
cases, it comes with different drawbacks. One of the drawbacks arises at the MPD choke manifold, as the 
mud containing suspended solids flows through multiple narrow valves and nozzles in the MPD Choke 
Manifold. Due to high velocities and narrow gaps, the solids in the drilling fluid are crushed into smaller 
particles. Since finer particles tend to stay in suspension longer and are harder to separate, crushing the 
large solids reduces the efficiency of the mud treatment system.  
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2.2. The drilling fluids 

In geotechnical engineering and similar branches, drilling fluids are used to aid the drilling process. The 
drilling fluid has many important functions including: transport of cuttings to the surface, cooling of the drill 
bit and multiple borehole stabilization functions. The traditional drilling fluids can be categorized into two 
main categories: Water Based muds (WBM) and Oil Based Muds (OBM). In this thesis the focus will be on 
water based drilling fluids composed mainly of water, bentonite and barite, as this is the commonly used 
drilling fluid type in the drilling industry.  
 
The WBM compositions are flexible and can differ significantly based on the drilled formation. Properties 
such as weight, viscosity, gel strength, filtration characteristics and many more are manageable by 
regulating the fluid composition. The overall composition however, can be divided into four main 
components: fluid base (fresh or sea-water), viscosifiers (e.g. bentonite), weighting agents (e.g. barite) and 
additives. In Figure 4 an example is shown of a typical WBM composition by volume.  
 

 

Figure 4: Typical WBM composition by volume [27] 

 

Figure 5: Drilling fluid 

2.2.1. Particle size distribution of solids in drilling fluid 

Since mud treatment equipment relies greatly on particle size based separation techniques, it is essential to 
classify the Particle Size Distributions (PSD) of solids in the drilling fluid. Similar to many other drilling fluid 
components and additives, specifications of drilling grade barite and bentonite are prescribed by the 
American Petroleum Institute (API) in API 13/ISO 13500. 
 
Due to its high specific gravity, barite is the commonly used weighting agent in the drilling industry. Drilling 
grade barite is prepared by dry milling to meet the standards, which require that at least 97% wt% of the 
material, can pass through a 200-mesh (74-μm) screen, while no more than 30% wt%, can be smaller than 6 
µm diameter, and the specific gravity needs to be 4.1 or greater [5]. Figure 6 shows the PSD of API barite. 
 
Bentonite is a naturally occurring clay consisting mostly of smectite and other accessory minerals, such as 
quartz, mica, feldspar and calcite. The smectite minerals in bentonite are by definition clays, meaning they 
have a mean particle diameter of <2 μm. However when mixed with water the smectite forms structures 

(flocs) that can have larger particle sizes. Figure 7 shows the PSD of a 6% wt%, bentonite suspension 
obtained from wet sieving. Natural drilling grade bentonite requires that at least 96% wt%, can pass through 
a 200-mesh (74-μm) screen during a wet sieving test [5]. 
 

 

Figure 6: Typical PSD of API barite [15] 

 

Figure 7: PSD of a 6% wt% bentonite solution [9] 
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2.2.2. Rheology of the drilling fluid 

The drilling fluid rheology forms an important parameter in drilling operations, since it describes the flow 
and deformation characteristics of the drilling fluid. Most drilling fluids used in today’s industry are 
categorised by a viscoplastic non-Newtonian rheology and are described by a combination of the Bingham 
and Power law rheology models also known as the Herschel-Bulkley model. The consistency curves (or flow 
models) of these models are shown in Figure 8 and are described by the following equations [19]: 
 
Power law:         (1)  
Bingham:     

     
     (2)  

Herschel-Bulkley:     
           (3)  

 

Where   = shear stress [Pa],    = shear rate [s-1],   = flow consistency [Pa s], n = flow behaviour index [-],   
  = 

Bingham yield point [Pa],    
  = Bingham plastic viscosity [Pa s] and   

   = Herschel-Bulkley yield point [Pa] 

 

 

Figure 8: Rheology models and fluid consistency curves 

 
Retention of cuttings in the drilling fluid is considered to be a function of the yield point, gel strength and 

viscosity. These fluid characteristics can be determined based on the consistency curves. The yield point (  ̅̅ ̅̅ ) 
of the drilling fluid is the resistance of initial flow and is formed by attractive forces among colloidal particles 
in the drilling fluid. The gel strength is the shear stress measured at low shear rates after the drilling fluid 

has been static for a certain period of time. It indicates the ability of the drilling fluid to carry cuttings in a 
static condition. The viscosity forms a measure for the resistance to deformation by shear stresses. The 
dynamic or shear viscosity ( ) [Pa s] is defined by the ratio of shear stress ( ) [Pa] to shear rate (  ) [s-1]: 

 

   
 

  
 (4)  

 
The Newtonian fluids like water have a linear relationship between the shear stress and shear rate, which 
results in a single constant viscosity and is often called the Newtonian viscosity ( ). The viscosity of non-
Newtonian fluids, on the other hand, are shear rate dependent. The viscosity of these fluids is therefore 
specific for different shear rates and is defined as the apparent viscosity (    ). At high shear rates the fluid 

reaches plastic (remoulded) behaviour, this is represented by the plastic viscosity (   ) or by the Bingham 

plastic viscosity. Figure 8 gives an example of the different viscosities that can be determined based on the 
consistency curve of a fluid. 
 
The non-Newtonian behaviour of drilling fluids is related to the structural changes in the micro- and 
nanostructure of the material. The breakdown and rearrangement of the internal structure by physical or 
chemical processes leads to viscosity changes. When a drilling fluid experiences high shear rates the 
viscosity reduces, which is known as the shear-thinning behaviour of a non-Newtonian fluid. All commonly 
used drilling fluids are considered to be shear-thinning. When the drilling fluid is at rest and shear rates are 
minimal the internal structure rebuilds and gel strength starts to develop. This time dependent behaviour is 
known as thixotropic behaviour of a non-Newtonian fluid.  
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2.3. The mud treatment system 

During the drilling of a well, drilling fluid is supplied through the drill pipe to the bottom of the well. The 
fluid together with the cuttings then flows upwards to the surface. At the surface the fluid is pumped 
through a series of filter screens, hydrocyclones and centrifuges which represent the mud treatment system. 
During this process, cuttings are removed from the fluid and new additives are supplied. The treated fluid is 
collected in the mud tanks, where powerful centrifugal pumps are used to pump the fluid up through the 
standpipe and back into the drill pipe for another drilling fluid cycle. 
 
The mud treatment separates solids, while retaining the additives in the drilling fluid. Traditional mud 
treatments are open to the atmosphere and consist of multiple components, with each component having a 
specific particle size removal range, see Table 1. 

Table 1: Mud treatment components and particle removal sizes [7][11]. 

 Size of particles removed [µm] Cut point is based on: 

Shale shakers > 400 – 74 Filter screen mesh 

De-sander (6 in.) > 40 Centrifugal force, cone diameter and inflow pressure 

De-silter (4 in.) > 20 Centrifugal force, cone diameter and inflow pressure 

Mud cleaner > 74 Filter screen mesh 

Centrifuge > 2 Centrifugal force, RPM and inflow pressure  

 
To obtain optimal fluid processing, it is favourable to have larger cuttings than the drilling fluid PSD. This 
makes separation of the cuttings possible without removing any of the drilling fluid components. However, 
during drilling operations fine cuttings are always created. Separating these cuttings is difficult since they 
overlap with the barite particles in weighted WBMs, see Table 2. In these cases, multiple combinations of 
mud treatment equipment have to be used to achieve the optimal solids removal, without removing the 
essential drilling fluid components.  

Table 2: Classification of particles in drilling fluids [7] 

 
The first and most important apparatus in the mud treatment system is composed of multiple parallel 
arranged shale shakers (vibrating filter screens). The shale shakers have a wide range of applicability due to 
the exchangeable screens, which makes them suitable for almost all types of drilling fluids. The drilling fluid 
containing a high concentration of solids flows from the flowline on top of the filter screens, where a linear 

vibration motion conveys the cuttings towards the discharge end. The acceleration applied on the screens 
can vary from 2g up to 7-8g’s on the newer models. Higher g values lead to greater solids processing, but 
increases the wear on the screens. The drilling fluid passing through the shale shaker screens is then 
collected in the mud tanks for further processing. The first mud tank is usually a settling compartment 
(often called a sand trap). Large particles that might clog the equipment downstream, are settled in this 
tank. With the current fine screen capabilities of shale shakers, the sand trap mainly serves as a back-up, 
should the shakers be operated with damaged screens or get bypassed. 
 
The de-sanders and de-silters are hydrocyclone separators usually operating parallel to the mud tanks. They 
can be distinguished from each other by the different cone sizes associated with different particle cut-off 
points. The hydrocyclones are accelerated settling based separators as particles settle in an increased 
gravitational field. The gravitational field, which can reach 200g’s, is formed by centrifugal forces through 
pumping fluid at a high velocity from the mud tanks into the hydrocyclones. The large particles are forced 
against the wall and downwards to the solids discharge, while the fluid with fine particles can leave the 
hydrocyclone through the fluid discharge. To operate properly, pre-treatment is required to remove large 
particles before the drilling fluid is fed into the hydrocyclones, since large cuttings can block the exits. In 
practice pre-treatment by shale shakers is sufficient, however blocking of the hydrocyclones can still occur if 
the shale shaker screens are damaged or bypassed. The applicability of hydrocyclones in practice is limited 
to unweighted muds since the particle cut-off overlaps with the barite PSD or additives in weighted muds. 
Using hydrocyclones in the treatment processes of weighted muds would therefore result in removal of large 
barite quantities, which is unwanted as barite is one of the most expensive components in the drilling fluid.  
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Figure 9: Typical shale shaker schematic [7] 

 

Figure 10: Typical hydrocyclone schematic [3] 

 
The mud cleaners are separation equipment operating parallel to the mud tanks and are made up from 
hydrocyclones positioned above the shale shakers. This combination enables the use of hydrocyclones with 
weighted mud, since large barite particles separated out by the hydrocyclones can be recovered by sieving 
with fine screens. However, the recovered material is not pure barite, as cuttings within the barite PSD range 
are also recovered. This results in a lower bulk specific gravity and thus a lower quality of weighting agent.   
 
The decanter centrifuge is generally the last apparatus in the mud treatment system and is suitable for both 
weighted and unweighted drilling fluid. The centrifuge aims to separate the colloidal particles from the fluid, 
which is accomplished by discharging the fluid rather than the solids. Separation is based on accelerated 
sedimentation as centrifugal forces drive the heavy particles against the centrifuge wall where they get 
scraped towards the solids discharge. The fluid containing the colloidal solids is discharged where larger 
solids are mixed back into the drilling fluid inside the mud tanks. 
 

 

Figure 11: Typical decanter centrifuge schematic [7] 

 

The mud treatment system separates a large portion of the unwanted particles from the drilling fluid, 
however during this process essential additives are also partially removed. To sustain the required drilling 
fluid characteristics, the removed additives are resupplied to the recycled fluid in the mixing tank. After 
mixing the drilling fluid is ready to be pumped back into the borehole by the mud pumps for the next cycle. 
Figure 12 shows the complete mud treatment system including all traditional mud treatment equipment. 
 

 

Figure 12: Complete mud treatment system (components need to be interchanged for optimal solids removal) 
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2.4. Settling of particles 

Until now numerous studies have been performed in order to understand and describe particle settlement in 
Newtonian and non-Newtonian fluids. While most of these experiments are primarily focusing on defining new 
or validating old terminal settling velocity formulations, several of them also focus on understanding the related 
effects which influence the settling process. This section includes an overview of the commonly used settling 
formulas and the fundamental settling effects. 

2.4.1. Single particle settling velocity 

The settling of particles depends on the forces that are acting on the grains, which are primarily related to 
the grain size, grain shape, grain specific density, fluid density and fluid viscosity. The operative forces 
during settling have their source either in particle-liquid interaction or in particle-particle interactions. 
When the solids concentration is low, the particle-liquid forces dominate, whereas at high solids 

concentrations the particle-particle forces play a significant role. It is assumed in this study that no granular 
structures form since the solutions of solids in the drilling fluid stays dilute. The active forces are considered 
to be related mainly to the particle-liquid interactions. 

 
The settling process of a sphere particle suspended in a liquid can be described by the forces acting on the 

particle, being gravity (  ), buoyancy (  ) and the frictional drag force (  ), as shown in Figure 13. As the 

particle accelerates, the drag force increases till equilibrium is reached where the particle settles at a 
constant vertical velocity called the terminal settling velocity. The time required to reach the terminal settling 
velocity is assumed to be short as inertial effects are assumed to be negligible. This is valid for a laminar 
settling regime indicated by a low particle Reynolds number (   ). 

 
 
 

 

Figure 13: Forces 

acting on a suspended 

particle 

Equilibrium is reached when: 

           

 
The net gravitational force acting on the sphere particle can be written as [13]: 

        (     ) 
  

 

 
  

 

Where:   = particle density [kg/m3],   = fluid density [kg/m3] and   = particle 

diameter [m] 
 
The drag force on a sphere particle is defined as [13]: 

    
 

 
     

       
  

 
Where:   = drag coefficient [-] and      = terminal settling velocity [m/s] 
 
Combining the equations above, the drag coefficient can be rewritten as [13]: 

 

    
 

 

       

  
 

  

    
  or       √ 

           

     
 

 
(5)  

 
 
 

(6)  
 
 
 
 
 
 

(7)  
 
 
 
 
 

 
(8)  

 
For creeping flows (also called Stokes flow) associated with a small Reynolds number (Re≪1) and small 
spherical particles (  ≪1mm), inertial effects are negligible. Stoke (1851) derived the drag equation for these 

flows, presented by equation (9). Combining Stokes expression for drag force with the equations (5) and 
(6)(8), the famous Stokes’ settling velocity for sphere particles in creeping flow can be derived as follows: 
 
Stokes expression for the drag force of a sphere particle in creeping flow [13]: 

                or    
  

   
 

 
Where:      = Apparent fluid viscosity [Pa s] 

 
The particle Reynolds number is defined as [13]: 

    
        

    
  

 
Combining the equations results in the Stoke’ settling velocity for    ≪1 [13]: 

      
          

 

      
 

 
(9)  
 
 
 
 
(10)  
 
 
 
 
(11)  
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When the inertial effects cannot be neglected, the drag force (or drag coefficient) cannot be predicted 
theoretically. Researches like Ruby (1933), Zanke (1977), Cheng (1997), Van Rijn (1989) and many others 
tried to experimentally determine the drag coefficient and thereby the terminal settling velocity of various 
particles in fluids. Different experiments have been performed with a wide range of particle sizes in 
Newtonian and non-Newtonian fluids, resulting in multiple formulations describing the settling velocity of 
particles. Table 3 shows an overview of some of these formulas which are used in this thesis. 

Table 3: List of relations for the prediction of the terminal settling velocity [44] 

Author Equation For  

Rubby (1933) 
       √         

   √
 

 
 

      
 

        
  √

      
 

        
  

   > 0.2mm 

(12)  
 
 
(13)  
 

Zanke (1977) 

     (
      

  
)(√      

        
 

    
   ) 0.1mm ≤    ≤ 1mm 

 
(14)  
 

Van Rijn (1989) 
      

        
 

      
 

          √         

      (
      

  
)(√          ) 

   < 0.1mm 

 
   > 1mm 

 
0.1mm ≤    ≤ 1mm 

(15)  
 
(16)  
 
(17)  
 

Cheng (1997) 
     

    

  
 (√        

   )
   

 

      (
      

    
 )

 
 

 

 
Natural particles 

(shape factor 0.5 – 0.7) 

 
(18)  
 
(19)  

 

Where: s = relative density (  /  )[-],      = kinematic viscosity [m2/s] and    = particle parameter [-] 

 
More recently, Sadat et al (2009), Zhiyao et al. (2008) and others tried to increase the accuracy and 
application range of the theoretical formulas by fitting empirical relations on the available experimental data. 
This resulted in empirical formulas, which are applicable on a wider range of particle diameters and shapes. 

Table 4: Empirical relation for the prediction of the terminal settling velocity [44][56] 

Sadat et al (2009) 
           

    

  
(
        

 

    
 

)

     

 

          
    

  
(
        

 

    
 

)

     

 

    10 
 

   > 10 
 

(20)  
 
(21)  

Zhiyao et al. (2008) 

       
 
    

  
(           

  
 )

  
 

 
Spherical and natural 

particles 

(22)  

 
 

 
The terminal settling formulas shown in the two tables above are applied and compared in the next chapter. 
For the COMSOL modelling part in Chapter 5, the built in semi-empirical Schiller-Naumann drag model has 
been used to define the drag coefficient and thereby to determine the terminal settling velocity of particles. 
The Schiller-Naumann formulation is shown below and is also included in the preliminary calculations 
discussed in the next chapter. 

Table 5: Schiller-Naumann drag model [46] 

Schiller and Naumann 
(1933)    

  

   
          

       

 
        

     1000 

 
         

 
(23)  
 
(24)  
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2.4.2. Influence of particle shape 

The majority of natural particles and cuttings created during the drilling process have irregular shapes 
rather than the assumed perfect sphere shape. The effect of particle morphology on settling velocity is often 
neglected in most settling models due to their empirical nature. The non-spherical particle shape influences 
the drag on the particles and makes the drag expressions less trivial. During the settling process particles 
orientate themselves to maximize the drag force by having their maximum area horizontal. This increase in 
the drag force results in a lower particle settling velocity based on eq. (8). To account for this reduction in 
settling velocity, a defined shape factor (ψ [-]) is often introduced in eq. (8) resulting in: 

 
The shape factor takes the deviations from a perfect sphere and non-spherical particle into account. For 
natural sediments like sand the shape factor is generally chosen to be 0.7.  
 
Fang (1992) concluded that particle morphology 
also influences the settling patterns of the 
particles. By performing settling experiments in 
viscous fluids with various cuttings, he was able 
to observe two settling patterns being stable and 
swinging fall as shown in Figure 14. 
 
The two observed fall patterns have been found 
to be related to the particle Reynolds number. 
For     < 100 the fall pattern was observed as 

stable and for     > 100 the fall pattern being 

swinging. 

 

Figure 14: Particle settling pattern [24] 

2.4.3. Influence of particle concentration 

The previous discussed formulations where related to single particle settling behaviour. When the settling of 
multiple particles is considered, inter particle influences decrease the settling velocity of the individual 
particles. This effect is known as hindered settling and is caused by the returning fluid flow, the increased 
pressure gradient in the fluid and the inter-particle effects. The effects of hindered settling is generally taken 

into account by equation (26), where the terminal settling velocity      is multiplied with the hindered 
settling function     : 
 

                    

 

Where:       = the difference between the average velocities of the fluid and particles [m/s] and      = 

the solids concentration [-] 

(26)  
 

 

The hindered settling function         is often described by the following well known empirical Richardson & 
Zaki (1954) equation [40]: 
 

        {
        

                             

                                                 
 

 
Where:     = Richardson & Zaki index [-] and          = maximum solids concentration [-] 

(27)  
 

 
The Richardson & Zaki index is a function of the particle Reynolds number and has been determined based 
on experiments performed with solids concentrations between 0.05 <      < 0.65. The following Richardson & 
Zaki index expressions are reported by Richardson & Zaki. 

 

     < 0.2 for     = 4.65  

(28)  
           1 for             

       

      < 200 for             
      

      200 for     = 2.39  

      √
  (     )   

     
 

Terminal settling velocity of a particle including the shape factor[53]: 
 

 
 
(25)  
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To obtain a single expression for determining    , Rowe (1987) modified the four Richardson & Zaki index 

expressions into a single smoothed logarithmic expression as shown in eq. (29). The equation is valid for 

particle Reynolds numbers between               and solid concentrations between                [43]. 

 
 

    
           

     

          
     

 
(29)  
 

 
For the simulations in chapter 5, the Krieger & Dougherty (1959) viscosity model is used to account for 
particle concentration effects. This model includes the effects of particle concentration by adjusting the 
carrying fluid viscosity based on solids concentration in the solution. A higher concentration of solids results 
in a higher apparent viscosity and thereby a lower slip velocity. The Krieger & Dougherty model is defined as 

[30]: 
 

         (  
     

         
)

              
 

 

 

Where:      = the effective viscosity of the carrying fluid [Pa s] and    = a dimensionless parameter [-] 

 
(30)  
 

 
This model uses a maximum solids concentration of               and a parameter value of   = 1 for solids. 

2.4.4. Influence of particle size distribution 

The previous formulations for settling were associated with particles having the same particle diameter. 
However when multiple particles with different diameters are present in the solution, a different approach is 
considered. Large particles for example can create strong return flows during settling which can drag smaller 
particles upwards. A possible simple approach is determining the slip velocity of each particle size fraction   
separately as described by Mirza and Richardson (1979) [41]: 
 

               (            )
       

 

 
Where:        = slip velocity of fraction   [m/s],       = Richardson and Zaki index of fraction   [-] and 

           = total solids concentration [-] 

(31)  
 

 
This approach however is not suited for particle size distributions where large differences in particle size or 
particle density are present.  
 
Since the particles entering the critical settling zone of the settling tank have small variety in particle sizes 
(approx.   ≪      , particle size distribution effects are neglected in the preliminary calculations. For the 

COMSOL Multiphysics simulations only one particle size is used for each simulation. 

2.4.5. Influence of clay particles 

Clay particles are very fine particles (        and can be considered as non-settling, however they can 

influence the settling of relatively larger particles. When a significant amount of clay is mixed with water, the 
clay particles can change the density and fluid behaviour of the clay-water mixture. 
 
The fluid density change is related to the addition of the heavier clay material resulting in a mixture with a 
higher density than water. The density of WBM composes of a mixture of water and bentonite clay is 
generally around 1100-1200 kg/m3. The density can be higher when weighting materials such as barite are 
used. A higher density of the carrying fluid results directly in a lower settling velocity according equation (8)  
the terminal settling. 
 
A significant concentration of clay in water can influence the fluid behaviour by changing it from a 
Newtonian fluid to a non-Newtonian fluid. The non-Newtonian drilling fluid behaviour has been briefly 
introduced in section 2.2.2. Non-Newtonian fluids like WBM have a yield point and a shear dependent 
viscosity, which is in general higher than the viscosity of water. A higher viscosity of the carrying fluid 
results in more drag according to equation (9) and therefore a lower terminal settling velocity. 
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 Influence of yield stress, gel strength and shear thinning 2.4.5.1

Viscoplastic non-Newtonian fluids exhibit a yield stress throughout their unshared state. This yield stress is 
able to support a particle in the fluid for indefinite time, without letting it settle in the carrying fluid. The 
question if a particle will settle in such fluids is dependent on the static equilibrium of the forces acting on 
the submerged particle. The force equilibrium is shown in Figure 15 for a spherical particle. For 
simplification it is assumed that the support force (    ), is the result of the fluid yield on a cylindrical 

surface around the particle. 
 
 

 

Figure 15: Forces acting on a 
suspended sphere particle in 

a viscoplastic fluid 

Static equilibrium is reached when: 

             

 
Where:   = gravitational force [kg·m/s2] and   = buoyancy force [kg·m/s2] 

 
The net gravitational force acting on the spherical particle: 

        (     ) 
  

 

 
  

 

Where:   = particle density [kg/m3],   = fluid density [kg/m3] and   = 

particle diameter [m] 
 
The support force acting on cylindrical surface around the particle: 

        
         

 

Where:     = effective yield stress [Pa] 

 
(32)  

 
 
 
 

(33)  
 
 
 
 
 

 
(34)  

 
 

 
The equations (32)-(34) represent a static equilibrium, which is considered by many researchers resulting in 
the following critical yield stress criterion: 
 

         (     )       

 
Where:    = dimensionless parameter [-] 

(35)  
 

 
When the effective yield stress exceeds the critical yield stress, particles will be supported by the carrying 
fluid and will not settle. The practical values used for the dimensionless parameter     range between 0.048 

and 0.2 as reported by Chhabra (1993). 
 
The gel strength of WBMs can be seen as the effective yield stress. When the gel strength of a water based 
drilling fluid is measured directly after being sheared, and repeatedly measured after increasing longer time 
periods, the values obtained will be found to be increasing at a decreasing rate until a maximum value of gel 
strength is reached. The gel strength becomes the fluid yield stress, since the fluid will not flow until the 
applied stress exceeds the gel strength.  
 

The build-up of gel strength is a thixotropic behaviour and is caused by the clay platelets arranging 
themselves in the fluid. When the fluid is subjected to a constant rate of shear after being at rest, the gel 
strength breaks down until equilibrium between the structure-building and structure-disrupting is reached. 
 
Drilling fluids are characterized by a shear-thinning region in the low shear range, which is represented by 

the exponential part of the consistency curve shown in Figure 8. Shear-thinning behaviour depends on the 
balance between the Brownian and hydrodynamic forces influencing the build-up, breakdown and shear 
ordering of the clay microstructure. With increasing shear, the viscosity decreases gradually until maximum 
shear ordering is reached and build-up of clay structures can be neglected. At this point the viscosity attains 
its minimum value and becomes independent of the shear. The region where this phenomenon starts 
occurring is characterized by the straight part of the consistency curve shown in Figure 8. 
 
Researchers like Ansley & Smith (1967) studied the settling of particle in non-Newtonian fluids and 
described methods to implement the viscoplastic behaviour in the settling velocity equations. This resulted 
in almost similar settling equations as for Newtonian fluids. Other studies suggested that the viscoplastic 
behaviour is weakened or destroyed by shear stresses due to flow or turbulence Song and Chiew (1997). 
 
Since no stationary cases are evaluated in this thesis and the drilling fluid is assumed to be flowing in all 
situations, it can be presumed that gel strength build-up in the drilling fluid will be limited. Therefore, the 
influence of the non-Newtonian behaviour is limited to an increased shear dependent apparent viscosity. 
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2.4.6. Influence of turbulence 

The vertical settling of particles towards the bottom of a tank is in the previous sections only described by 
the settling velocity of the suspended particles. However, turbulent flow and settling conditions can 
influence this process by introducing diffusive transport of particles. Particles can be carried in different 
direction due to these forces and thereby increase the time required to settle. These effects are generally 
accounted by using advection and diffusion equations. 
 
The settling velocity of particles relative to the fluid is also influenced by turbulent fluctuations. A particle 

subjected to these fluctuations will oscillate, resulting in a different average vertical velocity. This difference 
can either be positive or negative and therefore increase or decrease the particle settling velocity. The 
influence of turbulent fluctuations is generally expressed in a variation of particle drag coefficients. 
 
Turbulence also leads to the creation of additional shear in the fluid. The additional shear can influence the 
viscosity of non-Newtonian fluids. Shear-thickening fluid will have an increased viscosity, while the viscosity 

of shear-thinning fluids like drilling fluid is reduced. A lower fluid viscosity directly influences the terminal 
settling velocity by equation (8) , resulting in an increased particle settling rate. 

2.4.7. Influence of temperature and pressure 

During a drilling operation, the drilling fluid is exposed to varying temperatures and pressure conditions. 
These variations can influence the rheological properties of the drilling fluid significantly and need to be 
considered. The downhole conditions for example, can vary drastically from the ambient conditions at the 
surface reaching over 1400 bars of pressure while temperatures can pass 200°C. Both influences are also 
important for the drilling fluid treatment process, especially when the pressurized separation tank is 
studied. 
 
The temperature and pressure differences can influence the state and viscosity of the drilling fluid, but also 
particle-particle interactions within the suspension can change. These changes all together can result in an 
altered flow behaviour, which will influence the settling of particles in the separation tank. 
 
Briscoe et al. (1994) studied the influence of pressure and temperature on water based drilling fluids, using 
the High Pressure High Temperature (HPHT) rolling ball viscometer. Since the Bingham model is used to 

describe the drilling fluids, the influence of temperature and pressure are only presented for the yield point 
and plastic (Bingham) viscosity. Figure 16 presents the Influence of temperature and pressure on plastic 
viscosity and yield stress for a weighted drilling fluid (clay 6%, barite 60%, mass). 
 

  

Figure 16: Influence of temperature and pressure on viscosity and yield stress [12]. (∆, T = 27°C. ▲, T=65°C. ○, T =85°C.) 

 
Briscoe et al. concluded that the plastic viscosity and apparent viscosity decreased with increasing 
temperature. The plastic viscosity on the other hand, increased slightly with increasing pressure at low 
temperatures, this increase was greater compared to the unweighted drilling fluids. The yield stress 
observations showed that the yield stress is independent of pressure at low temperatures, but increases with 
higher pressure at high temperatures. 
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2.5. Influence of vibrations on non-Newtonian drilling fluids 

Deshpande & Barigou (2001), Lapin et al (2010) and others studied the effects of vibrations on non-
Newtonian fluid in pipes. The results of these studies showed that introducing vibrations to non-Newtonian 
fluids can increase or decrease the flow rate, depending on if the fluid has shear thinning or shear 
thickening characteristics. While Newtonian fluids showed no change in flow rate, a significant difference in 
flow rates was observed in non-Newtonian fluids. The observed enhancing effects where even greater when 
extremely shear thinning fluids were used. The enhancing effect increased with increasing frequencies and 
amplitude, however different combination of both corresponding to the same peak acceleration showed no 
significant changes on the enhancing effects. 
 
Imposing an external pressure gradient and thereby increasing the flow rate in the experiments of 
Deshpande & Barigou, resulted in a reduction of the vibrational enhancing effects. It is suggested that under 
a higher pressure gradient the steady-state flow in the pipe is high and the extra flow generated by the 
oscillations becomes small in comparison. These observations are supportable by considering the shear 

related viscosity behaviour of shear thinning fluids as shown in the consistency curves in Figure 8. The 
additional shear rate induced by the vibrations becomes relatively smaller compared to the high shear rate 
generated by the high flow rates. The viscosity decrease will therefore be smaller, resulting in a relative 
smaller increase of flow rate. 
 
The enhancing effects of vibrations on non-Newtonian fluids can also be found in the study of Frad et al 

(2007). In this study the viscous properties of different types of drilling fluids were measured in a Fann 
viscometer, as they were imposed to horizontal vibrations of different frequencies (40, 80, 120 Hz) and fixed 
amplitude of around 0.75 mm. The obtained results showed significant changes in the rheological properties 
of the drilling fluids related to changes in the particle structure. The largest viscosity changes are observed 
for bentonite based solutions, while the polymer (Poly Anionic Cellulose, PAC) based solutions did not show 
any changes. 
 

 

Figure 17: Consistency curve drilling fluid based on clay and 
barite solution in water [26] 

 

Figure 18: Consistency curve drilling fluid based on clay solution 
in water [26] 

 

Figure 19: Consistency curve oil based drilling fluid [26] 

 

Figure 20: Consistency curve PAC solution in water [26] 
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2.6. Settling in horizontal tanks 

Sedimentation is one of the oldest and commonly used treatment processes in the waste water treatment 
industry. This technique is excessively used in water treatment plants for waste water treatment in large 
rectangular or circular sedimentation tanks. A brief literature review is included in this paragraph, since 
these tanks show many similarities with our separator tank. The main focus is on hydrodynamic 
phenomena, which is essential for the design of a proper functioning settling tank.  

2.6.1. Unstable flow conditions 

Unstable flow conditions in settling tanks reduce the particle settling efficiency due to the movement of 
particles in different directions rather than the desired settling direction. Turbulence, density flows and 
return currents are often the reason behind the instable flow conditions. 

 Turbulence 2.6.1.1

A turbulent flow regime will cause short-term pressure fluctuations in the settling tank. These fluctuations 
can lead to oscillation of particles and thereby influence the settling of particles. The small particles are 
more sensitive to these oscillations since the response is faster than the response of the large particle. 
Avoiding turbulent flow conditions near the sedimentation bed and in the settling zone is therefore an 
important aspect when designing a sedimentation tank. Flow diffusers or baffles are often used to reduce the 
turbulence at the inlets of sedimentation tanks. 

 Density flows 2.6.1.2

When a high density fluid enters a tank containing a lower density fluid, density flows will cause the fluid to 
flow to the bottom due to gravity. This phenomenon is present in sedimentation tanks and is referenced to 
as density flows. The occurrence of these flows is preferred and often amplified by adding baffles in the tank, 
since density flows enhance the initial settling.  

 Return currents 2.6.1.3

Return currents are undesired flows that generally occur in open sedimentation tanks, where wind blows on 
the water surface and causes a return flow. Other sources for return flows are turbulence and density flows. 
When a return current occurs the flow in the tank circulates instead of flowing from the inlet to the outlet. 
Particles caught in these currents can be dragged in undesired directions and thereby reduce the settling 
efficiency of the sedimentation tank. The stability of flow can be expressed in the Froude number [37]: 
 

   
  

 

   
 

 
Where:    = Froude number [-],    = fluid velocity [m/s] and R = the hydraulic radius [m] 

 

              for    Stable flow 

              for    Unstable flow 

(36)  
 

 

2.6.2. Resuspension 

The resuspension of particles is an undesired eff ect, which occurs near the sedimentation bed in the tank. 
High flow velocities near the bed caused by high inlet velocities or turbulence are the common causes of 
resuspension. Resuspension of particles or so called bottom scour occurs when the shear forces of the 
carrying fluid on a particle exceed the resisting frictional forces. The critical scour velocity initiating scour of 
deposited particles is given by the Camp (1946) based on to the force equilibrium in Figure 21. 
 

 

Figure 21: Bottom scour in a sedimentation tank 
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The hydraulic shear of water on a spherical particle is defined as [22]: 
 

    
 

 
       

  

 
The mechanical shear of particles is defined as [22]: 
 

                           

 
Combining equations (37) and (38) results in the Camp expression for the critical scour velocity [22]: 
 

    √
                         

    
 

 

Where:     = critical scour velocity [m/s],   = hydraulic shear [N/m2],   = mechanical shear [N/m2],   = 

hydraulic viscous friction factor (0.03)[-],   = mechanical friction factor 0.1[-]      = porosity 0.5[-] and 

  = particle diameter [m] 

 
 
(37)  
 
 
 
 
(38)  
 
 
 
 
(39)  
 

 

 
 

2.6.3. Flocculation 

Flocculated settling is a commonly used settling method in the wastewater treatment industry. Small flocs 
bind together forming larger flocs, which can settle much faster. This method is often enhanced by mixing 
additives into the wastewater. The additives increase the flocculation rate of the particles and thereby 
increase the efficiency of the sedimentation tank. Using flocculated settling in the drilling fluid separator is 
however not preferred, since additives can influence the drilling fluid rheology.  

2.7. Filtration 

Filtration is a commonly used separation method in today’s industries. Filtration processes are capable of 
removing solids particles, microorganisms or droplets from liquids and gasses by depositing them on a filter 
medium. The filter medium is only permeable to the fluid phase in the mixture, causing the fluid to pass 
while the particles retain on the surface or within the filter medium. The permeation of the fluid phase 
through the filter medium is related to a pressure gradient. This pressure difference can be produced by a 
pressurized fluid, vacuum, gravity or centrifugal force and is often called pressure filtration.  
 
Filtration of a mixture can be described by four filtration techniques presented in Figure 22. 
 

 

Figure 22: Filtration models [42] 
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Cake filtration is the most common filtration techniques where the suspended particles are deposited on the 
upstream of the filter medium. As soon as the filter cake forms, the subsequent part of the filtration will take 
place on top of the cake. The filter medium will only provide support to the filter cake on top of the filter 
medium. With increasing deposition of particles on top of the filter medium, the pressure drop will increase 
linearly, proportional to the quantity of the deposited particles.  
 
Blocking filtration is another technique that is used in many applications. In this model, the pressure drop 
is caused by particles blocking the filter medium pores. Blocking of pores can also occur in the filter cake 
instead of the filter medium causing the same effect. The pressure drop increases exponentially with the 
quantity of particles filtered, while the number of open pores approaches zero.  
 
Deep bed filtration occurs when the particles are retained in the deep filter layer. Deep bed filtration is 
commonly seen in sand filters used in wastewater treatment and drinking water clarification processes. The 
separation effectiveness of these filters is related to the quantity of retained particles in the sand filter bed. 

As the quantity of these particles increases, the filtration effectiveness decreases eventually causing inflow 

concentration of particles approaching the outflow concentration.  
 
In cross filtration the mixture flows at high velocities tangentially to the filter medium, preventing the 
formation of filter cake. During this process, only a small flow of fluid passes the filter medium creating a 
certain layer of particles on top of the filter. After the initial deposition of particles, equilibrium is formed 
between the deposition and removal of particles due to hydrodynamic forces acting on the particles. 
 
The Darcy’s law describes the resistance of flow of a porous medium, being a filter medium or filter cake. 
Considering Darcy’s law and a flow through a filter cake, the pressure drop through the filter can be 
described as [54]: 
 

                
 
Where:    = pressure difference [Pa], q = specific flow rate [m/s],       = cake thickness [m],   = 

dynamic viscosity [Pa s] and   = specific filter resistance [1/m2] 
 
The filter resistance is often written as the filter permeability k [m2]: 
 

  
 

  
 

 

(40)  
 
 
 
 
 
 
(41)  
 

 
There are many studies where researches have looked into ways of improving the filter effectiveness. Most of 
these studies are performed considering Newtonian fluids however their results can also be useful for the 
filtration of non-Newtonian fluids. 
 
An example of a study on non-Newtonian fluid based filtration is the study of Hoberock (1980). In his study, 
the influence of the filter orientation and vibrations on the filter performance have been evaluated. The 
results indicate that a greater flow capacity can be realized by optimizing the filter orientation and vibration 

frequency. 
 
The so called sand screens are filter screens or gravel beds used to separate sand from many different kinds 

of flows. These kinds of screens are commonly used in the industry and are therefore well known. To select 
the right filter screen openings, several empirical formulations are available to predict the required filter 
openings based on the sand PSD. These formulations might not be accurate for clay suspension, but can 
still give an indication of the required filter screen openings. The various criterions listed in Table 6, 
describing the required filter openings to separate the sand particles from the flow: 

Table 6: Empirical relations to select for selecting sand screens 

Coberly (1937) 2  d90 

Saucier (1974) 5~6 d50 

 
Where: dx = refers to the particle size diameter for which x percent of the sample by weight passes a sieve 
with an opening equal to d. The d50 is for example the median grain size and d90 indicates the sieve opening 
retaining the largest 10%.  
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 Preliminary calculations 3.
Based on the performed literature review, preliminary calculations have been carried out to model the effects 
and effectiveness of solids removal by gravitational settling in settling tanks. This section summarises the 
performed calculations in MATLAB and the obtained results.  

3.1. Ideal horizontal settling tank model 

The ideal horizontal settling tank model is used to simplify the processes in the settling tank and thereby 
reduce the complexity of the calculations. The ideal settling tank is defined by Camp (1946) as a tank that 
can be divided into four zones: 
 

1. The inlet zone where the inflow is uniformly distributed over the available cross-sectional area of the 

tank resulting in a uniform concentration of particles at the left side of the sedimentation zone. 
2. The sedimentation zone where a laminar uniform horizontal flow is present in all parts of the 

sedimentation zone. 
3. The outlet zone where the treated fluid is collected and directed to the outlet without causing 

resuspension of particles. 
4. The sludge zone where settled particles are accumulated and are removed from the system 

continuously. When a particle reaches the sludge zone it is definitively removed from the system. 
 

 

Figure 23: Overview of an ideal horizontal flow settling tank [22] 

Since the horizontal flow in the sedimentation zone is assumed to be uniform, particles settling in this zone 
will have straight settling trajectories as shown in Figure 24. 
 

 

Figure 24: Settling trajectory in horizontal flow sedimentation zone [22] 

A particle entering the sedimentation zone from the top left corner can settle if it reaches the sludge zone at 
the bottom before reaching the outlet zone on the right side. This criterion for complete settlement of 
particles in an ideal settling tank can be written as [22]: 
 

 

  
 

 

  
    

 

(42)  
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Simplification of this criterion is possible by substituting the equations for the horizontal flow in a 
rectangular tank and the surface loading of a settling tank [22]: 
 

   
 

   
  

    
 

   
  

Resulting in: 

 
 

  
 

     

 
        

 

  
 

 

 
            

 
Where:   = settling velocity [m/s],    = horizontal flow velocity [m/s], q = surface loading [m/s], Q = 

flow rate [m3/s] and H, B, L is the height, width and length of the sedimentation zone in [m] 

 
 
 
(43)  
 
(44)  
 
 
(45)  
 

 
Particles having a smaller settling velocity than   can still settle in the settling tank if they enter the 

sedimentation zone at a lower height. These cases have been neglected and only the complete removal of 
particles is considered in the calculations. 
 
The characteristics of the ideal settling tanks are validated by the calculation of the Camp stability number 
for stable flow, section 2.6.1.3. The absence of resuspension is validated by verifying the criterion for bottom 
scour, section 2.6.2. The laminar flow condition in the settling zone are verified by determining the flow 
Reynolds Number in the sedimentation tank [22]: 
 

    
    

    
 

 
Where      = kinematic viscosity [m2/s] and R = hydraulic radius [m] defined for a completely filled 
tank as: 

   
   

      
 

(46)  
 
 
 
 
(47)  
 

 
The settling velocities of the particles in the sedimentation tank are determined by using the settling models 
described in section 2.4.1. The particle concentration effect reducing the settling rate is also included in the 
calculation using the Richardson & Zaki formulation described in section 2.4.3. 
 
The MATLAB code including the calculation model is attached in Appendix E.  

3.2. Input parameters 

The input parameters used in the MATLAB calculations are shown in Table 7.  

Table 7: Input parameters for MATLAB 

Component Parameter Values Unit 

Tank Length 5 [m] 

Height 2.5 [m] 

Width 2 [m] 

Particles Diameter 0.01 – 10 [mm] 

Specific weight 2650 [kg/m3] 

Particle concentration 5,10 and 20 [%] 

Fluid Inflow 1000, 2000, 3000 and 4000 [L/min] 

Specific weight 1300 [kg/m3] 

Apparent viscosity 0.1, 0.2, 0.4, 0.6 and 0.8 [Pa s] 

 
The chosen parameter values are based on a variety of assumptions and boundary conditions: 

 The settling tank dimensions are chosen based on the standardized container sizes. 

 The particle diameter range is chosen based on the expected settling range. 

 The specific weight of the particles is chosen to match the specific weight of sand. 

 The particle concentration and sedimentation bed thickness are assumed based on practice. 

 The inflow rate is based on the reference drilling logs extended with parallel tank options. 

 The specific weight of the drilling fluid is based on a general weighted drilling mud. 

 The apparent viscosity is derived from reference drilling logs. 

 
The reference drilling logs are attached in Appendix C. 
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3.3. Results of preliminary calculations 

This section presents the results of the MATLAB model describing an ideal horizontal settling tank. The 
results are presented in graphs where the tank surface loading parameter   is plotted against the slip 
velocity (     ). Complete settlement of particles occurs when       . 

3.3.1. Differences between different particle settling models 

The particle settling models covered in the literature review (Chapter 2) have been used to predict the 
terminal settling velocity of the submerged particles. As expected, the obtained results showed differences in 
the predicted terminal settling velocities. As shown in Figure 25, the differences are negligible for small 
particles, but become larger with increasing particle diameter.  
 

 

Figure 25: Difference between settling models terminal settling velocity 

Calculations performed with different parameter sets showed that the Stokes settling model predicts the 
highest terminal settling velocity, whereas the empirical model from Sadat et al. shows the lowest prediction.  
 
Based on the results shown in Figure 25, it can be seen that the settling model choice significantly affects 
the prediction of the settleable particle diameter. The sensitivity of the chosen settling model on the terminal 
settling velocity prediction can therefore be assumed to be high. 
 
The Schiller & Naumann drag model used by COMSOL to predict the settling behaviour of particles has been 
included in the results shown in Figure 25. The value of terminal settling velocity from the stokes model is 
used as an input and is iterated five times to obtain stable prediction from the Schiller & Naumann drag 
model. The model predicts comparable terminal settling velocities as the Stokes model in the small diameter 
range, whereas the predictions approaches the Zanke model for larger diameters. 
 
The particle Reynolds numbers obtained from the calculations were within the laminar regime. The same 
trend as seen in the terminal settling velocity plots can be observed. The particle Reynolds number plot for 

the complete particle range is shown in Figure 26. 
 

 

Figure 26: Difference between particle Reynolds numbers 
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3.3.2. The effect of particle concentration on settling 

The Richardson & Zaki equations have been used to correct the terminal settling velocity and obtain the 
particle slip velocity. As expected this correction resulted in a reduction of the terminal settling velocity as 
shown in Figure 27. As the particle concentration is reduced the slip velocity approached the terminal 
settling velocity predicted in Figure 25. 
 

 

Figure 27: Influence of hindered settling on the particle slip velocity 

The results point out that the particle slip velocity and thereby the particle settling is sensitive to 
fluctuations of the particle concentration. High particle concentrations can reduce the slip velocity 

significantly, increasing the minimal settleable particle diameter. Figure 28 summarizes the decrease in 
minimal settleable particle size with increasing particle concentration, based on the specified model 
parameters in Figure 27.  
 

 

Figure 28: Increase of the settleable particle size due to increasing particle concentration 
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3.3.3. The effect of flow rate on settling 

The flow rate in the settling tank characterizes the retention time of the particles in the settling tank. 
Fluctuations in flow rate can therefore influence the settling efficiency in the tank. The effects of flow rate on 
the settling efficiency have been studied and are shown in Figure 29. 
 

 

Figure 29: Increasing settling efficiency with decreasing flow rate 

The results indicate that reducing the flow rate in the tank increases the settling efficiency. This increase in 

minimal settleable particle size through reducing the flow rate, is summarized in Figure 30 for the specified 
model parameters presented in Figure 29. 
 

 

Figure 30: Decrease of settleable particle size due to flow rate reduction 
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3.3.4. The effect of viscosity on settling 

The viscosity fluctuations due to additional shear or temperature changes can influence settling efficiency. 
The sensitivity of viscosity changes has been studied in the ideal settling tank model. The effects of several 
viscosity values are shown in Figure 31. 
 

 

Figure 31: Increasing Terminal settling velocity with decreasing carrying fluid viscosity 

The obtainable increase in settleable particles is presented in Figure 32 and points out that decreasing the 
viscosity significantly increases the settling efficiency. 

 

 

Figure 32: Increase in settleable particle sizes due to viscosity reduction 
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3.3.5. Others results 

Laminar flow and settling conditions in the ideal settling tank are verified with the obtained Reynolds 
numbers for flow and particle settling. The Reynolds number obtained for flow fluctuated around 10-50, 
with peaks of 100 for high flow rates. The particle Reynolds numbers fluctuated around 0.01-5, with peaks 
of 50 for particles with high settling velocities. All obtained Reynolds numbers are within the laminar flow 
and settling conditions. 
 
The obtained values for the Froude number indicated that the flow was unstable in all calculations except 

for an inflow rate of 4000 L/min. The unstable flow conditions are caused by the wide and high tank 
dimensions used in the calculations.  
 
The critical scour velocity obtained from the calculations resulted in no bottom scour for all parameter 
combinations.  

3.4. Chapter conclusion 

The literature review covered in chapter 2 summarized multiple fluid and tank related effects, which 
influence the gravitational settling of particles. These effects are studied using Camp’s ideal horizontal 
settling tank model and resulted in the following main conclusions: 

 For a representative case, complete settling of particles between 2.5-3.5 mm and larger is 
achievable. This case includes a 20ft container sized tank, a common WBM with an apparent 
viscosity of 0.6 Pa s and an inflow rate of 3000 L/min containing a particle concentration of 10%. 

 Potential options which are identified to increase the settling efficiency are: 

o Optimizing settling tank design 
o Increasing settling tank size 
o Reducing the inflow rate 
o Reducing the WBDF viscosity 

 When an optimistic case is considered, complete settling of particles between 0.6-0.8 mm and larger 

is achievable. This case includes a 20ft container sized tank, a WBM with an reduced apparent 
viscosity of 0.1 Pa s and an reduced inflow rate of 1000 L/min containing a particle concentration of 
10%. 

 
The actual tank efficiency is expected to be lower than predicted by the calculations, since the ideal settling 
tank model makes use of a simplified approach with advantageous settling conditions. 
 
The design of the settling tank can be optimized to create optimal settling conditions by maximizing the 
Froude number and minimizing the Reynolds number. To obtain lower Froude numbers, the tank has to be 
narrow and low in height. With respect to turbulence, the demand for a high Froude number conflicts with 
the demand for a small Reynolds number, which is associated with a wide settling tank. 

 
Increasing the tank dimensions by a significant amount is a relevant solution to increase the settling 
efficiency. However, this is avoided since a larger tank makes handling and transportation of the settling 

tank difficult.  
 
Managing the flow rate parameter is a promising option to increase the settling efficiency of the tank. The 
potential way to do this is by splitting the main flow into multiple settling tanks. Dividing the main flow of 
3000 L/min over three settling tanks with 1000 L/min each, allows complete settlement of particles larger 
than 1.5-2 mm rather than the previous obtained 2.5-3.5 mm for 3000 L/min. This increase in efficiency is 
valid when three tanks of the same dimensions as in the MATLAB calculations are used. 
 
Reducing the fluid viscosity is another promising option to increase the settling efficiency. This can be 
achieved by changing the drilling fluid composition or by making use of the shear thinning characteristics. 
When the apparent viscosity is reduced from 0.6 to 0.1 Pa s, complete settlement of particle larger than 1.1-

1.4 mm becomes achievable rather than the 2.5-3.5 mm for 600 Pa s. 
 
Combining the settling enhancements allows the settling of particles larger than 0.6-0.8 mm (1000 L/min, 
0.1 Pa s and 10% particle concentration). Since the ideal settling tank makes use of advantageous settling 

condition, achieving this settling efficiency will be challenging. Therefore, it can be concluded that the 
separation of the particles from a WBM in a settling tank is not sufficient enough to achieve the project 
objective. To increase the separation efficiency, the discussed enhancement options need to be considered or 
other separation techniques have to be considered to separate the remaining fine solids. 
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 Experiments 4.
This chapter of the report includes information regarding performed experiments. The preliminary calculations 
presented in chapter 3, indicated that the separation efficiency of the separation tank was not sufficient 
enough to meet the separation requirements. One of the suggested options to increase the separation efficiency 
is by reducing the drilling fluid viscosity through the introduction of vibrations and thereby increase the settling 
rate of particles. This chapter includes the vibrations experiments, which have been performed to quantify the 

obtainable viscosity reduction by introducing vibrations. In addition to the vibrational experiments, pressure 
filtration experiments are performed to get an indication of the applicability and separation efficiency, as a 
complementary separation technique. 

4.1. Test samples and preparation 

The water based drilling fluid used in the experiments is prepared in the laboratory by mixing raw materials 
with tap water. The selected components where: Cebo-gel Wyoming API bentonite, Xanthan gum and M6 

Silverbond quartz flour (barite replacer). Additional information regarding these ingredients is attached in 
Appendix D. 
 

 

Figure 33: Drilling mud materials from left to right: Quarts flour, bentonite and Xanthan gum 

To compensate for the unavailability of barite, Sibelco M6 Silverbond quartz flour has been used, which has 
a comparable particle size distribution as barite. The amount of quartz flour is based on a volume 
comparison to barite, resulting in the same amount of suspended solids. The lower specific density of quarts 
flour is also advantageous, since it reduced the settling of solids during the experiments. For consistency, all 
experiments have been performed using the same drilling fluid composition. 

4.1.1. Sample composition and characteristics 

The water based drilling fluid composition is different for each drilled well, since the drilling fluid is 
engineered to have the required characteristics for the onsite situation. To obtain a realistic drilling fluid 

composition with field characteristics, different sources have been used. The overall composition is based on 
the compositions found in literature, which has been adjusted to match the drilling fluid characteristic of 
reference drilling logs attached in Appendix C. The final composition for the drilling fluid samples is shown 
in the figures below and referred to as clean mud: 
 

 

Figure 34: Sample composition by weight 

 

Figure 35: Sample composition by volume 
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Since quarts flour is used instead of barite, the composition by weight does not represent a drilling fluid 
used in practice. On the other hand, the composition by volume is comparable with a weighted water based 
drilling fluid.  
 
The characteristics of the prepared drilling fluid are obtained by performing Fann viscometer measurements 
and plotting the consistency curve. Figure 36 shows the consistency curve of the prepared drilling fluid and 
the reference data obtained from the drilling logs. 
 

 

Figure 36: Consistency curve of clean mud sample versus reference 

Figure 36 points out that the clean mud sample shows similar behaviour compared to the reference drilling 
fluids. To prevent the settling of the quarts flour particles during the experiments, stronger fluid 
characteristics are chosen for the low shear range of the clean mud samples. In Table 8 a comparison is 
presented of the yield point and plastic viscosity for the clean mud sample and the reference drilling fluids. 

Table 8: Fluid characteristics of the clean mud sample versus reference data 

 Yield point (YP)  Plastic viscosity (PV) 

Reference data 10-12 [Pa] 0.017-0.022 [Pa s] 

Clean mud sample 10 [Pa] 0.020 [Pa s] 

4.1.2. Sample preparation and storage 

The clean mud samples have been prepared in batches of 1.5 litres using a high velocity blender attachment 
on top of a Kenwood major prime mixer. The materials have been added slowly to the water from the top of 
the blender in the following order: bentonite, xanthan gum and quarts flour. Mixing each batch for 
approximately 15 min resulted in a homogenous material without any bentonite lumps. 
 
Each batch is prepared one day prior to the experiments and stored closed in a 15°C climate room. Cold 
storage was necessary to prevent degradation of the biological xanthan gum. Batches stored for several days 
in normal room conditions showed a large viscosity reduction and are therefore excluded from the 
experiments. 

4.1.3. Replacement for the fine cuttings 

The fine sized cuttings that are generated during drilling operations, are replicated by using fine sand. The 
associated material data sheet is attached in Appendix D. The sand is sieved to separate the particles into 
two size ranges 150-212 μm and 250-300 μm. These two batches are mixed with the WBM to study the 
effects of fine size cuttings during the experiments. 
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4.2. Test setup and test procedure 

This section covers the three different test setups and the associated procedures used to perform the 
experiments. Two of the test setups are used for vibrations and one setup is used for filtration.  

4.2.4. Vibration setups 

Vibration related setups are used to understand the effects of vibrations on the drilling fluid viscosity. Based 
on the literature review it is known that vibrations reduce the viscosity of drilling fluids. The vibration 
experiments are aimed to get an indication of the viscosity reduction when vibrations are introduced to the 
water based drilling fluids. Multiple mud samples have been tested with different particle sizes and 
concentrations using vertical and horizontal vibrations. 
 
The main equipment used for the vibration test setups include: 

 Fann viscometer 35 SA (6 speed) 

 A vertical vibration table 

 Detla Physics Signalforce shaker 

 Detla Physics Signalforce 100 Watt Amplifier  

 Agilent 33522A waveform generator 

 ±5mm Linear variable differential transformer (LVDT) 

 The Fann Model 35 SA viscometer 4.2.4.1

The viscosity measurements during the experiments have been performed with a Fann Model 35SA direct 
indicating viscometer. These viscometers are commonly used by mud engineers and are recommended for 
evaluating the rheological properties of Newtonian and non-Newtonian fluids. The default configuration, 
which has been used during the experiments, includes a R1 Rotor Sleeve, B1 Bob, F1 Torsion Spring, and a 
stainless steel sample cup. This configuration is also recommended for field testing of water based drilling 
fluids by the American Petroleum Institute, API RP 13B-1/ISO 10414-1 Specification. 
 

 

Figure 37: Fann Model 35SA viscometer 

 

Figure 38: Schematic diagram of the direct indicating viscometer 

The Fann viscometer measures the shear stress caused by a given shear rate. This is done by containing the 
test fluid in the shear gap (annular space) between the outer cylinder (rotor) and the inner cylinder (bob). 
The viscosity measurements are made by rotating the rotor at a known speed, which causes a viscous drag 
applied on the fluid. This drag creates torque on the bob, which results in a measurable deflection at the 
precision spring. 
 
The shear gap between the rotor and bob in the standard configurations is limited to 1.17 mm. Using 
particles with a particle diameter close to this annular gap size can cause inaccurate measurements or 
damage the viscometer. 
 
The accuracy of the Fann viscometer viscosity measurements is not specified in the manual. To account for 
this, an accuracy of ± 1° deflection on the full scale is maintained. The chosen accuracy is comparable to the 
dead weight calibration accuracy (± 0.5°) and fluid calibration accuracy (±1.5) prescribed in the Fann 

manual.  
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 Vertical vibration setup 4.2.4.2

The vertical vibration test setup is shown in Figure 39 and Figure 40. The setup consists of the Fann 
viscometer, vertical vibration table and a ±5 mm LVDT connected to a computer. 
 

 

Figure 39: Vertical vibration test setup overview 

 

Figure 40: Vertical vibration test setup 

In this setup the default Fann fluid container is bolted to the vibrating table by using a PVC plate, as shown 
in Figure 40. This stiff connection allows the fluid container to follow the same vibrations as the vibrating 
table.  
 
To prevent the Fann viscometer from vibrating during the experiments, a separate platform is used next to 
the vibrating table. To reduce the vibrations to a minimum, the Fann viscometer is placed on this platform 
ensuring a small gap between the Fann viscometer and the vibrating elements. 
 
The height of the Fann viscometer is adjusted to meet the required space between the bob and bottom of the 
fluid container. According to the user manual this space has to be 1.27 mm or greater. During the 
experiments a gap of 3.7 cm is maintained. 
 

The vertical vibrating table was able to create vibrations with a frequency of 50Hz and adjustable amplitude. 
The applied amplitudes and frequency are validated and continuously measured during the experiments 
using a ±5 mm pre-calibrated LVDT connected to a computer. The sample rate of the LVDT was set to 2 kHz, 
which is 40 times higher than the vibrating frequency of the table. This resulted in 40 measurements points 
for each vibrational oscillation, allowing a distinction of the peak to peak table amplitude. 

 Horizontal vibration setup 4.2.4.3

The horizontal vibration test setup is shown in Figure 41 and Figure 42. The setup consists of the Fann 
viscometer, horizontal vibration element and a ±5 mm LVDT connected to a computer. The power amplifier 

and wave form generator are not shown in the figures below. 
 

 

Figure 41: Horizontal vibration test setup 

 

Figure 42: Horizontal vibration test setup top view 
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In the horizontal vibration test setup, a Detla Physics Signalforce vibration element is used to create the 
horizontal vibrations. The frequency and amplitude of these vibrations could be varied by using a waveform 
generator and a power amplifier.  
 
Similar to the vertical test setup, the Fann viscometer is placed on a separate platform to minimize the 
vibrations on the Fann viscometer. The height of the viscometer is also adjusted to match the same gap size 
between the bob and bottom of the fluid container of 3.7 cm.  
 
The vibrations are carried from the vibration element to the fluid container by a stainless steel rod attached 
to the fluid container using a pipe bracket. To reduce the friction between the fluid container and table, oiled 
plastic foil is used. 

 Testing procedure of the vibration setups 4.2.4.4

The testing procedure for each sample included testing with the vertical and horizontal test setup. The 

procedure for testing one sample (approximately 340 ml) was done as follows: 
 

1. Specific gravity determination of the sample 
2. Shear the sample for 15 min at 600 RPM in the Fann viscometer 
3. Perform Fann measurements with no vibrations in vertical setup 
4. Perform Fann measurements with vertical vibrations (50 Hz, 0.4 mm, 2g acceleration) 
5. Perform Fann measurements with vertical vibrations (50 Hz, 0.6 mm, 3g acceleration) 

6. Perform Fann measurements with no vibrations in vertical setup 
7. Specific gravity determination of the sample 
8. Remixing of the sample 
9. Specific gravity determination of the sample 

10. Shear the sample for 15 min at 600 RPM in the Fann viscometer 
11. Perform Fann measurements with no vibrations in horizontal setup 
12. Perform Fann measurements with horizontal vibrations (50 Hz, 0.4 mm, 2g acceleration) 
13. Perform Fann measurements with horizontal vibrations (50 Hz, 0.6 mm, 3g acceleration) 
14. Perform Fann measurements with no vibrations in horizontal setup 
15. Specific gravity determination of the sample 

 
The Fann viscometer measurements have been performed according to the API Recommended Practice 13B-
1 for field testing water based drilling fluids. This includes shearing the fluid between each measurement for 
10s at 600 RPM. The Fann viscometer measurements have been performed at 3, 6, 100, 200, 300, 600 RPM.  
 
The specific gravity of each test sample is determined before and after the Fann measurements using a 100 
ml measuring cylinder. For the measurements, 100 ml of the 300 ml sample is used. The results of the 
specific gravity measurements are used to verify the fluid composition and as an indication if particles had 
been settling during the experiment, see section 4.3.7.5. 
 
An analogue thermometer has been used to measure the fluid temperature during each set of Fann 
measurements. Since temperature influences the fluid viscosity, it was necessary to validate that no large 

temperature differences were present between each experiment. 

4.2.5. Pressure filtration  

The pressure filtration test setup has been used to investigate the possibilities of separating fine particles 
from water based drilling fluid using a pressure gradient. Based on literature it is known that bentonite 
suspensions have hole sealing properties, which makes them excellent support fluids in multiple drilling 
operations. The bentonite suspension forms a filter cake on the borehole wall to prevent inflow of formation 
fluids. By performing the pressure filtration experiments it is aimed to verify if pressure filtration is feasible 
for separating fine particles from the water based drilling fluid. Multiple mud samples with different particle 
sizes and filters with different sized opening have been used. 

 Pressure filtration test setup 4.2.5.1

In the drilling industry pressure filtration tests are performed using the API/Fann filter press setup. These 
tests are used to measure the filter cake performance created by the drilling fluid, which is specified as the 
fluid loss in drilling logs. A comparable setup to the API/Fann filter press has been used for the pressure 
filtration experiments. However instead of having a small fluid loss, it was aimed to have a large flow rate 
through the filter while fine solids remained on the filter. The used pressure filtration setup is shown in 
Figure 43 and Figure 44. 



 

Challenge the future 48 

 

Figure 43: Pressure filtration setup 

 

Figure 44: Pressure filtration setup schematic 

The pressure filtration setup consists of a 70 mm diameter filter press located directly above a Mettler Toledo 
Excellence scale. The filtrate leaving the filter press during filtration is collected in a fluid container resting 
on the scale. A camera is used to capture the scale and the digital stopwatch readings, for determination of 
the flowrate through the filter medium. The setup was capable of performing pressure filtration test up to 10 
bars. The pressure in the setup is regulated using a pressure regulator and a pressure control valve as 
shown in Figure 44.  
 
The filters used in the experiments were: 

1) Whatman grade 4 filter paper with openings of 20-25 μm 
2) Steel wire mesh with openings of 63 μm 
3) Nylon wire mesh with openings of 105 μm 
4) Nylon wire mesh with openings of 250 μm 

 
Modifications have been made to the steel and nylon filters to simplify the removal of the filters from the 
press without damaging the filter cake. Figure 45 shows the modified steel and nylon wire mesh filters used 
in the experiments. 
 

 

Figure 45: Modified steel and nylon wire mesh filters 

 Testing procedure pressure filtration 4.2.5.2

The testing procedure for each sample was as follows: 

 Specific gravity determination of the batch drilling fluid 

 Perform Fann measurements of the batch drilling fluid 

 Perform pressure filtration experiment for samples of approximately 250 ml 

 
The specific gravity determination and a standard Fann measurement are preformed prior to the experiment 
to validate the drilling fluid characteristics. The pressure filtration experiment is performed in the following 
order: Adjust the pressure regulator to the required pressure, filling the filter press with drilling fluid, 
applying the redefined pressure in one go by opening the pressure control valve and simultaneously starting 
the stopwatch. The test is stopped if no fluid is left in the filter press or when the filter gets clogged.  
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4.2.6. Fann viscometer calibration 

Prior to the experiments the Fann viscometer has been calibrated using the Fann 0.1 Pa s calibration fluid 

and a prepared 90% glycerine solution in water. Both fluids are characterized as Newtonian fluids and have 
a linear relation between shear rate and shear stress. The calibration was difficult, since the viscosity of both 
fluids are sensitive to temperature fluctuations. The fluid temperature increased during calibration, 
resulting in lower viscosity measurements. 
 
The calibration of the Fann viscometer has been performing prior and after the main experiments. The 
obtained results are presented in Table 9. 

Table 9: Fann calibration results 

   Fann viscometer readings 

 Fluid temperature 

[°C] 

 600 

RPM 

300 

RPM 

200 

RPM 

100 

RPM 

6 

RPM 

3 

RPM 

Before – 0.1 Pa s Calibration fluid 24.5  192 98 66 33 2 1 

Before – 0.2 Pa s Glycerine solution 26.5  - 197 132 66 4 2 

After – 0.1 Pa s Calibration fluid 27  184 93 62 32 2 1 

After – 0.2 Pa s Glycerine solution 26.5  - 197 132 66 4 2 

 
The Fann calibration manual requires that the 300 RPM reading correspond to the calibration fluid viscosity 
within a ±0.002 Pa s margin, taking temperature dependent viscosity into account. The results from Table 9 

verify that the Fann viscometer calibration is valid prior and after performing the main experiments. 

4.3. Experiment results 

This section presents the results obtained from the vibration and filter experiments. 

4.3.7. Vibration results 

 Results of experiments with clean mud 4.3.7.1

Results from the Fann viscometer experiment with clean drilling fluid are shown in the consistency curves in 
Figure 46. The observable downwards shift of the lines indicate that vibrations influence the rheological 
properties of the clean drilling fluid. When the vibrations are interrupted and another measurement is 
performed, the consistency curve moves back to the starting conditions. This behaviour of the drilling fluid 
is related to the shear-thinning behaviour of the drilling fluids discussed in section 2.4.5.1.  
 

 

Figure 46: Results of clean drilling fluid – Consistency curves 
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The additional shear introduced by the vibrations does reduce the apparent viscosity of the drilling fluid. The 
apparent viscosity of the clean drilling fluid measurements is presented in Figure 47. 
 

 

Figure 47: Clean drilling fluid results - Apparent viscosity 

The results point out that the reduction of apparent viscosity is much greater at lower shear rates. This 
outcome could be related to the exponential shape of the consistency curve at low shear rates. 
 
The steep exponential consistency curve at low shear rates indicates a strong shear thinning behaviour, 
which decreases with increasing shear rate. With increasing shear rate, the consistency curve flattens out 
and approaches a stable slope, which is defined as the plastic (Bingham) viscosity. The shear thinning 
behaviour of the drilling fluid in this high shear region is minimized and negligible, because the breakdown 

of the clay structures is larger than the build-up rate, as described in 2.4.5. Future increase of the shear 
rate by introducing vibrations, does not lead to significant viscosity reductions for the same reason. 
 
The obtained reductions of apparent viscosity for clean drilling fluid are summarized in Table 10. The results 
point out that the viscosity reduction caused by vibrations indeed decrease in effectiveness with increasing 
Fann shear rates. Increasing the vibrations intensity from 2g to 3g acceleration shows a greater viscosity 
reduction. This result can be related to the relative greater additional shear introduced by the vibrations 
with higher acceleration. The vertical vibration setup also shows greater viscosity reductions than the 
horizontal vibration setup, this is further discussed in section 4.3.7.7. 

Table 10: Clean drilling fluid results - Apparent viscosity reduction 

Shear rate No vibrations 2g vertical 3g vertical 2g horizontal 3g horizontal 

[1/s] [Pa s] [Pa s] % [Pa s] % [Pa s] % [Pa s] % 

5 0.7 0.2 -71 0.1 -86 0.5 -29 0.4 -43 

10 0.4 0.2 -50 0.1 -75 0.3 -25 0.3 -25 

170 0.063 0.054 -14 0.048 -24 0.06 -5 0.06 -5 

340 0.045 0.042 -7 0.039 -13 0.045 0 0.045 0 

511 0.038 0.036 -5 0.035 -8 0.037 -3 0.037 -3 

1021 0.029 0.028 -3 0.028 -5 0.029 -2 0.029 -2 

 
The Fann viscometer measurements performed at low shear rates result in a small deflection on the dial. 
These low deflection readings have a relative small difference with the assumed accuracy of the Fann 
viscometer causing an uncertainty in the obtained reductions of viscosity. The steep exponential shape of 
the consistency curve in the low shear region increases this uncertainty. For higher shear rates, the 
uncertainty becomes smaller since the relative difference between the Fann viscometer dial readings 
becomes greater. By assuming the Fann viscometer accuracy defined in section 4.2.4.1, a fixed uncertainty 
for all performed Fann viscosity measurements can be described as presented in Table 11. 
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Table 11: Uncertainty of the Fann viscosity measurements 

 Fann RPM and shear rate [1/s] 

 3 RPM 
5 [1/s] 

6 RPM 
10 [1/s] 

100 RPM 
170 [1/s] 

200 RPM 
340 [1/s] 

300 RPM 
511 [1/s] 

600 RPM 
1021 [1/s] 

Uncertainty  ± 0.1 [Pa s] ± 0.05 [Pa s] ± 0.003 [Pa s] ± 0.0015 [Pa s] ± 0.001 [Pa s] ±0.0005 [Pa s] 

 Particle size and concentration effects 4.3.7.2

To investigate the influence of small sized particles on the drilling fluid characteristics, samples with 
different particle sizes and particle concentrations are considered. The corresponding results are presented 
in this section. 
 
By adding particles to the clean drilling fluid changes in rheology occur in the form of an increase in 
apparent viscosity. This increase is compared to the clean drilling fluid measurements in Table 12. The 

results point out that the addition of small particles lead to a greater viscosity increase in comparison to 
adding larger particles. The increase is greater in the high shear region.  

Table 12: Apparent viscosity increase as a result of additional particles in clean drilling fluid 

Shear 
rate 

Clean 
mud 

150-212 micron 
9% vol. con. 

150-212 micron 
17% vol. con. 

Clean 
mud 

250-300 micron 
9% vol. con. 

250-300 micron 
17% vol. con. 

[1/s] [Pa s] [Pa s] [%] [Pa s] [%] [Pa s] [Pa s] [%] [Pa s] [%] 

5 0.8 0.9 +13 1 +25 0.9 1 +11 1.1 +22 

10 0.5 0.55 +10 0.6 +20 0.55 0.55 0 0.65 +18 

170 0.072 0.087 +21 0.108 +50 0.075 0.087 +16 0.108 +44 

340 0.051 0.062 +21 0.0795 +56 0.051 0.059 +15 0.077 +50 

511 0.042 0.051 +21 0.066 +57 0.041 0.047 +15 0.062 +51 

1021 0.032 0.040 +25 0.052 +65 0.031 0.036 +18 0.047 +54 

 
Comparable increases in viscosity could be predicted using the Krieger & Dougherty model described in 
section 2.4.3. Calculations performed with this model and particle volume concentrations of 9% and 17% 
lead to a viscosity increase of respectively 27% and 64%, which is comparable to the results listed above.  
 
The Krieger & Dougherty model predicts the obtained apparent viscosity values good at high shear rates 
while giving an over estimation at low shear values. This suggests that the Krieger & Dougherty model is not 
accurate at low shear rates. Willenbacher N. and Georgieva K. (2013) verifies this suggestion by pointing out 
that the maximum packing fraction has different values at low and high shear rates. An increase of the 
shear rate causes particle to align in the flow direction resulting in a more efficient packing than the random 
close packed structure at low shear rates or at rest. The viscosity in the shear-thinning region is also 
influenced by the hydrodynamic interactions resulting in more shear with increasing particle surface area. 
 
The apparent viscosity reductions obtained from measurements with suspended solids and vibrations are 
presented in Table 13 and Table 14 for respectively 150-212 particles and for 250-300 particles. 

Table 13: Apparent viscosity reductions for drilling fluid with 150-212 micron suspended particle 

Drilling fluid with 9% by volume 150-212 micron suspended particles 

Shear rate No 
vibrations 

2g vertical 3g vertical No 
vibrations 

2g horizontal 3g horizontal 

[1/s] [Pa s] [Pa s] [%] [Pa s] [%] [Pa s] [Pa s] [%] [Pa s] [%] 

5 0.9 0.3 -67 0.2 -78 0.9 0.6 -33 0.4 -56 

10 0.55 0.25 -55 0.15 -73 0.55 0.4 -27 0.3 -45 

170 0.087 0.078 -10 0.066 -24 0.087 0.084 -3 0.081 -7 

340 0.0615 0.0585 -5 0.054 -12 0.062 0.0615 0 0.0615 0 

511 0.051 0.049 -4 0.047 -8 0.051 0.051 0 0.051 0 

1021 0.0395 0.039 -1 0.0385 -3 0.040 0.0395 0 0.0395 0 

 Drilling fluid with 17% by volume 150-212 micron suspended particles 

5 1 0.3 -70 0.2 -80 1 0.7 -30 0.4 -60 

10 0.6 0.25 -58 0.2 -67 0.6 0.45 -25 0.3 -50 

170 0.108 0.090 -17 0.078 -28 0.111 0.108 -3 0.102 -8 

340 0.0795 0.0735 -8 0.0675 -15 0.081 0.0795 -2 0.078 -4 

511 0.066 0.064 -3 0.06 -9 0.068 0.067 -1 0.066 -3 

1021 0.052 0.051 -2 0.05 -4 0.053 0.052 -2 0.0515 -3 
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Table 14: Apparent viscosity reductions for a drilling fluid with 250-300 micron suspended particle 

Drilling fluid with 9% by volume 250-300 micron suspended particles 

Shear 
rate 

No 
vibrations 

 
2g vertical 

 
3g vertical 

No 
vibrations 

 
2g horizontal 

 
3g horizontal 

[1/s] [Pa s] [Pa s] [%] [Pa s] [%] [Pa s] [Pa s] [%] [Pa s] [%] 

5 1 0.3 -70 0.2 -80 0.9 0.6 -33 0.5 -44 

10 0.55 0.25 -55 0.15 -73 0.55 0.4 -27 0.3 -45 

170 0.087 0.069 -21 0.060 -31 0.090 0.087 -3 0.081 -10 

340 0.0585 0.054 -8 0.0495 -15 0.060 0.0585 -3 0.057 -5 

511 0.047 0.045 -4 0.043 -9 0.049 0.049 0 0.047 -4 

1021 0.036 0.035 -3 0.034 -6 0.037 0.0365 -1 0.036 -3 

 Drilling fluid with 17% by volume 250-300 micron suspended particles 

5 1.1 0.3 -73 0.2 -82 1.1 0.7 -36 0.6 -45 

10 0.65 0.25 -62 0.15 -77 0.65 0.45 -31 0.4 -38 

170 0.108 0.087 -19 0.069 -36 0.114 0.108 -5 0.102 -11 

340 0.0765 0.071 -8 0.0585 -24 0.081 0.078 -4 0.075 -7 

511 0.062 0.059 -5 0.051 -18 0.066 0.065 -2 0.065 -2 

1021 0.047 0.046 -2 0.042 -11 0.051 0.049 -4 0.0485 -5 

 
Fann measurements performed for the drilling fluid samples with suspended particles show similar results 
to those obtained from the experiments on clean drilling fluid. The obtained apparent viscosity reductions 
are also comparable, but take place at higher viscosity values. The additional shear created by the vibrations 
is most effective in the low shear region, where strong shear-thinning behaviour is present. 
 
The low shear rates in the settling tank can be assumed to be comparable with the low shear region of the 

Fann viscometer. The obtained viscosity reductions at the low shear region of the Fann viscometer are 
therefore interesting for this study and are shown in Figure 48 for shear rates of 5 (3 RPM) and 10 (6 RPM). 
 

 

 

Figure 48: viscosity reductions at 3 RPM above and 6 RPM below  
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 Amplitude and frequency tests 4.3.7.3

Multiple experiments have been performed to understand the influence of vibration frequency and amplitude 
on the drilling fluid viscosity. Vibrations with accelerations of 3g and 5g have been created using two 
different combinations of frequency and amplitude. Due to the setup limitations, only given frequency and 
amplitude combinations were possible. The obtained apparent viscosity reductions for experiments with 
accelerations of 3g and 5g are presented in Table 15. 

Table 15: Apparent viscosity reduction of a clean drilling fluid for different frequencies and amplitudes 

Shear 
rate 

No 
vibrations 

3g 
50 Hz/0.6 mm 

3g 
100 Hz/0.15 mm 

No 
vibrations 

5g 
50 Hz/1 mm 

5g  
100 Hz/0.25 mm 

[1/s] [Pa s] [Pa s] [%] [Pa s] [%] [Pa s] [Pa s] [%] [Pa s] [%] 

5 0.8 0.5 -38 0.6 -25 0.8 0.4 -50 0.5 -38 

10 0.5 0.350 -30 0.4 -20 0.5 0.3 -40 0.350 -30 

170 0.075 0.072 -4 0.072 -4 0.075 0.072 -4 0.069 -8 

340 0.0525 0.051 -3 0.051 -3 0.0525 0.0525 0 0.051 -3 

511 0.044 0.043 -2 0.043 -2 0.044 0.044 0 0.042 -5 

1021 0.032 0.032 0 0.032 0 0.032 0.0325 +2 0.0315 -2 

 
The results in Table 15 indicate that vibrations with a lower frequency and a larger amplitude lead to a 
greater viscosity reduction than obtainable by vibrations with the same acceleration but with a higher 
frequency and lower amplitude. The differences between the results are however small and have the same 
magnitude as the assumed Fann measurement uncertainty. A trend can be noticed in the results, however, 
it is difficult to confirm this trend since the uncertainty is high. 
 
As mentioned in section 2.5, Deshpande & Barigou (2001) studied the vibrational flow of non-Newtonian 
fluids in pipes. They performed a similar study where the flow enhancement effect of a shear-thinning fluid 
is determined, while being subjected to vibrations with different amplitude and frequencies corresponding to 
the same acceleration. Their results also showed almost identical enhancement ratios for different 
combinations of frequencies and amplitude. They assumed that the results were practically identical and 
concluded that different amplitude and frequencies corresponding to the same acceleration resulting in the 
same enhancement effect. 
 
Additional experiments have been performed to understand the effectiveness of increasing the vibration 
frequency. During these experiments, the amplitude is kept at 0.15 mm while the frequency is increased 
from 10 to 100 Hz in steps of 10 Hz. The obtained results are presented in Table 16. The results indicate 

that a vibration with a small intensity is sufficient to create a viscosity reduction in the low shear region. The 
results also indicate that the effectiveness of the vibrations decrease with increasing intensity. 

Table 16: Apparent viscosity reduction of a clean drilling fluid for increasing frequency and fixed amplitude of 0.15 mm 

Shear 
rate 

10 Hz 
(0.03g) 

20 Hz 
(0.12g) 

30 Hz 
(0.27g) 

40 Hz 
(0.48g) 

50 Hz 
(0.75g) 

60 Hz 
(1.09g) 

70 Hz 
(1.48g) 

80 Hz 
(1.93g) 

90 Hz 
(2.45g) 

100 Hz 
(3.02g) 

[1/s] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] 

5 0 0 0 -13 -25 -25 -38 -38 -38 -50 

10 0 0 -10 -20 -20 -20 -30 -30 -30 -40 

170 0 0 0 0 0 -4 -4 -8 -8 -12 

340 0 0 0 0 0 0 0 -3 -3 -6 

511 0 0 0 0 0 0 0 -2 -2 -7 

1021 0 0 0 0 0 +2 0 0 0 -2 

 Gel strength development during experiments 4.3.7.4

Gel strength measurements have been performed with Fann viscometer during the vibrational experiments. 
To reduce the duration of each experiment and prevent the test setups/samples from exposure to long 
lasting vibrations, it is decided to perform only the 10 sec gel strength measurement. The obtained Fann 
deflections readings for the standard API gel strength test at a shear rate of 5 [1/s] and the 10 sec gel 
strength are presented in Table 17. The results indicate that the vibrations prevent the build-up of the gel 
strength for the drilling fluid samples with the large suspended particles. 
 
The gel strength is in generally measured as a peak deflection on the Fann viscometer dial after turning the 
viscometer on at the lowest shear rate of 5 [1/s]. The measured peak deflection gives an indication of the 
required shear to reach the breaking point of the formed gel structure. However, the observation of this peak 
deflection was absent in several measurements as the dial deflection did not bypass the standard test 
deflection obtained at a shear rate of 5 [1/s]. For these situations, it can be concluded that the additional 
shear created by the vibrations is large enough to prevent the build-up of gel strength in the first 10 seconds 
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of drilling fluid being at rest. Extra measurements at 10 min and 30 min gel strength are required to verify if 
the gel strength is absent for longer time periods of rest.  

Table 17: Fann deflection readings for 3 RPM and 10 sec gel strength 

 Fann deflection readings [°] 

Particle 
concentration 

 
No vibrations 

 
2g vertical 

 
3g vertical 

 
2g horizontal 

 
3g horizontal 

3 
RPM 

10 sec 
gel 

3 
RPM 

10 sec 
gel 

3 
RPM 

10 sec 
gel 

3 
RPM 

10 sec 
gel 

3 
RPM 

10 sec 
gel 

0 % 7 8 2 3 1 2 5 6 4 5 

9 % (150-212µm) 9 11 3 4 2 3 6 7 4 5 

9 % (250-300µm) 9 11 3 3 2 2 6 6 5 5 

17 % (150-212µm) 10 12 3 3 2 2 7 8 4 5 

17 % (250-300µm) 11 13 3 3 2 2 7 7 6 6 

 
The other measurements performed with vibrations show a smaller deflection difference between the gel 
strength deflection and the standard test deflection at 3 RPM. The smaller difference indicates a slower gel 

strength build-up for the samples exposed to vibrations. 
 
A significant uncertainty is present in the gel strength measurements since the deflection differences are of 
the same size as the assumed Fann viscometer accuracy of 1°. 

 Verification of no settling during experiments 4.3.7.5

The settling of particles during the Fann viscometer experiments is unwanted since it causes rheology 
changes during the experiments. To verify that no settling has taken place and the fluid rheology is 
persistent during the experiments, the specific gravity and viscosity has been measured before and after the 
experiments. Table 18 presents the relative viscosity differences between the performed measurements for 
each set of experiments. 

Table 18: The relative viscosity differences between the control measurements performed for each set of experiments 

 150-212 micron particles 250-300 micron particles 

Shear 
rate 

Vertical 
9% 

Horizontal 
9% 

Vertical 
17% 

Horizontal 
17% 

Vertical 
9% 

Horizontal 
9% 

Vertical 
17% 

Horizontal 
17% 

[1/s] [%] [%] [%] [%] [%] [%] [%] [%] 

5 0 0 0 0 0 0 0 0 

10 0 0 0 +8 0 0 0 0 

170 0 0 0 0 -7 -3 -6 -5 

340 0 +2 0 +2 -5 -3 -6 -6 

511 0 +2 +2 +1 -2 0 -7 0 

1021 0 0 +1 -1 -4 -1 -4 -3 

 

The control measurements indicate that the measurement differences are relatively small suggesting a 
limited rheology change during the experiments. The experiments performed with the 250-300 micron 

particles clearly show a small viscosity loss, which is related to particle settling. This can be confirmed by 
comparing the specific gravity measurement, presented in Table 19. 

Table 19: The specific gravity measurements performed for each set of experiments 

Particle concentration Vertical experiments Horizontal experiments 

SG 

before 

SG 

after 

Difference 

[%] 

SG 

before 

SG 

after 

Difference 

[%] 

9 % (150-212µm) 1.23 1.21 -2 1.23 1.20 -2 

9 % (250-300µm) 1.22 1.13 -7 1.22 1.14 -7 

17 % (150-212µm) 1.34 1.30 -3 1.34 1.29 -4 

17 % (250-300µm) 1.33 1.25 -6 1.34 1.25 -7 

 
The specific gravity measurements show that settling of particles occurred during the Fann measurements. 
The settling effects are greater for the drilling fluid suspensions with large particles. This is as expected since 
particles with larger diameters settle much quicker than smaller particles.  
 
The rheology changes due to the settling of the particles are relatively small and can be assumed negligible 
when the Fann measurement uncertainty is considered. 
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 Verification of shear thinning 4.3.7.6

Complementary vibrational experiments are performed to verify that the previous presented results are 
indeed related to the shear-thinning behaviour of the drilling fluids. As the obtained results could also be 
related to additional shear created by the vibrations in the annular space between the bob and rotor. This 
would influence the Fann viscometer measurement method and thereby make the results invalid.  
 
The verification experiments are performed with the previously used 0.1 Pa s Fann calibration fluid and the 

10% glycerol solution. The experiments are done according to the same testing procedure as the drilling fluid 
samples. Since both verification fluids have Newtonian properties, viscosity reductions due to shear-thinning 
were excluded from the experiments. To verify that the Fann viscometer was not influenced by the 
vibrations, no change in viscosity had to be proven at the fixed Fann measurement points (shear rates). 
Since Newtonian fluids have a constant viscosity, the apparent viscosity calculation should give the same 
viscosity for each measurement point. If the vibrations create additional shear on the bob, the experiments 
with vibrations should give higher viscosity measurements than the experiments without vibrations, since a 

higher shear stress will be measured for the same Fann rotation speed (shear rate).  
 
The processed results of the experiments are presented in Figure 49 for the 0.1 Pa s Fann calibration fluid 

and in Figure 50 for the 10% glycerol solution. The obtained consistency curves were linear and therefore 
confirm that both verification fluids are Newtonian fluids. 
 

 

Figure 49: 0.1 Pa∙s calibration fluid - Apparent viscosity comparison 

 

Figure 50: 10% glycerol solution - Apparent viscosity comparison 

 
The results obtained from the verification experiments point out that there is no or a negligible small 
viscosity difference between the experiments performed with and without vibrations. This indicates that 
additional shear created by the vibrations does not influence the Fann measurements for both horizontal 
and vertical vibrations.  
 
However, the results also show significant viscosity reductions at high shear rates compared to the 
measured viscosities at the low shear rates. This finding could be related to a reduced shear rate in the 
annular space between the bob and rotor due to the flow disturbance caused by the vibrations. This is 
however unlikely, since the experiments without vibrations also show the same viscosity reduction. 
Therefore, a more realistic explanation would be the influence of temperature on the verification fluids. 
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Similar to many other viscous fluids, the viscosity of the verification fluids are sensitive to temperature 
changes, especially the 10% glycerol solution. The viscosity of glycerol for example, can vary drastically with 
relative small temperature fluctuations. Figure 51 shows the consistency curves of glycerol at various 
temperatures, the slope of the linear consistency curves represents the dynamic viscosity of the Newtonian 
fluid. As the figure points out, the viscosity of glycerol can decrease significantly for relative small 
temperature rises. 
 

 

Figure 51: Consistency curves of glycerol at various temperatures [48] 

 
Since the shear created by the Fann apparatus increases the fluid temperature, a viscosity reduction at high 
shear rates becomes supportable. The temperature increase can be local between the bob and rotor or global 
increasing the temperature of the sample. A significant global temperature increase was measured for the 
10% glycerol solution. Since the glycerol solution has a higher viscosity, the shear forces becomes greater 
resulting in a faster temperature increase compared to the 0.1 Pa s Fann calibration fluid. 

 Difference between vertical and horizontal vibrations 4.3.7.7

The vibrational experiments performed with drilling fluid which are presented in the various paragraphs of 
this chapter, included a difference in the achievable viscosity reduction between the horizontal and vertical 
vibrations. The measurements obtained from the vertical vibrations resulted in a greater viscosity reduction 
compared to the horizontal vibration results. Since the verification experiments showed that that additional 
shear created by the vibrations had no significant influence on the Fann viscometer measurement method, 

therefore another explanation was necessary to clarify these differences. A clarification of the differences can 
be found in the thixotropic shear history dependent behaviour of the drilling fluid and the different exposure 
methods of the vibrations on the drilling fluid.  
 
Drilling fluids are known to exhibit a noticeable thixotropic behaviour, which is time and shear history 
dependent. Tehrani (2008) performed various experiments to describe this thixotropic behaviour with 

equations. During his experiments, the test samples have been exposed to multiple cycles of increasing and 
decreasing shear rates. The results obtained from the experiments showed clear hysteresis loops in the 
consistency curves. Figure 52 shows the hysteresis loop that were obtained and the shear rate step change 
graph.  
 

  

Figure 52: Drilling fluid thixotropic behaviour – hysteresis loop [51] 
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Since each set of vibrational experiments carried out in this thesis, is executed after each other using the 
same drilling fluid batch, a hysteresis loop might have been influencing the experiment results. This could 
explain the observed differences between the experiments, because in each set the vertical experiments were 
performed before the horizontal experiments. The drilling fluid used in the horizontal experiments is 
therefore more sheared compared to the drilling fluid used in the vertical experiments. As shown in Figure 
52, the effects of the hysteresis loop are still present after multiple shearing cycles.  
 
The influence of the hysteresis loop on the shear-thinning behaviour in the low shear region is also 
interesting. The shear cycles reduce the shear-thinning properties of the drilling fluid, as the consistency 
curve becomes more linear after each shearing cycle. Since the shear-thinning properties of the drilling fluid 
decreases, the influence of the vibrations on the viscosity also decreases. 
 
Another explanation for the differences in the achievable viscosity reduction between the horizontal and 
vertical vibrations can be related to the exposure method of the vibrations on the drilling fluid. The intensity 

of the horizontal and vertical vibrations was measured with the LVDT near the source of the vibrations, 

which represented the vibration intensity of the Fann fluid container cup. However, these vibrations are 
carried over differently to the drilling fluid sample due to the shape of the fluid container and vibration 
direction. 

 
During the vertical vibration experiments, the fluid is vibrated vertically creating a homogeneous fluid 
motion, while in the horizontal setup the fluid motion is occurring around the round boundaries of the fluid 
container and the Fann rotor. Figure 53 presents the fluid motion in the vertical and horizontal test setups. 
The differences in fluid motion can result in different shear stresses and therefore cause different viscosity 
reductions. 
 

The tangential fluid flow in the annular space between the rotor and bob of the viscometer can be described 
analytically using the equations of continuity and motion in cylindrical coordinates (r,θ,z). The equations 
given by Bird et al. (2007) are considered to evaluate the problem for a typical Couette viscometer without 
the influence of vibrations and a Newtonian fluid with constant density and viscosity. 
 

 

Figure 54: Top view of the annular shear space between the rotor and bob [10] 

 

  

Figure 53: Fluid motion – side view of vertical and top view of horizontal vibration setups 

Bob Rotor 
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The equation of continuity for cylindrical coordinates is defined as [10]: 
 

   

  
 

 

 

        

  
 

 

 

       

  
 

       

  
   

 

Where:    = fluid density [kg/m3] and v = fluid velocity [m/s] 

 
 
(48)  
 
 

 
When the end effects near the top and bottom of the shear gap are neglected, the fluid flow can be assumed 
to be occurring mainly in the angular direction and depending on the radial coordinate (r), see Figure 54. 
With this assumption the radial (  ) and axial (  ) components of the velocity vector become negligible     , 

   = 0 and    =      . In addition, the fluid density is assumed to be constant and the pressure (p) is 

assumed to be dependent on z because of gravity and on r because of the centrifugal force. With these 
assumptions, the equation of continuity can be reduced to: 
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Using the same assumptions, the equations of motion given by Bird et al. (2007) can be simplified. 
 
The complete equations of motion are defined in cylindrical coordinates (r,θ,z) as [10]: 
 
r – component: 
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θ – component: 
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z – component: 
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The equations of motion in reduced form: 
 
r – component: 

    
 

 
  

       

  
 

 
θ – component: 
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z – component: 
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In the reduced equations, the r – component describes the effects of the centrifugal force on the pressure 
and the z – component describes the effect of gravity on the pressure (hydrostatic pressure). The θ - 
component gives the velocity distribution, which can be solved for applying boundary conditions. The used 
boundary conditions are based on the assumption that the fluid does not slip at the surface of both 
cylinders. 
 
Boundary conditions: 
 
Inner cylinder:              At r =κR         = 0 

Outer cylinder:             At r =R           = ΩR 
 
Where: Ω = the angular velocity of the outer cylinder [rad/s],   = the distance of the cylinder to the 

rotation centre [m] and κ = geometrical factor (see Figure 54) [-].  
 

 
 
(56)  
(57)  
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Solving the θ – component using the boundary conditions gives the velocity distribution: 
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From the velocity distribution the momentum flux can be defined as [10]: 
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The torque created by the fluid acting on the inner cylinder is given as the product of the total force 
acting on the surface of the inner cylinder and the lever arm. For the assumed Newtonian fluid this 
results in: 
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Where: L = the height of the cylinder [m] 
 

When the same set of equations is solved for a power-law fluid the equation becomes: 
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Where:   = flow consistency [Pa s], n = flow behaviour index [-] 
 
And for a Bingham fluid the equation becomes: 
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Where:   
  = Bingham yield point [Pa],    

  = Bingham plastic viscosity [Pa   s] 

 
The power-law and Bingham equations convert to the Newtonian solution when Newtonian 

parameters are considered, n = 1 and   
 =0. 
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By using the equations (60)-(62), the viscosity of a fluid can be approached in a Couette viscometer such as 
the Fann 35 SA. The viscosity or viscosity model parameters can be solved form the equations for a 
measured torque value and a known angular velocity of the outer cylinder. However, since the end effects 

are neglected, the obtained viscosity will include an uncertainty.  
 
When vibrations are included, the assumptions made in this approach become very inaccurate since the 
fluid motion in vertical (z) and rectangular direction (r) cannot be neglected. This results in a complex set of 
equations that have to be solved. However, based on the verification experiments performed in section 
4.3.7.6, it can be assumed that the fluid motion in the z and r directions have a negligible influence when a 
Newtonian fluid is considered. This however changes when a non-Newtonian fluid is considered. The 
additional fluid motion created by the vibrations leads to a greater fluid velocity vector and causes the 
velocity distribution in the shear gap to change, because the terms    and    become non-zero. The greater 

velocity vector causes higher shear rates in the fluid, reducing the drilling fluid viscosity due to shear-
thinning effects. The additional shear created by the vertical and rectangular velocity also effects the gel 
strength build-up, as presented in the experiment results in section 4.3.7.4. 
 
When the vertical and horizontal vibration setups are compared, it can be assumed that the vibrations in the 
vertical setup will result in a greater vertical velocity component   , since the vibrations are in the same 

direction as the position of the shear gap, see Figure 54. The vibrations created in the horizontal setup on 
the other hand are perpendicular to the shear gap and are screened off from the gap by the rotor. The 
vibrations are therefore less effective in creating a vertical velocity component in the shear gap, resulting in a 
smaller velocity vector, less additional shear and finally a smaller viscosity reduction. This phenomenon is 
expected to be the main cause leading to the different viscosity reductions obtained from the vertical and 
horizontal experiments.  
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 Uncertainty and application 4.3.7.8

The Fann 35 SA viscometer is an industry standard for testing the drilling fluids characteristics on site. It is 
a fast and reliable apparatus to measure the important parameters of drilling fluids. However, since there is 
no strictly defined accuracy for the Fann viscometer, the accuracy of this apparatus and repeatability of the 
tests is often debatable. By performing multiple calibration, verification and zero measurements during the 
experiments these uncertainties have been restricted as much as possible. 
 
Since the annular space between the bob and rotor is small (only 1.17 mm), large particles can get stuck 
and from an obstruct during the measurements. This effect was noticeable when testing the 250-300 µm 
samples. Peaks and sudden drops on the Fann viscometer dial where observable, there were also two cases 
were grain crushing sounds could be heard during the high shear measurements. 
 
Each batch of drilling fluid is prepared using the same drilling fluid recipe. However due to the many 
ingredient measurements and the mixing performed, it is possible that small difference were present 

between the drilling fluid batches. This uncertainty is limited by performing various zero measurements. The 
results showed no or negligible differences between the drilling fluid batches. 
 
The vibrational experiments performed in this thesis do not represent the same conditions that will be 
present inside the pressurized settling tank. The experiments are performed with an open fluid surface while 
the drilling fluid will be enclosed inside the pressurized tank. This difference can reduce the obtainable 

viscosity reduction inside the pressurized tank, because shearing the fluid in an enclosed pressurized tank 
will be much more difficult. The concept of creating additional shear by vibrations depends on generating 
pressure differences to allow fluid motion which then result in additional shear reducing the fluid viscosity. 
Since the compressibility of the drilling fluid is poor and since it will be enclosed and pressurized, it will be 
difficult to create these pressure differences. The situation can be compared to a bottle which is completely 
filled with fluid. When the bottle is shaken the fluid inside will remain motionless. A promising solution for 
this problem is to have a compressible medium inside the tank, which enables fluid motion imposed by the 
vibrations. 
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4.3.8. Pressure filtration experiment results 

The pressure filtration experiments are performed starting using the fine filters with gradually increasing 
pressures and are followed up by filters with larger pores. The obtained results for the various filters and 
pressure combinations did not show many differences. Nearly all experiments resulted in a clogged filter 
medium, which prevented the flow through the filter. The obtained results of the various tests are presented 
and discussed in this section. 

 The filtration results 4.3.8.1

During almost all performed experiments, the filter medium clogged due to the formation of a cake on top of 
the filter medium. This was expected, since filter cake forming during the filtration of clay suspensions is a 
known phenomenon in the drilling industry. The cake forming characteristics of clay suspensions are 
commonly used during drilling operations in order to seal the borehole walls and prevent the inflow of 
formation fluids. Clogging of the various filters was therefore not surprising. Finding a filter medium and 

pressure combination, allowing the separation of the fine particles without clogging the filter was therefore 
the main challenge. 

 
Table 20 presents the results of the various pressure filtration experiments. Since all experiments ended up 
clogging the filters, no flow rate measurements were obtainable. In the single case where flow through the 
filter was possible, resulted in high flow rates which were also not measureable with the setup. The flow rate 
in this case was sufficient to empty the fluid reservoir of 250 ml within 2-3 seconds.  

Table 20: Filtration results - x = clogged filter, r = ripped filter, o = flow through filter, ‘-’ = not performed combination 

Filter [μm] Particle concentration and size 
[% vol.] [mm] 

Applied pressure [bar] 

0.25 0.5 1 2 4 6 

20-25 0% x r r - - - 

20-25 9% 150-212 x r r - - - 

20-25 17% 150-212 x r - - - - 

20-25 9% 250-300 x r r - - - 

20-25 17% 250-300 x r - - - - 

63 0% x x x x - - 

63 9% 150-212 x x x x - - 

63 17% 150-212 x x x x - - 

63 9% 250-300 x x x x - - 

63 17% 250-300 x x x x - - 

105 0% - x x x - - 

105 9% 150-212 - x x x - - 

105 9% 250-300 - x x x - - 

250 0% - - o - - - 

250 9% 150-212 - - x x x x 

250 9% 250-300 - - x x x x 

 

The obtained experiment results can be compared to the sand screen criterions described by Coberly and 
Saucier mentioned in section 2.7. Evaluating the Coberly and Saucier criterions with realistic assumptions 
of D50 and D90, results in the required filter openings as presented in Table 21. Comparing these results with 
the experiment results, shows that the Coberly and Saucier criterions gives an underestimation of the filter 
opening. This effect can be related to the sealing properties of the bentonite clay. 

Table 21: Filter openings required to retain sand particles based on Coberly and Saucier 

 Filter openings required to retain sand particles [μm] 

No additional particles 
d50 = 20 & d90 =50 [μm] 

150-212 μm particles 
d50 = 40 & d90 =150 [μm] 

250-300 μm particles 
d50 = 50 & d90 =250 [μm] 

Coberly (1937) 2  d90 100 300 500 

Saucier (1974) 5~6 d50 100~120 200~240 250~300 

 Filter medium strength 4.3.8.2

The experiments are performed starting with a pressure difference of 0.25 bars and the pressure difference 
is gradually increased up to 6 bars. These pressures formed no problems for the relative strong steel and 
nylon wire filters, while the weaker Whatman filter papers ripped at pressure differences of 0.5 bars or 
greater. The rip occurred at the centre of filter, since the filter apparatus provided less support to the filter 
medium at this location. Because of this issue, the experiments performed with the fine Whatman filter 
papers were limited to a pressure difference of 0.25 bars. An example of a ripped filter is shown in Figure 55. 
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Figure 55: Ripped Whatman filter paper 

 

Figure 56: 250 μm filter inside the pressure filtration apparatus 

 The filter cake 4.3.8.3

There was no significant difference in the measured filter cake thicknesses. All filter cakes had a non-
homogenous thickness varying between ~1-2 mm over the filter surface. The filter cake created on top of the 
fine Whatman filter papers were stickier than the other filter cakes and had a slippery surface. The cakes 
formed on the 63, 105 and 250 μm filters had a non-homogeneous cake composition. The top part of these 
filter cakes was also sticky with a slippery surface, however the interface between the cake and filter was 
grainier and less sticky. This made cleaning of these filters very easy by backwashing them, which was not 
possible with the Whatman paper filters. Figure 57 till Figure 59 present various filter cakes obtained from 
the pressure filtration experiments.  
 

 

Figure 57: Filter cake – 20-25 μm filter 

with no additional particles at 0.25 bar 

 

Figure 58: Filter cake – 63 μm filter 

with 17% 150-212 μm particles at 1 bar 

 

Figure 59: Filter cake – 250 μm filter with 

9% 150-212 μm particles at 6 bar 

The pressure filtration experiment performed with the 250 μm filter and drilling fluid without additional 
particles, resulted in no filter cake build-up. As shown in Figure 61, during this experiment almost no 
particles remained on top of the filter medium. 
 

 

Figure 60: Filter cake - 250 filter with no additional particles 
at 1 bar 

 

Figure 61: Filter cake - 250 filter with no additional particles 
at 1 bar close up 
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 Influence of pressure difference 4.3.8.4

According to Darcy’s law, mentioned in section 2.7, an increase in pressure difference will results in a 
greater flow rate through the filter medium. This is however only valid when the viscosity, filter cake 
thickness and filter resistance stay constant during the filtration process, which was not the case in the 
pressure filtration experiments. During the filtration experiments, the filter thickness and the filter cake 
resistance increase over time due to the forming of a filter cake. 
 
One of the interesting concerns was the influence of pressure on the filter cake resistance. The filter cake is 
a compressible medium with certain porosity and permeability. Applying an increased pressure difference 
over the filter, compresses the filter cake reducing the filter cake porosity and thereby the permeability. The 
experiments performed by Engelhardt (1954) indicate that this relation is exponential for clay suspensions.  
This relation indicates that a relative small increase in pressure difference can result in a significant 
reduction of the filter cake permeability. 
 

 

Figure 62: Filter cake pressure versus permeability based on Engelhardt (1954) [54] 

 
During the preparation of each test, flow through the filter medium was present until the pressure filter was 
closed or a pressure was applied on the sample. After applying pressure, the filter clogged instantaneously 
causing no flow conditions. However, when the pressure was released flow through the previously clogged 
filter was possible again. These observations indicate that the filter cake was compressing by the applied 
pressure and thereby reduced the filter cake permeability. 

 Influence of particle size and concentration 4.3.8.5

As in the vibration experiments, various particle sizes and particle concentrations were mixed in the drilling 
fluid to understand the influence of these factors on the filtration process. However, since all experiments 
ended up clogging the filters, no results were obtained indicating a specific difference between the various 
test samples. 

4.4. Chapter conclusion 

Various experiments have been performed to study the influence of vibrations on the drilling fluid viscosity 
and the applicability of pressurized filtration. The results obtained from the experiments, which are 
presented and discussed in this chapter were promising and useful for increasing the separation tank 
efficiency. The conclusions can be summarized as follows: 
 
Vibrational experiments: 

 The applied vibrations reduce the apparent viscosity of the drilling fluid. The reduction effect is at its 

greatest when the drilling fluid is at a low shear state and reduces with increasing shear rate. This is 
related to the reducing shear-thinning behaviour of the drilling fluid with increasing shear rate and 
the decreasing influence of the additional shear created by the vibrations at high shear rates. 
 

 The obtained apparent viscosity reductions vary for the various test cases depending on the shear 

state, vibration intensity, vibration setup, particle concentration and particle sizes. The apparent 
viscosity reductions obtained for the low shear states (5 and 10 [1/s]), which represent the shear 
rates in the settling tank are presented Figure 48 in in section 4.3.7.2. The largest apparent 
viscosity reduction of 82% is obtained for a drilling fluid sample containing 17% vol% 250-300 μm 
particles in the vertical test setup at a shear rate of 5 [1/s] and a vibration intensity of 3g (50 Hz and 
0.6 mm). 
 

 The addition of 150-212 and 250-300 μm particles to the drilling fluid at volume concentrations of 

9% and 17% increased the apparent viscosity respectively with ~10% and ~20%. However, the 
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additional particles had no significant influence on the obtainable viscosity reduction in the low 
shear region. The differences between the relative apparent viscosity reductions were in most cases 
within ~5%.  
 

 The amplitude and frequency experiments showed that vibrations with a low frequency and large 

amplitude are more efficient. The two tested cases resulted in a ~10% greater relative apparent 
viscosity reduction in the low shear region. However, at higher shear rates the influence of different 
combinations frequency and amplitude became negligible. The frequency experiments also showed 
that the relation between vibration intensity and the obtainable viscosity reduction is not linear. 
With increasing vibration intensity, the efficiency of the vibrations decreases. 
 

 The 10 sec gel strength measurements indicate that the drilling fluid sample have a reduced or no 

gel strength build up when exposed to vibrations. Samples containing larger particles at higher 
concentrations show no gel strength build up, while samples containing smaller particles at lower 
concentrations show a reduced gel strength build up. 

 

 The various verification experiments showed that the settling of the added particles was negligible 

during the experiments. The samples containing 150-212 and 250-300 μm particles showed a 
maximum specific gravity reduction of respectively ~4% and ~7%. These specific gravity reduction 
resulted in negligible apparent viscosity changes in the low shear region. 
 

 Verification experiments performed with 0.1 Pa s Fann calibration fluid and a 10% glycerol solution, 

indicate that the vibrations did not influence the Fann measurements apparatus. The apparent 
viscosity reductions could therefore indeed be related to the shear-thinning effect of the drilling 
fluid.  
 

 The lower apparent viscosity reductions obtained from the horizontal setup compared to the vertical 
setup are discussed and related to two phenomenon. The first one being the presence of hysteresis 
loops in the consistency curve of the tested samples due to thixotropic shear history dependent 

behaviour of drilling fluids. And secondly the different methods of introducing the vibrations to the 
fluid sample, resulting in the creation of different additional shear stresses in the drilling fluid. 
 

 The vibrational experiments do not represent the same conditions that will be present in the 
pressurized settling tank. Obtaining similar viscosity reductions inside the pressurized settling tank 
will be challenging, since shearing the fluid will become difficult. 
 

Pressure filtration experiments: 

 During the pressure filtration experiments filter cake formed on top of the various filter mediums, 

which instantaneously clogged the filters. Among the tested samples, filtration was only possible for 
the clean drilling fluid sample filtered at 1 bar using a 250 μm filter medium. These results indicate 
that separation of fine particles by pressure filtration is not possible. 
 

 Since practically all experiments ended up with a clogged filter medium, no significant differences 

were obtained for the various samples containing different concentrations of particle sizes. 
 

 The filter cakes obtained from the experiments had a thickness of ~1-2 mm, varying over the filter 

surface. All obtained filter cakes had a slippery surface and were sticky when removed. The filter 
cakes formed on top of the 63, 105 and 250 μm filters had a non-homogeneous cake composition, 
consisting of a less sticky and grainy interface on top the filter medium.  
 

 The paper filters used during the experiments ripped at pressure differences of 0.5 bars. This 

indicates that the tensile strength and support of the filter medium is important. Especially when 
the filters are realized in full scale this problem will become significant. 
 

 The results of the pressure filtration experiments are discussed and related to two phenomenon: The 

first one is the formation of the cake filter. Since the permeability of the cake filter is much lower 
than the filter medium, the substantial part of the filtration process takes places on top of the filter  
cake. The openings of the filter medium are therefore only important for the initial filter cake forming 
and does not influence the remaining filter process. And secondly the influence of the pressure 
difference on filter cake permeability. A high pressure difference compresses the filter cake, reducing 
its permeability and thereby clogging the filters. This characteristic of drilling fluids and filter cakes 
is known in literature and is often used to seal the borehole walls during various drilling operations.  
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 Modelling 5.
The information obtained in the previous chapters has been combined to model the proposed settling tank 
using the computational fluid dynamics package of COMSOL Multiphysics 5.2. This chapter presents a brief 
overview of the COMSOL model, model assumptions and the simulation results obtained from the 2D and 3D 
simulations. By performing various simulations, the obtainable settling tank efficiency is evaluated including 
the achievable viscosity reduction due to vibration and an effective tank design.  

5.1. The COMSOL model 

The COMSOL Multiphysics software package is a Galerkin finite element method based solver. The software 
package includes a graphical user interface and a set of predefined modules, which can be used for the 
modelling of common applications. The wide variety of predefined equations, solvers and the option to 

modify almost everything, allows COMSOL users to combine and expand modules to simulate multiple types 
of physics together. The computational fluid dynamics (CFD) module is used to perform the 2D and 3D 

simulations of the settling tank. 
 
The CFD module in COMSOL consists of several modelling tools that can be used to simulate fluid flow. The 
single-phase flow model with particle tracing and the dispersed two-phase fluid flow models are considered 
for the simulation of the settling tank. After performing several simple simulations with both models, the 
dispersed two-phase fluid flow model (mixture model) was chosen as the base for the 2D and 3D simulation. 
 
Multiple simple simulations performed with the laminar flow model and a stationary solver, indicated that a 
laminar approach was not suitable for the fluid flow in the settling tank. The occurrence of turbulent flow 
conditions near the inlet and short circulations in the settling zone of the tank resulted in unstable and not 
converging models. The use of a turbulent flow model with time dependent solver was therefore necessary to 
obtain convergence and solve the Navier–Stokes flow equations. The chosen flow model for the 2D and 3D 

simulations is the Reynolds-averaged Navier–Stokes (RANS) based k-e turbulent flow model.  

 
The two-phase fluid flow model or so-called mixture model has been slightly modified to include non-
Newtonian fluid behaviour. This is accomplished by transferring the equations for shear rate and shear rate 
related viscosity from the single-phase model to the mixture model. The power-law model was selected as a 
relationship between the shear rate and apparent viscosity. 
 
A combination of 2D and 3D simulations are used to analyse the efficiency of the settling tank. The 2D 
models are used as fast preliminary simulations to come up with an effective tank design, whereas the 3D 
simulations are used for a more realistic approach. 

 
The general input parameters that were used for the fluid and particle properties are presented in Table 22 
and are similar to the input parameters used in the preliminary calculations in section 2.2.2. Additional 
parameters such as the   and   values for the power-law viscosity model are derived from the average Fann 
measurements that are taken from the reference drilling logs presented in Appendix C. The power-law 

parameters are calculated using the equations (63) and (64), which are valid for Fann measurements 
performed with the standard rotor-bob-spring combination (R1-B1-F1): 
 

  
                         

                         
         

         

         
 

 

  
 

   
       

         

           

 
Where:       = Fann rotor speed [r/min],       = Fann dial reading at the indicated rotor speed [lb/100 

ft2],   = flow behaviour index [-] and   = flow consistency index [Pa s] 

(63)  
 
 
 

(64)  
 
 

Table 22: COMSOL input parameters 

Component Parameter Values Unit 

Particles Diameter 1, 3 and 5 [mm] 

Specific weight 2650 [kg/m3] 

Particle concentration 10 [%] 

Fluid Inflow 1000, 2000 and 3000  [L/min] 

Specific weight 1300 [kg/m3] 

Apparent viscosity Power-law fluid   =0.75 and   =0.55 [Pa s] 
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5.2. 2D and 3D model geometry 

The tank geometries used in the 2D and 3D simulations are slightly different from each other. The 2D tank 
geometry used in the simulations is similar to the previously used tank dimensions for the preliminary 
calculations in section 3.2. This includes a rectangular settling tank with the dimensions presented in Table 
23 and an inlet/outlet pipe diameter of 15 cm.  
 
The geometry of the 3D tank differs slightly from the 2D tank and is based on a separate study performed at 
Huisman by students from Avans Hogeschool Breda [21]. The students designed among others a realistic 
outer geometry of the settling tank, which has been adopted in the 3D simulations. The geometry consists of 
a cylindrical tank with the dimensions presented in Table 23. Compared to the 2D tank, the diameter of inlet 
and outlet pipes are reduced from 15 cm to 5 inch (approx. 12.7 cm). This was necessary to satisfy the 
standardized pipe diameters used at Huisman.  
 
The dimension of the internal tank elements are not mentioned here, since many combinations of different 

shapes and dimensions are used during the simulations.  If the dimensions are essential, they are included 
alongside the presented results. 

Table 23: 2D and 3D settling tank dimension 

2D rectangular Tank Length 5000 [mm] 

Height 2500 [mm] 

Width 2000 [mm] 

3D cylindrical Tank Length 5900 [mm] 

Diameter 2150 [mm] 

5.3. Model assumptions and uncertainty 

In order to model the settling tank, various assumptions were necessary to simplify and solve the problem. 
This section discusses these assumptions briefly and gives an indication of the introduced uncertainty in the 
simulations. 
 
Simplifying the 3D settling tank problem into a 2D model required various assumptions regarding to the 
tank width, which drastically changed the inflow and outflow conditions in the 2D simulations. The first 
assumption included the reduction of the inflow velocity as compensation for the tank width. The second 
assumption was related to the conversion of the real inflow pipe to the 2D model. This required modelling of 
the inflow pipe as an inflow plane over the full width of the tank. Since the inflow plane has a much larger 
flow surface than the real inflow pipe, the inflow velocity had to be reduced. These reductions were required 
to obtain the correct simulation of the flow velocity in the settling zone of the model. However, reducing the 
inflow velocity also results in less turbulence near the inlet and therefore advantageous inflow conditions. 
The 2D model shows therefore a relative poor simulation of the inflow and outflow conditions that would be 
present in the real settling tank. 
 
Meshing of the model geometry is important and can influence the accuracy of the simulations significantly. 

The Finite Element Method approach used by COMSOL to solve the model performs calculations on the 
mesh points and interpolates the results over the space in between. Using a finer mesh with more 

calculation points increases the accuracy of the simulation, but this also increases the calculation time 
since more calculations needed to solve the complete model. Finding a balance between the accuracy of the 
simulation and the computation time is always difficult.  
 
The meshes used for the 2D and 3D models are created using the build-in physics-controlled meshing 
function of COMSAL. This option in COMSOL creates a mesh based on the expected activity in each section 
of the geometry. Since both tank geometries are relatively simple, a relative coarse mesh was enough to 
acquire stable simulation results within a reasonable computation time. The used meshes for 2D and 3D 
models are presented in Figure 63. As can be seen from both meshes COMSOL automatically refines the 
mesh around critical sharp edges and walls, whereas the elements in the centre of the tank remain coarse. 
This approach allows the model to be accurate at critical locations of the geometry, while saving on 
calculation time at locations where less activity takes place and therefore less accuracy is acceptable. This 
optimization is especially effective in the 3D mesh, since the geometry contains 35 times more elements as 
the 2D geometry. The 2D mesh presented in Figure 63 consists of 6205 domain and 343 boundary element, 
while the 3D mesh consists of 215907 domain, 16686 boundary and 1479 edge elements. 
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Figure 63: 2D and 3D meshes 

 
To optimize the mesh and acquire faster computation times, small modifications were made to the tank 
geometries. The modifications include smoothing of various sharp edges and introducing smoother cone 
shaped inlet/outlet connections. These changes reduced the amount of locally created anomalies, resulting 
in a more stable model with a faster computation time. 
 
Other uncertainties in the simulations are related to the accuracy, initial values and defined limits of the 
various formulations used by COMSOL. The default settings of these formulations are maintained during the 
simulations, since they represent a valid approach for common flow problems according to the COMSOL 
manual. The only modifications made that were made are limited to a slightly higher input value for the 

minimum shear rate definition of      = 2 1/s. This modification prevents the use of negligible small shear 

rate values in the power-law viscosity model, which otherwise would lead to very high apparent viscosities of 
the drilling fluid. 
 
The RANS equation used by COMSOL to simulate the fluid flow, assumes that the fluid is incompressible. 
This is an assumption that is often made when modelling liquids, because it allows the simplification of the 
Navier-Stokes equation. The assumption can be seen as a valid approximation, since the compressibility of 
fluids is relatively much less than the compressibility of gasses at relative low pressures. Since pressure 
influences are neglected in the model, the simulations are performed at atmospheric pressures. 
 
The influence of temperature on the drilling fluids viscosity is not included in the COMSOL models. As 

mentioned in section 2.4.7, fluctuations in temperature effects the drilling fluid viscosity and thereby the 
settling of particles.  
 
To increase the model stability and computation time, accurate initial conditions are defined for the flow 
velocities and pressure fields in the settling tank. This allowed the model to converge faster at the start of 
each simulation.  
 

The k-e turbulence model is one of the commonly used models to simulate turbulent flow conditions. This 

two parameter model is a very popular model for industrial applications due to its good convergence and 
relatively low memory requirements. To lower the computation requirements, this model makes use of wall 
functions to simulate the start of turbulent flow near the walls in the so-called buffer or transition zone. This 
method reduces the accuracy in this thin zone, but increases the overall computation time of the model. 
Since the buffer zone is not significant compared to the size of the settling tank, the reduced accuracy is 
acceptable. 
 
The various walls or boundaries of the system are defined with no fluid slip conditions. Boundaries that 
fulfilling the function of a sludge zone (particle discharge) are defined with a dispersed phase outlet 
condition. This allows continuous discharge of the settled particle at the bottom of the tank. This 
assumption is relatively advantageous, since in reality the method used for the removal of the settled 
particles will create flow disturbances at the interface. 

5.4. Simulation results 

This section of the chapter presents and discusses the 2D and 3D simulation results, which are obtained 
from various simulations. The 2D and 3D simulation results are considered separately to focus the 
contribution of each type of simulation. 
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5.4.1. 2D simulations 

The 2D simulations are performed to understand the influence of various tank designs on the settling 
efficiency of the separation tank. A selected set of the considered tank designs are attached in Appendix B. 
The considered tank designs consist of multiple horizontal and vertical settling designs with varying: baffles, 
screens, inlets and outlet combinations. Designs of already existing wastewater treatment tanks are also 
considered in the simulations by scaling them down to the size of a 20ft container.  
 
The figures below represent the simulation results for one of the many tanks designs. The presented results 

are obtained for a simulation after 10 minutes of constant inflow. The used inflow rate was fixed at 3000 
L/min with a 10% concentration of 3 mm particles. The presented figures include the following: the flow 
velocities, particle concentrations, shear rate, apparent viscosity and the average particle concentration in 
the flow that is leaving the tank.  
 

 

Figure 64: 2D simulation - Flow velocity [m/s] and flow field 

 

Figure 65: 2D simulation – Shear rate [1/s] and flow field 

 

Figure 66: 2D simulation – Apparent viscosity [Pa s] and stream lines 
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Figure 67: 2D simulation - Particle concentration [%] and stream lines 

 

Figure 68: 2D simulation - Average particle discharge concentration at the outlet [%] 

 
The different figures provide a wide range of information about the flow conditions and the settling efficiency 
of the tank. Figure 64 for example, points out that the flow conditions are not optimal in the settling zone of 
the tank. The flow field indicates the existence of short circulations, which decrease the efficiency of the 
settling tank. The flow velocities on the other hand are low, which is advantageous for settling. The low flow 
velocities result in low shear rates as presented in Figure 65. The high shear rates are limited to sharp 
corners and locations with a relatively high flow velocity. The variation is shear rates influences locally the 
apparent viscosity of the drilling fluid as shown in Figure 66. When all these influences are combined the 
settling of particles can be followed by particle concentration distribution plot shown in Figure 67. The high 
particle concentration in the settling zone and near the outlet, suggests a poor settling tank performance. 

This can be confirmed by plotting the average concentration of particles in the fluid leaving the tank as 
shown in Figure 68. This figure indicates that the drilling fluid leaving the tank still has an average particle 
concentration of ±2% vol% of 3 mm particles. 

 
The various other 2D simulations are evaluated similarly as the example above. The results from these 
evaluations can be briefly summarizes as follows: 
 

 When horizontal inlets are used, a density difference between the inflow and the fluid in tank causes 
the occurrence of density flows. The density flow points downwards while the inflow direction is 
horizontal, this causes flow disturbance near the inlet and leads often to short circulations. Vertical 
inlets are less sensitive to this phenomenon, since the inflow direction is similar to the direction of 
the density flow for these cases. The influence of density flow is significant in the 2D simulations, 

since the inflow velocities are low due to the model assumptions. In reality, the inflow velocities will 
be much greater and more turbulent, which will result in a smaller influence of momentum driven 
flows. 
 

 Placing inlets and outlets near the bottom of the tank leads to high velocities near the sludge zone 
interface. These high velocities are undesired, since they can cause the resuspension of settled 
particles. 

 



 

Challenge the future 70 

 Baffles located near the inlet forcing the inflow downwards are effective, since they reduce the 

settling distance of particles to the sludge zone. A shorter settling distance results in a faster settling 
time, increasing the settling tank efficiency. However, the baffles also reduce the available flow 
section in the tank, which results in an increased flow velocity and flow disturbances in the 
sedimentation zone of the tank. These flow conditions reduce the settling efficiency locally and are 
especially critical near the sludge zone interface. A long baffle length can result in high and 
turbulent flows conditions underneath the baffle, causing resuspension of particle at the sludge 
zone interface.  
 

 Baffles placed at different angles are found to be more efficient than vertically placed baffles, since 

they gradually increase the available flow section and therefore gradually reduce the flow velocity. 
However, the area left behind the baffle is often unused and causes significant flow disturbances in 
the settling zone. When curved baffles are used instead of straight ones, the flow velocity reduction 
happens more progressively. However, the space behind the curved baffle also causes greater flow 
disturbances in the settling zone. 

 

 The use of perforated screens with various large openings (no pressure build up), which were aimed 

to control flow patterns, did not result in satisfying results. The occurring turbulence and short 
circulations could not be isolated to the inlet zone, nor did the screens function as flow diffusers. 
The screens were not able to control the flow without creating a pressure difference over the screen. 
The additional shear created at the screens was limited but significant enough to locally reduce the 
drilling fluid viscosity. Since the use of the screens can cause various practical problems considering 
maintenance, the screens were undesired and not future considered in the tank designs. 
 

 The scaled versions of the wastewater treatment tanks are efficient settling tank designs, dealing 

with most of the problems encountered in the 2D simulations. However, due to the smaller size, new 
design problems arise and various designs do not function the same way as intended with the full-
scale wastewater settling tanks. Most issues arise at the much shorter sedimentation zone, which is 
almost 10 times shorter compared to a full-scale wastewater treatment tank.  
 

 The vertical settling tank designs showed promising separation performances for large cuttings. 

However, the efficiency of the system decreases with smaller particles, as the difference between the 
particle settling velocities and upwards flow velocity becomes smaller. Particles that are not settling 
fast enough are carried upwards to the outlet by the upwards flow or are pushed by other particles. 
 

 The tanks including a combination of vertical and horizontal settling design showed promising 
separation efficiency. These designs are practical and effective, since the large will settle in the 
vertical section whereas the small particles can settle in the horizontal section. This is 

advantageous, since large particles settle at higher velocities causing turbulent conditions, which 
reduce the settling efficiency of the smaller particles. However, due to the limited tank dimensions, 
the horizontal settling section becomes too short to settle the smaller particles. 

 
The information obtained from the numerous 2D simulations is evaluated and it is chosen to continue with 
the baffled two-floor settling tank design. This tank design makes great use of the available tank space and 

considers the various discussed issues. The design is future optimized by performing a sensitivity analysis 
on the dimensions of the internal tank elements. The plots regarding the sensitivity analysis are attached in 
Appendix B. The selected final tank design is shown in the figures below for a case with an inflow rate of 
3000 L/min and a 10% vol% concentration of 3 mm particles. 
 

  

Figure 69: 2D simulation of the final baffled two-floor tank - Flow velocity [m/s] and flow field 
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Figure 70: 2D simulation of the final baffled two-floor tank – Shear rate [1/s] and flow field 

 

Figure 71: 2D simulation of the final baffled two-floor tank – Apparent viscosity [Pa s] and stream lines 

 

Figure 72: 2D simulation of the final baffled two-floor tank - Particle concentration [%] and stream lines 

 

Figure 73: 2D simulation of the final baffled two-floor tank - Average particle discharge concentration at the outlet [%] 
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As the figures indicate the baffled two-floor tank designs performs better than the previously presented 
example. This design is however more complex since it uses two decks to settle the particles, which requires 
additional equipment inside the tank.  
 
The flow velocity and flow field plot presented in Figure 69 indicates that the tank still contains short 
circulations. The circulations are however, more stable and the results indicate that the circulations are 
probably influencing the settling process positively. The same figure also shows a relative high flow velocity 
near the bottom sludge zone, which can cause resuspension of the fine particles. This problem does not 
occur on the top sludge zone. 
 
Since there are no screens in the tank design, the high shear stresses are limited to the few sharp edges as 
can be seen in Figure 70. The consistent shear profile in the tank results in an almost constant apparent 
viscosity in the tank as shown in Figure 71. The occurring shear is not significant enough to influence the 
viscosity and increase the settling efficiency of the tank. 

 

The particle concentration plot in Figure 72 points out that the particle concentration in the fluid on the 
second layer is much less, than on the bottom layer. This result points out that bottom layer works efficient, 
while the residuals can settle on the second layer. Evaluating the average particle discharge concentration 
presented in Figure 73, shows that a constant outflow concentration is reached after 10 minutes. The 
remaining concentration of 3 mm particles in the outflow is 0.45% vol%, which is much less than the 
previously obtained 2%. 
 
The obtained efficiency from the baffled two-floor tank design is reasoned to be sufficient. The design is 
future evaluated using 3D simulations to reduce the assumptions that were necessary in the 2D model. 

5.4.2. 3D simulations 

The 3D simulations are performed to decrease the inaccuracies of the 2D model by reducing the assumption 
at the inlet and outlet zones of the tank. By doing so, a more realistic simulation of the settling tank 
efficiency could be obtained. To study efficiency and capabilities of the selected design further on, a 
sensitivity analysis is performed using the 3D model, with varying inflow rates and particle diameters. 
 
As mentioned in section 5.2, the outer tank design of the 3D model is based on a separate study performed 
by students form the Avans Hogeschool Breda and consists of a cylindrical tank instead of a rectangular 
one. The internal tank design is kept similar to the baffled two-floor tank from the 2D simulations. To 
account for the space taken by the sludge removal system, a section of 250 mm in high is removed from the 
bottom part of the tank. Since the inflow in the 3D model is concentrated, more turbulence was expected in 

the inlet zone. To provide the inflow jet more space to dissipate energy, the vertical baffle is placed at an 
angle of 20 degrees. An overview of the 3D tank design is presented in Figure 74. Table 24 includes the 
dimensions of the internal tank elements and provides a cross section with the dimensions. 

 

Figure 74: 3D simulations - 3D tank design overview 

Table 24: Dimensions of internal elements 3D model 

Vertical baffle Length 1500 [mm] 

Angle 20 [°] 

Distance between baffle and bottom of the tank 500 [mm] 

Horizontal floor Length 3500 [mm] 

Distance between floor and bottom of the tank 925 [mm] 

Width of the flow space on the side of the floor 1100 [mm] 
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Figure 75: 3D simulations - 3D tank design cross section with dimensions [mm] 

 Single and double inlet results 5.4.2.1

The first 3D simulation has been performed using only one inlet pipe with an internal diameter of 5 inch 
(approx. 12.7 cm). These simulations revealed the occurrence of a jet flow at the inlet, which was reaching 
the bottom of the settling tank. This resulted in high flow velocities at the sludge zone, which could lead to 
resuspension of the settled particles. To prevent this from happening it was chosen to distribute the inflow 
between two inlet pipes, instead of using diffuser plates. The use of diffuser plates would result in a high 
rate of wear on the plates due to the combination of high velocities and large particle concentrations.  
 
The results of the single and double inlet simulations are presented in Figure 76 and Figure 77 for a period 
of 10 minutes with a constant inflow rate of 3000 L/min. The drilling fluid used in these simulations had a 
power law based viscosity and consisted of 10% vol% concentration of 3 mm particles. 
 

  

Figure 76: 3D simulations - Single inlet flow velocity [m/s] side and multi-plane view 

 
 

Figure 77: 3D simulations - Double inlet flow velocity [m/s] side and multi-plane view 
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As the figures indicate, the double inlet design results in lower flow velocities near the sedimentation bed 
compared to the single inlet option. Since the lower velocities are favoured, the double inlet option is chosen 
to be evaluated further on. 

 3D simulation results for a power-law based viscosity 5.4.2.2

To study the separation efficiency of the double inlet settling tank design, multiple simulations have been 
performed for varying inflow rates and particles sizes. A selected set of the obtained particle concentration 
plots are presented in the figures below. The remaining parameter combinations are attached in Appendix B. 
 
Similar to the previous simulations, a power-law based viscosity is used to describe the relation between 
shear rate and viscosity. The presented results are obtained after 10 minutes of constant inflow with a 10% 
vol% concentration of particles. The inflow rate and particle sizes were changed throughout simulation. 
 

  

Figure 78: 3D simulation power-law - Particle concentrations [%] for an inflow of 3000 and 1000 L/min and particles of 5 mm  

  

Figure 79: 3D simulation power-law - Particle concentrations [%] for an inflow of 3000 and 1000 L/min and particles of 3 mm 

  

Figure 80: 3D simulation power-law - Particle concentrations [%] for an inflow of 3000 and 1000 L/min and particles of 1 mm 

The presented figures indicate that the efficiency of the separation tank reduces with decreasing particle size 

and with increasing inflow rate. These results match the previously obtained results from the preliminary 
calculations. It is also noticeable that the plots of the 3D simulation case with an inflow rate of 3000 L/min 
and 3 mm particles are almost identical to the previously obtained 2D simulation results. To validate this 
suggestion, the average particle concentration in the outflow of the tank is plotted in Figure 81. 
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Figure 81:3D simulation Power-law - Average particle discharge concentrations at the outlet [%] 

When Figure 81 is compared to Figure 73, it can be confirmed that the results of the 3D simulation case 
with 3000 L/min and 3mm particles is practically similar to the 2D simulation results of the baffled two-
floor tank. However, the average particle concentration reaches the equilibrium faster in the 3D simulation 
compared to the 2D. The results can also be presented as the removal ratio over time, see Figure 82. 
 

  

Figure 82:3D simulation Power-law – removal ratio [-] 

 
With the information in Figure 81 and Figure 82, it is possible to evaluate the separation efficiency of the 
selected settling tank design. The simulation cases point out, that particles greater than 5 mm will settle and 
a negligible concentration will be left in the discharge flow. The 3 mm particles also settle for low inflow 
rates, however when the inflow rates are increased they do not settle completely, which results in a 
remaining particle concentration of 0.5% vol% in the outflow. The fine particles are the most problematic to 

settle and this can be confirmed from the graphs. For every considered inflow rate, a significant 
concentration of 1 mm particles remains in the outflow. The steep slopes of the 1 mm curves also indicate 
that the particle concentration in the outflow has not reached equilibrium. The presented concentrations for 
the 1 mm particles will therefore increase even more when a longer time scale than 10 minutes is 
considered. 

 3D simulation results with the influence of vibrations 5.4.2.3

In the previous chapters, it has been proven that vibrations can reduce the viscosity of the drilling fluid to 
increase the settling rate of particles. To study the influence of vibrations on the achievable separation 
efficiency of the double inlet settling tank design, an additional set of 3D simulations were performed.  
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To implement the influence of vibrations in the COMSOL model, the existing model had to be modified by 
implementing another physics module. This would make the more complicated but more importantly, it 
would increase the computation time significantly. Since the 3D model already takes a significant amount of 
computation time to solve, this option is avoided. A more simple method to implement the influence of the 
vibrations to the simulations was possible through directly inputting a reduced viscosity as the drilling fluid 
viscosity. This option assumes that vibrations reduce the viscosity in all sections of the tank with the same 
amount, which introduces uncertainty into the model. 
 
The influence of the vibrations is implemented in the model through replacing the drilling fluids shear 
depended power-law viscosity by a fixed and reduced apparent viscosity. Since the shear rates are low and 
constant in the settling zone of tank, the influence of shear depended viscosity becomes insignificant. 
Replacing the shear depended viscosity with a fixed viscosity is therefore acceptable, since it does not 
introduce a significant uncertainty.  
 

The fixed viscosity value of 0.2 Pa s is selected for the simulations by considering the highest apparent 

viscosity obtained from the reference drilling fluids and reducing it by the influence of the vibrations. The 
highest apparent viscosity obtained from the reference drilling fluids was 0.6 Pa s at a shear rate of 5 1/s. 

This viscosity value is reduced by 66% based on the achievable viscosity reductions, which were obtained 
from the experiments presented in chapter 4. A greater viscosity reduction of 80% could have been chosen, 
however to obtain dependable results a slightly lower viscosity reduction is considered. This low viscosity 
reduction, also accounts for the uncertainty created by the implementation method of the vibrations. 
 
Since the fixed viscosity is only applied on the drilling fluid, other process in the model were not affected. 
The influence of a varying particle concentration for example, was still able to modify the apparent viscosity 
of the drilling fluid containing a certain amount of suspended particles. 
 
The simulations are performed similar to the previous simulations, with varying inflow rates and particles 
sizes. A selected set of the obtained particle concentration plots are presented in the figures below. The 
remaining parameter combinations are attached in Appendix B. The presented results are obtained after 10 
minutes of constant inflow with a 10% vol% concentration of particles. The inflow rate and particle sizes 
were changed throughout simulation. 
 

  

Figure 83: 3D simulation fixed viscosity - Particle concentrations [%] for an inflow of 3000 and 1000 L/min and particles of 5 mm 

  

Figure 84: 3D simulation fixed viscosity - Particle concentrations [%] for an inflow of 3000 and 1000 L/min and particles of 3 mm 
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Figure 85: 3D simulation fixed viscosity - Particle concentrations [%] for an inflow of 3000 and 1000 L/min and particles of 1 mm 

When the presented results are compared to the previously obtained power-law simulation results, 
differences can be noticed in the particle concentration plots. The results suggest that the particles settle 
faster for the fixed viscosity simulation case. This was already expected, since a lower viscosity increases the 
settling velocity of particles, as proven by the preliminary calculations presented in chapter 3. The particle 
concentration plots of the 5 mm particles point out that these particles settle almost directly after entering 
the tank, while the 1 mm particles stay in suspension for much longer. To evaluate the tank efficiency 
future, the average particle concentrations in the outflow of the various simulations are plotted in Figure 86 
and the removal ratio over time in Figure 87. 
 

  

Figure 86: 3D simulation fixed viscosity - Average particle discharge concentrations at the outlet [%] 

 

Figure 87: 3D simulation fixed viscosity - removal ratio [-] 
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By comparing Figure 86 and Figure 87 to Figure 81 and Figure 82, it can be observed that the separation 
efficiencies of the fixed viscosity simulations are more satisfying compared to the power-law simulations. The 
noticeable differences between the simulations can be summarized as follows: 

 The particles settle faster in the fixed viscosity simulations due to the reduced viscosity. This results 

in a greater separation efficiency of the settling tank. 

 The fixed viscosity simulations point out that the 3 mm particles settle completely for all considered 

inflow rates. For the power-law simulations, this was only possible when the inflow rate was reduced 
to the smallest value of 1000 L/min. 

 The less steep curves in   

 Figure 86, point out that a stable outflow concentration of 1 mm particles will be reached sooner for 

the fixed viscosity simulations.  
Figure 86  

 Figure 86 also points out that the separation of the 1 mm particles is more efficient in the fixed 

viscosity simulations. When the smallest inflow rate of 1000 L/min is considered, the remaining 
concentration of 1 mm particles in the outflow becomes ±1% vol%. 

5.5. Chapter conclusion 

Various 2D and 3D simulations have been performed to study the achievable separation efficiency of the 
settling tank. This is accomplished by evaluating numerous 2D simulations to find an effective tank design, 
which is than evaluated using 3D simulations. The separation efficiency of the selected tank design is 
assessed in the 3D simulations for cases with and without vibrations. The results obtained from the 
simulations can be summarized as follows: 

 The 2D simulations point out that the settling tank dimensions and the internal tank design are 

important factors that have an influence on the separation efficiency. The separation efficiency can 
be improved significantly by using internal tank elements to control the settling processes in the 
tank. 

 For relative small sized settling tanks, the separation efficiency decreases significantly due to the 

relative large influence of the inlet and outlet zones.  

 The vertical settling tank designs are very effective for the settling of the relative large particles, 
however the separation efficiency decreases rapidly for smaller particles. 

 Two layered settling tank designs are effective to increase the separation efficiency of relative small 

settling tanks. However, adding a second settling zone to the tank complicates the sludge removal 
systems. 

 The 3D tank simulations point out that the selected tank design is able to settle particle between 3-5 

mm completely for a representative case. This includes an inflow rate of 3000 L/min and a general 
drilling fluid described by a power-law viscosity model. 

 When the influence of vibrations on the drilling fluid viscosity is included, the separation efficiency 

improves. The reduced viscosity makes it possible to settle particles between 1-3 mm for the 
representative case, with an inflow rate of 3000 L/min.  
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 Conclusion and recommendation 6.
The main conclusions of this thesis are summarized in this chapter in order to evaluate the project objective. 
This chapter also includes several recommendations for future research and development. 

6.1. Conclusions and evaluation of the project 

The project objective of this thesis is repeated below in red. In order to achieve the project objective, a 
literature study is performed, preliminary calculations are made, experiments are executed and simulations 
are assessed throughout this thesis. The results of these activities are combined in this section to evaluate 
the feasibility of the separation tank.  
 

Perform a feasibility study for a pressurized solids separation tank, which uses 
gravitational settling and precise filtration as separation techniques to separate 

suspended solids down to 20 microns. 
 

Conclusions of gravitational settling and vibrations 

 Based on the results obtained from the calculations and simulations, it can be concluded that the 
separation efficiency of the gravitational settling tank is not sufficient to meet the particle separation 
requirement of 20 microns. The settling velocity of the fine particles is not sufficient to settle the 
particles before they reach the outlet. 

 Vibrations can be used to reduce the apparent viscosity of the water based drilling fluid at the low 
shear range to increase the settling rate of particles. This improves the separation efficiency of the 
gravitational settling tank significantly, depending on the intensity of vibrations and the shear state 
of the WBM.  

 The vibrational experiments do not represent the same conditions that will be present in the 

pressurized settling tank. Obtaining similar viscosity reductions inside the pressurized settling tank 
will be challenging and requires attention, since the application will be more difficult. 

 The settling tank dimensions and the internal design of the tank have a significant influence on the 
settling process. An effective design can improve the separation efficiency by reducing the influence 
of the inlet/outlet zones and by increasing particle retention time. 

 Based on the simulations, settling of particles is achievable for diameters greater than 3 mm and 1 
mm respectively for cases without and with vibrations, these results are obtained for a 20ft two-
layered settling tank, a common water based drilling fluid viscosity and inflow rates of 1000-3000 
L/min containing particle concentrations of 10% vol%. 

 

Conclusions of pressure filtration 

 Based on the filtration experiments, it can be concluded that pressure filtration is not a suitable 
method to separate fine particles from the water based drilling fluid. 

 Filter cake builds up on top of the fine filter medium, which causes the filters to clog. Since the filter 

cake forms instantaneously, no filtration is possible. 

 The pressure difference applied over the filter system compresses the filter cake decreasing its 
permeability. This makes the use of high pressure differences inefficient. 

 

Feasibility of the solids separation tank 
As the evaluation of the individual separation methods point out, the application of the pressurized solids 
separation tank to separate particle down to 20 microns is not feasible. Gravitational settling does not meet 
the separation requirements and pressure filtration is not effective to separate the fine particles. 
 

However, the separation of particles by gravitational settling is a promising separation technique, especially 
when vibrations considered. The method is capable of separating a large quantity of the cuttings generated 
during drilling process. Only the fine sized cuttings smaller than 1 mm remain in the drilling fluid, which 
needs to be further separated by other methods like filtering.  
 
The proposed combination of gravitational settling and pressure filtration might not be feasible, but there  
are definitely other combinations possible to achieve the separation requirement. By future developing the 
settling tank design and performing additional research on other separation methods to separate the fine 
sized particles, the project objective is achievable.  
 
The verified effects of vibrations on the drilling fluid can be used to improve the separation efficiency of other 
separation techniques or be used as a starting point for the development of a completely different separation 
application.  
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6.2. Recommendations 

This section includes the recommendations for future development of the separation tank and provides 
several recommendations for future research. 
 

 The dimensions of the settling tank can be increased to obtain a longer particle retention time in the 

settling tank. This will provide the particles more time to reach the sludge zone. 

 The internal design of the settling tank can be further optimized to reduce the influence of the 
inlet/outlet and to provide improved settling conditions in the settling zone. 

 Separation by gravitational settling in a tank, can be combined with the following mud treatment 

equipment to achieve the separation requirement of the project: 

o A combination with fine screen shale shakers is possible to separate fine particles down to 
74 microns. The linear shaking motion of the shale shakers will probably reduce or prevent 

the formation of a filter cake on top of the fine filter screen. 

o A combination with a mud cleaner setup is suggested for weighted muds to separate fine 
particles down to 74 microns. Since the drilling fluid is pressurized in the settling tank, no 
additional pumps will be necessary to feed the drilling fluid into the hydrocyclones units of 
the mud cleaner. 

 Additional influences such as the influences of temperature and pressure on the settling velocity can 

be implemented in the ideal horizontal settling tank model. This will provide more information to 
study the influence of these factors on the settling velocity of particles. 

 The results obtained from the vibrational experiments can be improved by using a more accurate 

viscometer or by considering a different spring, bob, rotor configuration for the Fann viscometer. The 
use of a different bob and rotor configuration with a larger shear gap, will also allow the analysis of 
larger cuttings. 

 The additional shear in the drilling fluid created by the vibrations can be measured to study the 

relation between vibration intensity and additional shear in the drilling fluid. 

 Continous temperature measurements during the vibration experiments are advised to obtain more 

information about the influence of temperature. 

 It is recommended to investigate the applicability of vibration to reduce or prevent the filter cake 
formation during the pressure filtration experiments. 

 To separate the fine particles from de drilling fluid, the application of self cleaning filters can be 

considered. Self cleaning filters make use of backwashing or mechanical scraping to clean the filters, 
which can improve the filtration performance. However, since filter cake forms instantaneously 
during pressure filtrations, a high cleaning frequency is probably required. This will reduce the 
performance and also separate a significant amount of the drilling fluid components. 

 The results from the simulations need to be validated by performing full scale or small scale 

experiments with a settling tank. The COMSOL model used for the simulations is commonly used 
for gravitational settling problems, but it is unknown if the model is validated. 

 A wider range of particle sizes can be considered in the simulations to obtain more information, 

which can improve the estimation of the separation efficiency of the separation tank. 

 The simulations can be expanded by implementing temperature to study the influence of 

temperature on the separation efficiency. 

 The modelling of the vibrations can be improved by using a vibration source instead of applying the 
influence through the fluid viscosity. This will result in a more representative simulation, however 
this will increase the computation time significantly. 

 The sludge zone boundary condition in the simulations can be improved to allow resuspension of 

particles when the flow velocity on the boundary reaches the resuspension creation. 
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Appendix A:  Additional experiment plots 
This appendix contains the consistency and apparent viscosity plots that are created from on the Fann 
viscosity measurements. 
 

 

Figure 88: Drilling fluid with 9% 250-300 micron cuttings – consistency curve 

 

Figure 89: Drilling fluid with 9% 250-300 micron cuttings – Apparent viscosity 
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Figure 90: Drilling fluid with 17% 250-300 micron cuttings – consistency curve 

 

Figure 91: Drilling fluid with 17% 250-300 micron cuttings – Apparent viscosity 
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Figure 92: Drilling fluid with 9% 150-212 micron cuttings – consistency curve 

 
 

Figure 93: Drilling fluid with 9% 150-212 micron cuttings – Apparent viscosity 
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Figure 94: Drilling fluid with 17% 150-212 micron cuttings – consistency curve 

 
 

Figure 95: Drilling fluid with 17% 150-212 micron cuttings – Apparent viscosity 
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Appendix B:  Additional simulation plots 
This appendix contains additional plots that are obtained from the simulations. For practical reasons only a 
selected amount of plots are included in the appendix.  

B.1. 2D tank designs and results 

This section presents a selected set of tank designs that were considered during the 2D simulations. The 
particle concentration and average particle discharge concentration plots are shown for the case with an 
inflow rate of 3000 L/min containing 10 vol% particles with diameter of 3mm.  

 

Figure 96: 2D simulation design 1 - Particle concentration [%] and stream lines 

 

Figure 97: 2D simulation design 1 - Average particle discharge concentration at the outlet [%] 

 

Figure 98: 2D simulation design 2 - Particle concentration [%] and stream lines 
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Figure 99: 2D simulation design 2 - Average particle discharge concentration at the outlet [%] 

 

Figure 100: 2D simulation design 3 - Particle concentration [%] and stream lines 

 

Figure 101: 2D simulation design 3 - Average particle discharge concentration at the outlet [%] 
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Figure 102: 2D simulation design 4 - Particle concentration [%] and stream lines 

 

Figure 103: 2D simulation design 4 - Average particle discharge concentration at the outlet [%] 

 

Figure 104: 2D simulation design 5 - Particle concentration [%] and stream lines 
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Figure 105: 2D simulation design 5 - Average particle discharge concentration at the outlet [%] 

 

Figure 106: 2D simulation design 6 - Particle concentration [%] and stream lines 

 

Figure 107: 2D simulation design 6 - Average particle discharge concentration at the outlet [%] 
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Figure 108: 2D simulation design 7 - Particle concentration [%] and stream lines 

 

Figure 109: 2D simulation design 7 - Average particle discharge concentration at the outlet [%] 
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B.2. Sensitivity analysis plots 

This section presents two sensitivity studies that were performed to optimize the selected tank design. The 
first one is used for optimizing the baffle and the second one is used for optimizing the horizontal floor which 
separates the tank into two layers. The designs and average particle discharge concentration plots are 
shown for a case with an inflow rate of 3000 L/min containing 10 vol% particles with diameter of 3mm.  
 
 

  

Figure 110: 2D simulation baffle sensitivity – Geometry overview 

 

  
 

Figure 111: 2D simulation baffle sensitivity – Average particle discharge concentration at the outlet [%] 
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2D simulation horizontal floor sensitivity – Geometry overview 

 
 

2D simulation horizontal floor sensitivity – Average particle discharge concentration at the outlet [%] 

 
 

B.3. Additional 3D simulation plots 

This section presents additional particle concentration plots that are obtained from the power-law and fixed 
viscosity 3D simulations. A few of them were already presented in section 5.4.2.2 and 5.4.2.3. The plots 
represent the particle concentration distribution in the tank after 10 minutes of constant inflow with 10 
vol% particles.  
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Figure 112: 3D simulation power-law - Particle concentrations [%] for particles of 5 mm 

Power-law viscosity 
Inflow rate = 2000 L/min 

Particle diameter = 5 mm 

Power-law viscosity 
Inflow rate = 3000 L/min 

Particle diameter = 5 mm 

Power-law viscosity 
Inflow rate = 1000 L/min 

Particle diameter = 5 mm 
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Figure 113: 3D simulation power-law - Particle concentrations [%] for particles of 3 mm 

Power-law viscosity 
Inflow rate = 2000 L/min 

Particle diameter = 3 mm 

Power-law viscosity 
Inflow rate = 3000 L/min 

Particle diameter = 3 mm 

Power-law viscosity 
Inflow rate = 1000 L/min 

Particle diameter = 3 mm 
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Figure 114: 3D simulation power-law - Particle concentrations [%] for particles of 1 mm 

Power-law viscosity 
Inflow rate = 2000 L/min 

Particle diameter = 1 mm 

Power-law viscosity 
Inflow rate = 3000 L/min 
Particle diameter = 1 mm 

Power-law viscosity 
Inflow rate = 1000 L/min 

Particle diameter = 1 mm 
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Figure 115: 3D simulation power-law - Particle concentrations [%] for particles of 5 mm 

Fixed viscosity (0.2 Pa  s) 
Inflow rate = 2000 L/min 

Particle diameter = 5 mm 

Fixed viscosity (0.2 Pa  s) 
Inflow rate = 3000 L/min 

Particle diameter = 5 mm 

Fixed viscosity (0.2 Pa  s) 
Inflow rate = 1000 L/min 

Particle diameter = 5 mm 
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Figure 116: 3D simulation power-law - Particle concentrations [%] for particles of 3 mm 

Fixed viscosity (0.2 Pa  s) 
Inflow rate = 2000 L/min 

Particle diameter = 3 mm 

Fixed viscosity (0.2 Pa  s) 
Inflow rate = 3000 L/min 

Particle diameter = 3 mm 

Fixed viscosity (0.2 Pa  s) 
Inflow rate = 1000 L/min 

Particle diameter = 3 mm 
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Figure 117: 3D simulation power-law - Particle concentrations [%] for particles of 1 mm 

 

Fixed viscosity (0.2 Pa  s) 
Inflow rate = 2000 L/min 

Particle diameter = 1 mm 

Fixed viscosity (0.2 Pa  s) 
Inflow rate = 3000 L/min 

Particle diameter = 1 mm 

Fixed viscosity (0.2 Pa  s) 
Inflow rate = 1000 L/min 

Particle diameter = 1 mm 
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Appendix C: Reference drilling logs 
This appendix contains the reference drilling logs that are used to obtain representative drilling fluid 
parameters. 
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Appendix D:  Drilling fluid component data sheets 
This Appendix contains the technical data sheets of the drilling fluid components that are used for the 
preparation of the test samples. 

D.1. Cebo-gel Wyoming API bentonite 
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D.2. Xanthan gum 
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D.3. M6 Silverbond quartz flour (barite replacer) 
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D.4. Sieved M32 fine sand (cuttings replacer)  
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Appendix E:  MATLAB code 
This Appendix contains the MATLAB code used to perform the preliminary calculations. 

E.1. Main code 
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E.2. Functions 
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