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Abstract  

The study of effective cuttings transports and understanding fluid rheological properties is a 

major concern in the drilling industry. Poor hole cleaning can lead to cuttings accumulations 

inside the annulus, low rate of penetration (ROP), eccentric borehole, fluid loss and stuck 

pipe. However, introduction of low-shear-rate viscosity (low-end-rheology) mud system into 

drilling activities can significantly reduce aforementioned problems.  

In this study, both theoretical analysis and experimental investigation were performed to 

estimate effects of low-end-rheology mud on particle settling velocity in a vertical cylinder, 

for static condition and steady state laminar flow in vertical annulus. Experimental tests were 

carried out in a flow-loop, using a low-end-rheology and standard rheology (water). Variables  

evaluated were particle size (0.3 mm, 1 mm, 2 mm), tube inner diameter or annular size 

(39.58 mm,  49.37 mm,  60.2 mm,  75 mm), fluid rheological parameters (water, mixtures of 

5, 10 and 20 gram of PHPA Polymer per liter water), fluid condition (static and dynamic 

flow), particle sphericity (0.91 and 1). Fluid rheological parameters, particle size, and annular 

flow velocity were the most important variables. Annular flow velocities were 0 m/s for static 

and 0.00001-0.004 m/s for dynamic flow conditions. The experimental data showed that 

particles dropped in low-end-rheology fluid had a lower slip velocity compared to standard 

rheology.  

Study of the rheology and factors influencing its properties were also part of this thesis work. 

During the tests, a fluid sample of 10% PHPA polymer-water mixture showed unexpected 

behavior. A detailed laboratory study verified that the rheological properties may change 

under the influence of mixing and no-action times and they are sensitive to the fluid shaking 

(shearing/stirring). 

A comparison of the experimental particle settling velocities with particle settling velocities 

calculated by applying Stokes Law equation are also presented. Their results agree closely 

with experimental data for the slip velocity for particle settling in static and at steady state 

laminar flow for vertical annulus for the most of the cases. In other words, predicting of slip 

velocity by applying Stokes Law equation based on effective viscosity determined through 

Power Law fluid model showed favorable results for both quiescent and flowing fluid. 
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Sensitivity analysis based on the results concluded that particle transport in low-shear-rate-

viscosity mud system provides better hole cleaning since the slip velocities of particles are 

lower compared to the standard rheology for the given experiment. 
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1. Introduction         

Transport of cuttings from the bottom hole up to the surface through the annulus is one of the 

primary objectives of a drilling mud. Failure to accomplish this function will lead to cuttings 

accumulation in the lower part of the annulus. In fact, poor hole cleaning and inefficient 

cuttings transport may lead not only to the cuttings accumulation but also to several unwanted 

problems such as excessive equivalent circulating density (ECD), high torque and drag, lost 

circulation, formation fracture and stuck pipe during drilling operation. All that events 

increase the non-productive time (NPT) and costs (Pilehvari, Azar et al. 1999). The most 

severe cuttings accumulation takes place in highly deviated wellbore, where cuttings fall to 

the lower side of annulus due to gravity force. This process causes cuttings agglomeration at 

more sustainable part of the annulus, e.g. horizontal section of the annulus.  

The major factors that describe cuttings transport are fluid velocity and particle settling 

velocity. For efficient cleaning of the wellbore, fluid velocity must prevail cuttings settling 

velocity and has to be sufficient to transport these cuttings to the surface. The least velocity 

that is required to transport cuttings is defined as minimum annular fluid velocity (Larsen, 

Pilehvari et al. 1997). Slip velocity (or settling velocity) is a velocity at which settling of 

drilled solids occurs relative to the annular fluid velocity. In general, settling of particles 

occurs due to gravity. The slip velocity of particles depends also on sphericity, size of the 

drilled cuttings and under the influence of rheology valid for cuttings movement (HOPKIN 

1967). 

In stagnant mud, the cuttings are suspended and do not settle under gravity influence, since 

gel strength and yield stress contribute to the suspension of the particles in a fluid medium. 

During circulation, mud starts to shear and the yield stress at one point will be overreached. 

This phenomenon leads to settling of cuttings under gravity force. A best practice is to apply 

Stokes law into this system. Stokes law says, that the cuttings fall down under gravity and lift 

due to buoyancy and drag force. Hence, if the gravity force overcomes the drag and buoyancy 

forces, it will result in particle settling and the cuttings will start to fall down (Alcocer, 

Ghalambor et al. 1992). 

The main scope of this study is to investigate cuttings slip velocity in stagnant (still-stand) 

fluid and at laminar fluid flow. Low-end-rheology is the rheology of the mud that is observed 

at low fluid shear rates. This means, that the low-end-rheology of the mud is high when the 
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shear rate is so low (Herzhaft, Rousseau et al. 2002). The purpose of designing of low-end-

rheology is to provide efficient cuttings transport and hole cleaning. The low-end-rheology 

will result in a better carrying capacity of a drilling mud; it will provide suspension of barite 

and drilled cuttings. Thereby, to define the importance of properties of low-end-rheology we 

have to compare it, when we estimate slip velocity of the fluid under static conditions and 

dynamic flow (or at low shear rate) with normal rheological parameters of Newtonian fluid 

(or at high shear rate of viscous fluid). Before proceeding to the experimental part, it would 

be useful to describe the process theoretically.  

  

One important issue to describe/investigate is the rheological behavior of the fluid during 

flowing condition. Since, fluid during laminar flow experiences low shear rate, the cutting 

movement in fluid will increase shearing of layers around the particle. Thus, fluid will shear 

more, and (theoretically) it will result in relatively faster settling.  

The particle settling velocity is also affected by particle shape, which is determined by the 

sphericity factor  . Since, the drag coefficient increases with decreasing sphericity, the 

settling of cuttings particle is occurring faster for sphere rather than non-spherical particle 

(A.T. Bourgoyne Jr, K.K. Millheim et al. 1986).  

Finally, it is worth mentioning, that there has previously been little investigation on low-end-

rheology.  

1.1 Goal 

The main goal of this study is to determine the influence and the importance of applying low-

end-rheology on cuttings slip velocity for a drilling fluid at rest and at steady state laminar 

flow and standard rheology (water) at quiescent condition and compare theoretical results 

with measured results of slip velocity by means of the Stokes Law equation.   

1.2 Approach  

To match the goal we need to consider following steps: 

 The first step is to conduct a literature review that introduce the low-end-rheology and 

all aspects of the experiment and all possible solutions of this issue. 
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 The second step is to plan an experimental investigation and construct it in order to 

conduct experimental test to evaluate slip velocity in vertical wells during static and 

laminar flow (at low shear rate).  

 Apply the standard Fann 35 viscometer and mud balance to evaluate all required 

rheological properties of fluids.  

 The fourth step of study is theoretically describe slip velocity model for vertical based 

on Stoke's Law during stagnant and laminar flow and compare the results by applying 

two different theological approaches. 

 The final step is to compare measured and estimated results to define the importance 

of low-end theology on cuttings transport.  
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2. Review of the existening knowledge on slip velocity of sphere 

and cuttings. 

2.1 Slip velocity 

During drilling operations, a fluid pumped into the wellbore in order to circulate the cuttings 

out of the well. Soon, as fluid pumped in, it reaches its determined annular transport velocity. 

Flowing fluid exerts hydrodynamic drag force on a particle and retards particle settling which 

in turn affects on particle slip velocity. Failure of mud to accomplish its function leads to 

severe settling of cuttings. This results in cuttings accumulation at bottom or at lower side of 

the wellbore depending on well inclination.   

 

 

 

 

 

 

 

 

                                  

A solid particle inside the fluid that is allowed to settle will be falling at a constant velocity, 

which shall be referred to as a terminal settling velocity (or a constant slip velocity) 

(Sifferman, Myers et al. 1974). However, it has to be noted, that due to the differences 

between the particles, the slip velocity of any particle is different. The differences are 

determined by several factors such as fluid and cuttings properties (HOPKIN 1967). 

As soon as a particle starts to travel in a viscous fluid, it attains a constant velocity. This 

happens because of dynamic equilibrium of the net forces, which are vertical and acts upon 

the particle as it is described in figure 1. The forces mentioned should be considered 

(Machado and Aragao 1990).  

Figure 1. Vertical forces acting on single sphere 

(University of Tennesse 2008). 
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 the upward force due to resistance of fluid (viscous drag) around the particle 

 the upward force due to buoyancy  

 the downward force due to gravity 

As it is stated above, the factors influencing particle slip velocity is a particle diameter, shape 

and specific gravity. The viscosity properties and density of a fluid also affect settling rate. In 

addition, (Krumbein 1939) mentioned in his paper the importance of the particle orientation 

on particle settling velocity and cuttings transport. 

For flatwise particles, two types of settling pattern (orientation) were observed: stable settling 

and oscillation (swinging) settling. Due to flatwise body, a disk tends to settle with its largest 

surface area faced to the bottom. This type of orientation is called stable settling. In case of 

oscillation settling, a disk fall reminds swinging, where the orientation and ring stabilities are 

lost together (Fang 1992).  
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2.2 Rheology description. 

Fluid rheological properties (viscosity parameters and density) play an important role on 

effective cuttings transport. For instance, high viscosity of mud provides resistance to the 

particle, so the particle settling occurs very slowly. For some of the fluids, viscosity decreases 

with flow of the fluid. This means, fluid movement creates shearing of the fluid layers, which 

in turn decreases viscosity of the mud. In addition, particle settling also provides additional 

shear, which negatively affects slip velocity.   

 

2.2.1 Basic understanding of rheology  

Rheology is defined as a study of the flow and deformation of the matter (Mezger 2011). The 

study of the rheology is essential, because it allows us to design our drilling fluid in order to 

get efficient hole cleaning, to minimize pump pressure, to prevent loss of circulation into 

drilled formations, etc. Apart from it, rheological properties can influence barite suspension 

and solids control.  

Viscosity  

Resistance of a fluid to flow is defined as viscosity. Basic concept of the viscosity can be 

described in terms of shear stress ( ) and shear rate ( ). 

Shear Stress  

To understand the concept of the viscosity, consider fluid between two layers with constant 

area A (Figure 2). The lower plate is remaining in a static condition, however the upper layer 

will start to move after force F is applied. The movement of the layer of a given area A 

induced by force F is called shear stress. It can be expressed as (Hughes 2006):  

                                                             
A

F
                                                                          (1) 

Shear Rate: Applying the force F will result in a shear movement of the upper layer relative 

to the lower layer at a velocity ν (Figure 2). The movement rate of the fluid between layers is 

defined as shear rate. Since the flow velocity of any fluid is the highest at the center of the 

pipe, the shear rate will be zero; conversely, at the pipe wall, the flow velocity reaches its 

minimum and the shear rate its maximum (Hughes 2006).  
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The shear rate can be defined by the following equation: 

                                                               
d

12 



                                                                (2) 

 

                                         

Yield Point (YP): Resistance to flow induced by electrochemical forces between any particle 

in fluid is called yield point (or yield stress). This force is the result of attraction between 

positively charged sites on edge of clay layers with negatively charged on surface of clay 

layers (Hughes 2006). 

 volume concentration of solids in fluid system 

  the surface properties of the mud solids 

 electrically charged environment of solids 

Calculation of yield point value based on readings from Fann 35 viscometer is as follows:  

                                               Yield Point = o = pl 300                                                    (3) 

Gel strength: The gel strength of a drilling mud defines its ability to suspend cuttings and 

weighting materials when circulation stops. Usually, its measurements show the time-

dependent flow behavior of the liquid, which are measured at 10 seconds, 1 minute, and 10 

minutes time span.  

Figure 2. Shear stress and shear rate (Ford 2003). 
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Gelling is caused by the presence of electrically charged particles (molecules) or by ability of 

polymers link with each other. Particle (polymer) concentration, chemical treatment, 

temperature and time can severely affect on gelling properties (Hughes 2006). 

 

2.2.2 General 

Newtnonian Fluid 

For Newtonian fluid, viscosity of mud is expressed by the relationship between shear stress 

and shear rate. Viscosity of mud remains constant at all shear rates and provides constant 

value at all rates. It can be expressed by the following equation:      

                                                                  



                                                                      (4) 

Non-Newtnonian Fluid. 

Unlike the Newtonian fluid, viscosity of non-Newtonian fluid does not have constant 

viscosity that can describe fluid behavior at all shear rates. Therefore, in order to evaluate 

viscosity of non-Newtonian fluid at a specific shear rate, the expression "effective viscosity" 

(apparent viscosity) is introduced. Effective viscosity is the term used to describe the 

viscosity of non-Newtonian fluid at a particular shear rate (Figure 3). The term itself takes 

into consideration the geometry of the medium through which the fluid is flowing, e.g. pipe.  
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Figure 3. Variation of effective viscosity slope with increasing of shear rate based on reading from Fann 35 

viscometer of 10-gram PHPA Polymer per liter water (Table B-1). 

 

Fluid flowing through pipe experiences retarding (friction) force between the layers. Due to 

no slip between fluid layer and pipe wall, fluid requires high shear stress at the flow boundary 

(pipe wall). Hence, flow is easier in the middle of the pipe rather than at pipe wall. Thereby, 

fluid tends to stretch out in center of pipe (high velocity) and retards at the pipe wall   

(Figure 4).    

Therefore, shear rate at pipe wall will be at maximum and it can be expressed as : 

                                           
dp

w
d




8
                                                                                       (5)  

By applying the Newtonian effective viscosity model (equation 1) and shear rate (equation 2) 

for Power Law Fluid model, the effective viscosity for shear-dependent fluid becomes:                                                                                      

                                





8
)

4

138
(

Kd

n

n

d

n

dp

eff


                                                                          (6)     

 

The Power Law fluid will be explained in the following section. 
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                                   .  

 

2.2.3 Fluid rheology models 

 Power-Law Model  

Power-Law fluid model gives a good behavioral description of the shear-thining and shear-

thickening fluids. It precisely describes fluid behavior at very low shear rates. However, it is 

ineffective at very low shear stress, since Power-Law model does not include the yield stress. 

Power law fluid model can be expressed by 

                                                    nK                                                                               (7) 

The term K is defined as consistency factor and describes the thickness of drilling fluid. The 

exponent n is called the flow behavior index and can be expressed as (A.T. Bourgoyne Jr, 

K.K. Millheim et al. 1986): 

                                              
21

21

log/log

log/log




n                                                                    (8) 

Flow behavior index indicates the degree of Non-Newtonian behavior. For  

 n > 1, the fluid shows shear-thickening properties and defined as a dilatant 

 n=1, the fluid shows Newtonian behavior 

 n < 1, the fluid shows shear-thining properties and defined as a pseudoplastic 

fluid 

 

Figure 4 . Fluid stress and velocity distribution in circular pipe (COSMOS 

2008). 
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Herschel-Bulkley Model 

Herschel-Bulkley model is a unique mathematical model for describing fluid behavior. 

Actually, this model can describe the approximate behavior of drilling fluid and gives 

accurate results at very low shear stress (Hughes 2006).  

The model is expressed below: 

                                                 
n

o K                                                                 (9) 

The constants K and n describe the same functions as in Power-law model and o  is a yield 

point.  

 

2.3 Influence of rheology on particle settling 

2.3.1 Shear rate of slipping particle in stagnant fluid.  

For non-Newtonian fluid, the effective viscosity primarily depends on the shear rates. In case, 

if settling happens in a stagnant non-Newtonian mud, the shear rate on a particle equals to the 

particle slip velocity divided by its diameter (v/d). Since particle settling is the only source of 

fluid shearing, the effective viscosity for Power Law Fluid model becomes (Novotny 1977):                                                                              

                                                    
1)(  n

p

s
eff

d

v
K                                                             (10) 

(Daneshy 1978) proposed to use (
p

p

d

v
3 ) instead of mentioned (

p

p

d

v
) to describe shear rate 

caused by particle settling in quiescent fluid. Effective viscosity for Power Law Fluid model 

can be described by:  

                                                             
1)3(  n

p

s

eff
d

v
K                                                                 (11) 

Figure 4 illustrates the particle settling in stagnant fluid and the shear rate around the 

particles.  
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2.3.2 Shear rate of slipping particle in dynamic fluid. 

A further complication shows up for flowing non-Newtonian fluids, since the shear rate 

imposed on a particle in the direction of fluid movement, as well as the shear rate because of 

the particle slipping. In order to define the significance of this effect, several experiments 

with single proppant particle in concentric cylinders were proposed by (Novotny 1977).  

According to the experimental results, for the case, when a Newtonian fluid was used, the 

shear rate imposed on a particle did not affect the slip velocity of proppant particle. Such 

results were expected, since viscosity of Newtonian fluid does not vary with a shear rate. 

However, when a non-Newtonian fluid was used, particle settling occurred faster during 

shearing compared to the static condition (Figure 5) (Novotny 1977).  

Thereby, the total shear rate t  on a proppant particle was determined to be the vector sum of 

the shear rates due to particle sinking (
p

s

d

v
) and the shear rate 

f  imposed by fluid 

movement.  

                                                          
f

p

s
t

d

v
  2)(                                                        (12) 

Effective viscosity for Power Law fluid around the spherical particle during flowing of fluid 

can be expressed by the following equation:  

                                                             2

1
22 .)(.

n

f

p

s

eff
d

v
K



                                                 (13) 

 

 

  

 

 

Figure 5. Particle settling and shear rate around it in stagnant fluid 
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2.3.3 Wall effects on a sphere motion in a fluid. 

The slip velocity of particle in a stagnant fluid is considerably reduced by the existence of the 

cylinders wall. The hindrance effect of the cylinders wall on sphere motion in fluid is defined 

as a wall effect. This effect is induced by the upward movement of the fluid and it depends on 

the space between cylinder wall and the particle.  

The wall effect has been quantified in terms of the wall factor f . The wall factor f  is 

determined as the ratio of the slip velocity of particle in confined medium to the slip velocity 

of the same particle in infinite medium. 

                                                           



,

,

s

fs
f




                                                                     (14) 

The severity of this factor is influenced by the particle-to-tube diameter ratio (λ=
pd /D) and 

particle Reynolds number. In fact, it has been agreed that wall factor is independent of 

particle Reynolds number at very low Reynolds number region and at very high Reynolds 

number region, but being dependent at transitional regime. It is estimated, that the wall factor 

f is a function of particle-to-tube diameter at very low and at very high values of the particle 

Reynolds number by following equations (Di Felice, Gibilaro et al. 1995):  

laminar flow 

5

653

75857.01

72603.07068.10865.2105.21








f                              λ ≤ 0.9                      (15) 

                                          

turbulent flow 

5.022 )5.01)(1(  f                                                                         0 ≤ λ ≤ 1                  (16) 

 

(Liu and Sharma 2005) referring to their experimental work concluded that in Power Law 

fluid, increase in effective viscosity (apparent) of the fluid for a single particle reduces the 

retardation effect of the wall.  
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2.4 Low shear rate viscosity.  

2.4.1 Background 

Low-shear-rate-viscosity is an almost-zero constant shear rate measurement taken in the span 

of 0.06 1/sec. It measures both components of viscosity: viscous and elastic. Under flowing 

condition, in horizontal and highly deviated wellbores, low-shear-rate-viscosity correlates to 

modified fluid properties, which enhance transport and provide suspension of cuttings, reduce 

radial slip velocity of the drilled and suspended cuttings and partly eliminate cuttings 

agglomeration in lower part of the wellbore. Under static condition, in horizontal and highly 

deviated wellbores, low-shear-rate-rheology correlates to suspension of particles, minimizes 

radial slip of cuttings and decrease any likelihood for the accumulation of cuttings beds 

(Powell, Parks et al. 1991).  

2.4.2 Practical use of low-shear-rate-viscosity in oil-field industry 

Nakajima and Bot (2002) together with Japan Vietnam Petroleum Company introduced 

enhanced low-shear-mud-viscosity mud system into the highly deviated and horizontally 

extended well, where the hole cleaning and agglomeration of cuttings in the wellbore became 

a serious issue (Nakajima and Bot 2002).  

As they had supposed, the low-shear-rate-viscosity improved the efficiency of the hole 

cleaning by strengthened rheological mechanism and also resulted in increase of average 

penetration rate (ROP). The main function of this mud system was to improve efficiency of 

hole cleaning by a strengthened rheological mechanism (Nakajima and Bot 2002).  

There are not that much studies and experiments with low-shear-rate-viscosity, which 

restricts gaining knowledge and giving detailed explanation on importance of low-end-

rheology. However, there will be conducted experiments with low-shear-rate-viscosity mud 

system in order to define their significance in industry. In the following chapter there will be 

some recommendations about usefulness of the aforementioned mud system.   

 

 



16 
 

2.5 Model description 

2.5.1 Stoke's law  

The model introduced in this study aims to explain the basic principle of the Stokes Law. 

There are several assumptions, which listed further in this sub-chapter.  

Stokes's law can be described as a phenomenon, in which a spherical particle of a known 

density and size tends to settle through a stagnant fluid of infinite extent. The particle attains 

its constant settling velocity, as soon as it starts to move. Knowing the rheological properties, 

the density and size of the particle, Stoke's law can be used to calculate the slip velocity of 

the particle. The following assumptions should be taken into consideration during derivation 

of slip velocity by applying Stoke’s Law (Alcocer, Ghalambor et al. 1992).  

 Particle settles through a stagnant or laminar flowing fluid 

 Vertical (gravity, buoyancy and drag) forces are in equilibrium.  

 Fluid compared to the size of the cuttings should be homogeneous  

  No slippage between particle and fluid.  

  Particle movement should be independent  

  Terminal settling velocity should be reached very soon 

  Particle must settle as it would in unbounded medium  

As it was mentioned in chapter 2.1, as soon as particle starts to travel in viscous fluid, it 

attains its constant velocity, so that the sum of the forces acting on a particle are equal to 

zero. This means that the sum of the forces acting in upwards direction due to buoyancy F 

and resistance F of the fluid is precisely counterbalanced by the gravity force F (A.T. 

Bourgoyne Jr, K.K. Millheim et al. 1986). 

The general equation of the sum of the vertical forces is expressed by  

                                              
dbg FFF                                                                              (17) 

By defining all the forces, the aforementioned equation is solved:                                        

                                      sp
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                                                         (18) 
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Rearranging the equation yields the following relationship:  

                                               





18

)(2

fpp

s

gd 
                                                            (19) 

Stoke's law is can be used to determine sphere slip velocity in Newtonian fluids as long as 

laminar flow presents around the particle. Applicability of equation 3 depends on the sphere 

Reynolds number, which is a function of fluid rheological properties, particle size and slip 

velocity: 
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                                                              (20) 

Reynolds number below 0.1 gives accurate value of slip velocity. However, for Reynolds 

number above 0.1, the empirical drag coefficient 
dragC (or friction factor 

fF ) must be 

introduced (A.T. Bourgoyne Jr, K.K. Millheim et al. 1986). (Applied Drilling Engineering)  

                                                        
f

fp
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gd
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                                                (21) 

However, cuttings are not always truly spherical. Most of them have a non-spherical shape. 

Since, shape of particles are different, the spherecity factor ψ has to be used. Ratio of the 

surface area of a spherical particle having the exact volume as the particle divided by the 

surface are of the non-spherical particle is defined as spherecity . 

Sphericity is defined as the ratio of the surface area of a sphere containing the same particle 

volume as the particle divided by the surface area of the particle (copied) (Applied drilling 

engineering) 

Figure 6 demonstrate correlation of drag coefficient (friction factor) with particle Reynolds 

number for estimating particles slip velocities with respect to the their spherecities.  

The drag coefficient equation can be rearranged for the estimation of particle settling velocity 

that expressed by: 

                                                       )(
3

4
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fp

drag

p

s
C

gd







                                                 (22) 
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Figure 6. Drag coefficient (Friction factor) versus Reynolds number chart used for calculating of particle 

slip velocity based on particles different spherecities (A.T. Bourgoyne Jr, K.K. Millheim et al. 1986). 

 

2.7 Slip velocity correlation 

2.7.1 Moore velocity correlation.  

Preston Moore suggested a technique for calculating particle slip velocity that takes into 

consideration non-Newtonian behavior of the drilling mud and utilizes equations of the drag 

coefficient and sphere Reynolds number relation for particle settling through a Newtonian 

fluid. The suggestion was to use an effective (apparent) Newtonian viscosity that was first 

proposed by Metzner and Dodge in 50ies of the previous century. It simply obtained by 

equating annular friction pressure losses expressions for Power Law Fluid model and for 

Newtonian model and solving for effective Newtonian viscosity. The effective Newtonian 

viscosity expression derived from the aforementioned technique is given as (in oil field unit) 

(Sample and Bourgoyne 1977). 
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Then, the effective Newtonian viscosity was used to calculate the solid Reynolds number 

expressed by equation 20. For particle, Reynolds number below value 1, the flow regime 
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around the cutting is considered as laminar and the drag coefficient correlation can be 

calculated by:  

                                                            
Re

40

N
Cdrag                                                                 

(24)  

Subtitling the drag coefficient equation 24 into the equation 19 and converting into oil field 

units, yields the following equation for particle settling velocity  

                                          )(4972
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fp
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d



                                                                (25) 

 

2.7.2 Chien velocity correlation  

The slip velocity correlation proposed by (Chien 1969)  involves the computation of effective 

Newtonian viscosity for polymer-type drilling fluid.  
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 5                                                           (26) 

For bentonite-water mix system, it was definitely recommended to use a plastic viscosity as 

an effective (apparent) viscosity. The slip velocity correlation proposed for a lower particle 

Reynolds numbers becomes (A.T. Bourgoyne Jr, K.K. Millheim et al. 1986). 
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2.7.3 Mayes and Walker velocity correlation 

The technique suggested by (Walker and Mayes 1975) employs drag coefficient defined for a 

circular disk settling with their flat surface area faced downwards.  
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For the computation of particle Reynolds number, an empirical relationship was developed 

for estimating the fluid shear stress induced by cuttings slippage, the following equation 

presented in oil field units(Sample and Bourgoyne 1977) :  

                                                           )(9.7 fpsf h                                                  (29) 

Obtained shear stress  value corresponds to the shear rate  that was determined by using a 

plot of Fann dial reading versus shear rate (revolution multiplied by 1.703) obtained by using 

a Fann 35 viscometer. The effective viscosity used for estimation of the particle Reynolds 

number can be expressed by  

                                                             



 479eff                                                              (30) 

The slip velocity equation for particle Reynolds number below 100, the following equation is 

expressed in oil field units  

                                                          
f

p

s

d




 0203.0                                                     (31) 

 

It has to be highlighted that this effective (apparent) viscosity is based on the relative shear 

rate of the particle experienced by the fluid and does not take into consideration, the shear 

rate provided by the fluid flow in annuli (A.T. Bourgoyne Jr, K.K. Millheim et al. 1986). 
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3. Experimental study.  

The purpose of the current chapter is to present experimental work for determining the 

particle slip velocity when the fluid is still-standing and when it is flowing at a steady state 

laminar flow. The trial test will also help to compare the influence of shear rate due to flow 

on low-end-rheology. Obtained experimental results will be compared to theoretical slip 

velocity in order to evaluate the influence of the rheological model in predicting slip velocity.  

This experimental study was conducted in a simple test facility (one-meter long vertical 

pipe). Details of the test facilities can be found below. 

This experimental study was conducted in a simple test facility principally one meters long 

vertical pipe. Details of the test facilities are found below. 

3.1 Test matrix.  

Before measuring slip velocity of falling cuttings, one has to consider the variables of the 

experiment. The following test matrix was decided to be used in the research study for a 

better understanding of cuttings transport in the hole. Choice of the variables was based on 

previous investigation and self-analysis. The test matrix for the experimental investigation is 

presented in table 1. Demonstrated variables in mentioned table, simply shows how many 

types of each variable was used. For example: during the experiment five different ID 

cylinders were used, where four of them were used in static and one of them in dynamic test.      

Table 1. Test matrix 

Particle size  mm 0.3 1 2 3.387 

Particle sphericity - 1 1 1 0.91 

Plane Water 

Polymer concentration 

- 

 % 5%             10%            20% 

Travel Length m 0.2 0.24 0.27 0.75 

Pipe ID mm 39.58    49.37    60.2    75   76.2 

Fluid flow (quiescent) m/s Static            Steady state laminar 

                                                                   

Two types of tests were carried out during the experimental investigation. First type or base 

case was conducted for a static condition with respect rheology (standard and low-end), travel 

length, tube size and particle size (Figure A-2, A-3, A-4) separately. Second type or special 
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case was conducted in laminar flow conditions with respect to particle size at fluid polymer 

concentration of 5 gram per liter.  

3.2 Preparation for slip velocity test.  

a) Density of particle. Density of the solid particles was found by the ratio of the particles’ 

mass to the volume increased in the graduated cylinder, which can be expressed as: 

                                                                 
p

p

p
V

m
                                                               (32) 

 

b) Particle size. To account for correct diameter of non-spherical particle, the equivalent 

spherical diameter (ESD) term were used. The diameter of particles was measured by Vernier 

caliper at different angles. Then, the sum of the measured diameter was divided by the 

number of measuring in order to find the average or ESD. The equation below describes 

mathematical way of defining the ESD:  
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c) Particle sphere. To calculate sphericity of a non-spherical particle, the surface area of a 

sphere having the same volume as the particle is divided by the surface area of the particle. 

This expression can be expressed as:  
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                                                          (34) 

For the experimental purpose, the shape of the non-spherical particle assumed to be same as 

dodecahedron with spherecity equals to 0.91 (Wolfram Company 2013). Nevertheless, 

attempt to calculate the sphericity of the particle were done (the basic calculation were 

conducted to define spherecity of particle) and result demonstrated in Appendix J 

d) Fluid viscosifiers. The main purpose of fluid rheology modeling was to design three 

drilling fluids with different viscosity properties in order to compare settling velocity of the 

particles. These fluid samples are categorized into three groups:  

 

http://en.wikipedia.org/wiki/Dodecahedron
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1. 5% PHPA Polymer- water mixture,   

2. 10% PHPA Polymer-water mixture,   

3.  20% PHPA Polymer-water mixture.  

The data collected from experiments were used to determine rheological properties of 

drilling fluids. The ambient temperature was kept constant, since if the temperature of the 

fluid samples are varying considerably during the measurements, the rheological properties 

will be abnormal.  

e) Slip velocity calculation with respect to travel length. The slip velocity of the particle 

was calculated by the ratio t  of the particle travel distance l  to the time it took to travel. It can 

be expressed as:  

                                                               
t

l
s                                                                     (35) 

f) Flow rate. The fluid flow rate was calculated from the volume that the fluid filled the 

cylinder and divided by the time it fills. It can be formulated by:                   

                                                                 
t

V
q f                                                              (36)  

The example calculations for aforementioned equations are shown in Appendix J 

3.3 Test equipment and instruments. 

The experimental setup used in this study consists of:  

1. For stagnant condition: glass column (39.58 mm inner diameter (ID) and 0.45 m 

long), plastic column (49.37 mm ID and 0.5 m long), glass column (60.2 mm ID and 

0.50 m long), plastic column (78.31 mm ID and 0.35 m long). Different diameter 

cylinders were used in purpose for defining the wall effect on particle settling 

velocity. 

2. For dynamic condition: plastic column (76.2 mm ID and 1 m long), plastic column 

(101.6 mm ID and 1 m long), plastic mud tank (capacity 30 liters), rubber hose (25.4 

mm ID and 3 m long), rubber hose (25.4 mm ID and 1 m long), a valve (a reliable 

means of controlling fluid flow rate) (Figure A-1) 

Schematic drawing of experimental facility is presented in Figure 7.  
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Figure 7. Schematic drawing of apparatus used for measure of cuttings slip velocity in 

quiescent and at steady state laminar fluid flow (low shear rate) 
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Viscosity properties: Fann 35 viscometer (Figure 8) was used to measure the rheological 

properties of experimental fluids under room temperature and pressure.  

  

    

 

 

 

 

              

                                     

 

The test fluid is rested in annular space between an outer cylinder and the bob. The outer 

cylinder can be rotated at the velocities controlled through gear. This rotation provides fluid 

motion that applies torque on a bob, which travels through spring and its deflection is red on 

the scale. Fann 35 viscometer provides rotation at velocities 3, 6, 100, 200, 300, 600 RPM.  

Density: Fluid density was measured with using mud balance (Figure 9a). It is the most 

simple and reliable method of determination of mud density. Basically, a cup have to be filled 

by test fluid and covered with the lid and make sure that no air is entrapped inside and 

excessive mud is squeezed out. Density will be determined by sliding the slider-weight along 

the balance beam. 

Mixer: Waring laboratory blender (Figure 9b) was used to mix the water with polymer 

powder. It consists of stainless steel container and it rests on a base that contains motor to 

rotate blades inside the container.  

 

 

Figure 8. Fann 35 visconeter(Anon 

2013). 
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Figure 9. a) Mud balance (left)(Anony. 2013) and b) Waring laboratory blender(right)(Anon 2013) . 

 

3.4 Test procedure of slip velocity 

Selection of non-spherical particles was done in an arbitrary manner. Visually selected 

particles were measured on weight-scales and the average particle mass was 0.045 g. A 

deviation of 0.05 g was allowed in this experiment.  

Displacement method was chosen in order to calculate the density of irregularly-shaped 

particles by conducting the following steps. First, a graduated cylinder was filled with water 

up to the defined point. Afterwards, weighted amount of particles was dropped inside the 

graduated cylinder. Increase in volume was observed and noted.  

Each time, the particles were screened, weighted, washed and dried before dropping into the 

cylinder with a fluid.  

The tests were carried out in transparent fluids with concentration of 5%, 10%, 20% of PHPA 

polymer per liter water and plane water. The test fluids were mixed at room temperature in 

Waring laboratory blender. The viscosity properties and densities of test fluids were checked 

on Fann 35 VG and mud balance respectively. The fluid rheological properties are presented 

in Appendix B (Table B-1, B-2, B-3).  

All the data collected during the experiment were recorded using a computer program 

(Microsoft Office Excel).      
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a) Still-stand fluid-tests 

A test started by filling cylinders with experimental fluids. Afterwards, four reference points 

were drawn on every cylinder. The upper point was 2 cm below fluid level. The length that 

particles traveled 0.15 cm, 0.2 cm, 0.24 cm were rest of the points. Then, a particle was 

dropped from the top of the mud column and a stopwatch was used to measure its slip 

velocity. Each particle was dropped at least five times and the average time of settling was 

used to calculate the average slip velocity for the study. To allow particles to achieve its 

constant slip velocity, the particle's slip velocity was measured after a certain length of its 

free fall. As mentioned above, the length was 2 cm for polymer fluids in all types of columns. 

The same approach was applied for laminar flow experiment, but with a different length. 

b) Laminar flow-tests 

The fluid (10 liters) stored in a fluid tank was located on fixed height (3 meters) above the 

transparent cylinder. The flow (pumping down) was initiated by using a screw-valve. A low-

viscous fluid was injected into the test section through a rubber flowline. After constant 

laminar flow (Table D-2) had been set, the particle was released into flow stream by 

dropping them into the test cylinder. Terminal settling velocity was measured by timing the 

fall of particle inside a 76.2 ID, 1 meter high glass tube. The slip velocity was timed with a 

stopwatch. As it was mentioned in the previous section, the allowed length for a particle to 

reach its constant slip velocity was 5-10 cm.   
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4. Fluid results (or input data) ahead of the slip velocity test    

Fluid design and its properties is one of the essential and important parts of every drilling 

activity. Properly designed drilling fluid can significantly improve cutting carrying capacity 

of the mud system. In the following chapters measurements of the rheological properties, 

dependence on factors such as shaking and mixing time, solubility of polymers and errors 

related to their measurements will be discussed. 

The aim of this section is to analyze and evaluate rheological properties of the water mixture 

with polymer concentration of 5, 10, 20 gram per liter. Analyzed results will help to design 

fluid for future research. 

4.1 Fluid rheological properties. 

The flow curves show that all three drilling fluid samples have different rheological 

properties (Figure 10). In addition, as seen from the figure, the viscosity curve of sample 

20%, shifted apart compared to the ones in other fluid samples. However, at low shear rate 

the viscosity curve of sample 5% coincides with the viscosity curve of sample 10%, but the 

discrepancy between them increases moving forward in the direction of higher shear rate. All 

the fluids exhibit shear-thinning behavior, because the fluids resistance to flow decreased 

with increasing shear stress/ or shear rate.  

Since fluid samples do not have yield stress and plot of shear stress versus shear rate go 

through origin, Power Law fluid model (Equation 7) is the most convenient model for 

samples 1 and 2. Herschel-Buckley model (Equation 9) fits for fluid sample 3, since it 

includes yield point and viscosity depends on shear stress.  

However, in order to define effective viscosity for each fluid sample, the Power Law fluid 

model was applied for all three samples.  

Results of the rheological properties for all three fluids samples are demonstrated in 

Appendix B (Table B-1, B-2, B-3). 
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Figure 10. Viscosity curves for all three fluid samples measured with Fann 35 viscometer at ambient 

temperature and compared with theoretical curves for samples 5% and 10% (based on two upper data points) 

and for sample 20% ( based on four upper data points) are drawn black 

 

4.2 Gel strength  

This chapter is aimed to show the dependency of gel strength ability on time and 

concentration of PHPA polymer. As seen from figure 11, all the samples develop gel with 

time when circulation is interrupted. The values of gel strength recorded at 10 seconds,          

1 minute and 10 minutes indicate the strength of the gelation in fluid under static condition.  

Another factor is polymer concentration in liquid. The results from the graph, illustrates that 

presence of PHPA polymer causes increase in gel strength, thus improving suspension of 

particle in fluid. 

While analyzing experimental results (Tabel B-1, B-2, B-3), it was noticed that gel strength 

value of the sample 10% is less of magnitude when compared to sample 5%. To find out the 

reason for such anomaly, the two additional fluid tests were conducted. These experiments 

will help to define unexpected behavior of sample 10%.   
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It should be taken into account that such a fluid behavior was noticed very late and due to 

lack of time all the results published that in the next chapters were obtained from an 

experiment on the initial sample 10%. 

 

Figure 11. Ten seconds, one minute and ten minutes gel strength measurements for all three fluid samples at 

ambient temperature 

 

4.3 Polymer solubility in a water medium.  

As stated above, the main purpose of this experiment was to analyze the effect of mixing time 

on rheological parameters. This decision was considered, after careful examination of the 

sample 10% viscosity curve in region of the low-shear-rate (Figure 12 and Table B-1, B-2, 

B-3) and results of the slip velocities (Figure 16).  

The four samples of fluid with concentration of 10 gram per liter were prepared. The 

rheological properties were recorded after 40, 65, 150, 170 seconds of mixing (Table F-1, F-

2, F-3). Figure 12 illustrates the trend of changing the properties for different mixing time.  

As seen from the figure, fluid rheological parameters change with respect to the mixing time. 

By allowing fluid extra time to dissolve the polymer, it was noticed increase in rheological 

properties. The reason for such a behavior was difficulties in dissolving of polymer. 

Therefore, the polymer needs more time in order to dissolve in water.   
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Figure 12. Trend of viscosity curves of four different fluid with 10 gram of PHPA polymer concentration 10 

gram per liter of water each with respect to mixing time 

 

4.4 Time-dependency  

This test procedure determines the effect of the no-action (or rest) time on fluid parameters. 

Therefore, it was extremely important to investigate their rheological properties right after 

mixing, after one day of rest, and after 3 days of rest. Fluid with concentration of polymer 10 

gram per liter was used for this study. The (Table G-1, G-2, G-3) presents outcomes of the 

test.  

An accurate study of the experimental results demonstrated that drilling fluids tend to change 

their properties under no-action time. As seen from the figure 13, viscosity curve of right 

after mixing and one day rest, extremely differs from each other. However, in case of one day 

and three day rest, the flow curves more or less coincides. The reason for such behavior is 

that during mixing the link between small molecules (monomers) was broken, which resulted 

in a low viscosity value of the fluid. However, after some time the bonds bridge or flocculate 

between monomers which results in gelling and increase in viscosity. Therefore, it is 

imperative to check fluid properties before conducting experiments. 
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Figure 13. Increase in rheological properties of fluid sample 10% with no-action time (measured 

immediately, after one and three days) 

As seen the change in low shear rate is not that high however at high shear rate the changes is 

quite noticeable.  

4.5 Stirring of fluid just before a new test.  

Another factor, which may significantly change fluid rheology is stirring of fluid. As shown 

on the figure below, fluid is stirred (shaking) for 15 seconds, 30 seconds, and 1 minute before 

measuring rheological properties on Fann 35 viscometer. As shown on the figure 14, there is 

a significant change between rheology of non-exposed to stirring and 15 seconds stirred fluid. 

Further experimental results revealed that no matter how long the fluid is stirred, the changes 

in fluid rheology will not occur, once they have occurred.  

Table H-1, H-2, H-3 presents the results of rheological properties for aforementioned 

conducted tests. 
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Figure 14. Variation in viscosity properties of fluid sample 10% with respect to the shaking (stirring) time 
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5. Test results of slip velocity 

The following chapter will reveal the influence and the importance of applying low-end-

rheology on cuttings slip velocity in quiescent and at steady state laminar fluid flow 

compared to the more commonly applied standard rheology. The acquired results from 

experimental and theoretical part were compared in order to derive and evaluate errors. Flow 

curves, correlation of slip velocity with different variables were plotted and presented in 

following sections.  

5.1 Slip velocities of static condition 

This section presents the results acquired from experimental work and theoretical study; the 

main ideas in these studies were based on static fluid condition. To see the influence of wall 

effect on cuttings settling, the experiments were done in transparent cylinders with different 

diameters. The obtained results from experimental study were compared to the calculated 

theoretical results that used Stokes Law. It was discovered that when particle settled in static 

fluid, the flow around the particle was in laminar regime. 

5.1.1 Experimental results 

Settling velocities of various particles measured in the conducted experiments will be 

presented in this section. In order to find the effect of different variables on particle settling, 

this chapter categorized into four sections; each section represents particular variable. For 

better understanding of different variables effect, the obtained results will be discussed using 

diagrams. The recorded values of settling velocities are outcome of averaging five to ten tries 

for each case.  

5.1.1.1 Wall Effect  

Slip velocity vs. tube diameter. The purpose of this experiment was to detect the influence 

of particle-to-tube ratio on particle slip velocity. Sample 1 and 2 were used as fluid media.  

Figure 15 represents correlation of experimentally measured slip velocity with tube diameter 

for particles of different sizes. In order to emphasize on the difference between velocities, 

dashed line was drawn on the chart. As seen from the graph, velocity slightly deviate from its 

initial point in compare to the other velocity results. The highest inclination observed at the 

point of 49.37 mm. However, despite of all observation, discrepancy in results of all fluids 
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samples is very small and velocity remains almost at constant value (Table E-1, E-2, E-3, E-

4).  

Nevertheless, there might be a possibility that cylinders affect slip velocity at some point, 

since Stokes law assumes an infinite extent (no boundary wall). In other words in order to see 

any wall effect, the particle diameter should have been close to the pipe diameter in this 

experiment.  

 

Figure 15. Effect of cylinder wall and annular space on slip velocity of 1 mm spherical particle conducted in 

fluid sample 5% (Table E-2) 

 

5.1.1.2 Particle diameter and Rheological Properties   

The experiment was performed for the reason of establishing correlation between particles 

settling velocities and their sizes in fluids with different rheological properties. As indicated 

in Figure 16, the lines pictured on graph describe the rheological properties of fluid samples 

and points on a plot represent particle size. Other distributed points on chart, represent the 

non-spherical particle, each in different fluid.  

Slip velocity vs. particles diameters. In order to describe the effect of particle size, one non-

spherical and three spherical particles of different sizes and sphericities were chosen for 

running the experiments. Experimental observation showed that the particle settled in fluid at 

different velocities. It can be seen from figure 16 that the particle of larger size has higher 
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settling velocity compared to the ones with smaller size. Hence, slip velocity of particles is 

directly proportional to the size of particles. The experimental test results of slip velocities for 

all particles conducted in all three fluid polymer concentrated samples and water are shown in 

tables E-1, E-2, E-3, E-4. 

For non-spherical particle, average particle diameter and sphericity were determined to be 

equal 3.387 (equation 32) and 0.91 respectively.  

Slip velocity vs. rheological properties. Another factor influencing particle settling velocity 

is effective viscosity of fluid sample. The effective viscosity is mainly dependent on shear 

stress created during the settling of particles. Experiments showed that slip velocity of the 

particles with the same size is dependent on the fluid samples of different rheological 

characteristics. 

Illustration in figure 16 confirms the fluids behaviors mentioned for different samples in 

previous section. It shows the effect of rheological parameters of fluids on particle slip 

velocity. As seen from the graph, spherical and non-spherical particle settled slower in the 

higher fluid viscosity parameters (e.g. for sample 3, K = 16.5, n = 0.292121). The fastest 

settling occurs in fluid sample 2, while the weight of polymer in sample 2 was higher than in 

sample 1. Figure 16 and Tables E-1, E-2, E-3 show that an increase in flow behavior index, 

n, increases (Table B-1, B-2, B-3) the effective viscosity for a considered shear rate but 

decreases slip velocity. However, since the flow consistence index K is not constant for all 

three samples, this statement cannot be always true. Another reason for this peculiar behavior 

might be the effect of gel strength. Since, fluid in stagnant state and shear stress applied to 

break gel strength the particle settles. Hence, increase in rheological properties of fluid while 

maintaining other variables resulted in a decrease of particle slip velocity.  
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Figure 16. Effects of all three fluid samples rheological properties and particle size on particle slip velocities. 

 

5.1.1.3 Travel length 

Slip velocity vs. free-fall distance. The aim of this experiment was to find out any changes 

in particle settling velocity at all observation points of the cylinder and the on-set of the 

terminal settling velocity. These points were located at different distances from a 

predetermined point called starting point.  

To examine the effect of free-fall distance, fluid samples 1 and 2 were used. Figure 17  

illustrates the results for settling velocity of spherical particle size of 1 mm and 2 mm, that 

settled at given fluid parameters (sample 1) K = 1.5 and n = 0.438121. As seen from the 

figure, slip velocity of particle with 1 mm diameter shifts between 0.001148 m/s and 

0.001181 m/s (Table E-5). The drawn dashed line confirms that the trend of these points lies 

on a straight line. As for the other sample with the diameter of 2 mm, slip velocity value for 

the last point deviates from the straight line. Fluid velocity for this particle varies between 

0.004308 m/s and 0.004545 m/s (Table E-6). However, despite the fluctuation in velocity, it 

is negligible in compared to the rest of other particle slip velocity.     

The theoretical analysis and observation showed that the particles reached their terminal 

settling velocity before they approached start-measure line. It shows that the manual 

recording technique of the recorder was trustworthy and repeatable.  
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Figure 17. Change in particle slip velocities of 1mm and 2 mm particles size in fluid sample 5% with respect 

to travel length. 

 

5.1.2 Theoretical results.  

In any experimental study, any desired value should be evaluated in terms of other variables. 

As for this experiment, slip velocity was calculated as a function of particle size, and 

rheological properties. This chapter introduced in order to evaluate the accuracy of the Stokes 

Law.  

5.1.2.1 Drag coefficient   

Drag coefficient vs. Reynolds number. The approach used in this section was to determine 

the relationship between drag coefficient and particle Reynolds number evoked from the plot. 
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Constant slope on the graph represents laminar flow and the points in the graph clear the 

correlation of drag coefficient with particle Reynolds number (figure 18). Normally, the flow 

enters from laminar to the transition region after the particle Reynolds number equal to one. 

This fact validates the plot. According to the previous analyses, a particle tends to settle at 

low slip velocity in laminar flow region, which offers the greatest possible resistance (drag 

coefficient) in this flow regime. Thereby, it can be concluded that drag coefficient is 

inversely proportional to particle Reynolds number.  
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The data, acquired from calculation as mentioned above (Table C-1, C-3, C-4), were 

compared with data points acquired from published analyses. In order to confirm the value an 

experimental correlation chart from “Applied Drilling Engineering Book” (A.T. Bourgoyne 

Jr, K.K. Millheim et al. 1986) was utilized.  These data (Table I-1) were taken from the 

graphical illustration that demonstrates the correlation between drag coefficient and particle 

Reynolds (figure 6). If we look at the chart, we will see that friction factor is plotted against 

particle Reynolds number. E.g., if particle Reynolds number is equal 0.4, we go 

perpendicularly upwards parallel to the y-axis until the friction factor (drag coefficient) of 

value equal to 60 is met. The point where intersection occurs is used for finding sphericity of 

the particle. As seen from the graph experimental and theoretical points were distributed 

homogeneously around the related trend line showing laminar flow. From this, it can be 

deduced that theoretical equation and experimental observation are consistent. 

 

Figure 18. Experimental correlation of the drag coefficient with the particle Reynolds number for all three 

fluid samples in laminar flow compared with the published drag coefficient versus particle Reynolds number 
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1.E+00 

1.E+01 

1.E+02 

1.E+03 

1.E+04 

1.E+05 

1.E+06 

1.E+07 

1.E+08 

1.E+09 

1.E+10 

1E-08 0.0000001 0.000001 0.00001 0.0001 0.001 0.01 0.1 1 

D
ra

g
 c

o
ef

fi
ci

en
t 

Particle Reynolds number 

Experimental Correlation 

Theoretical Correlation 



40 
 

according to the published analysis from the Applied Drilling Engineering (A.T. Bourgoyne 

Jr, K.K. Millheim et al. 1986), that the laminar flow border ends at particle Reynolds number 

equal to one.  

As seen from the figure, at viscosity parameters of sample 5%, K = 1.5 and n = 0.438121 

(Equation 9), the lowest Reynolds number 0.00002 were estimated for 0.03 mm size particle 

(Table C-1). For the non-spherical particle 3.387 mm of sphericity 0.91, the particle 

Reynolds number were equal to 0.06 (Table C-1). The constants K and n of the power law 

model used to describe fluid parameters were calculated from the equations 8 and 9 

respectively. 

 

Figure 19. The correlation of slip velocities with particles Reynolds number for all three fluids samples 

 

5.1.2.3 Particle diameter 

Reynolds number vs. particle diameter. The results presented below show correlation of 

particle Reynolds number with particle diameter. Presented results were evaluated in low 

viscous fluid sample 5% with parameters K = 1.5 and n = 0.48121 (Table C-1). 

As seen from the figure 20, increase in particle size, increases particle Reynolds number. 

Since larger particle settle in fluid faster, the particle Reynolds number increases. At small 

sizes the slope between particle size is more smooth and parallel, however, as the particle 
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diameter increases, the line between them gets more perpendicular. Table C-1, C-3, C-4 

demonstrates the results for Reynolds number calculated for all three fluid samples.  

 

Figure 20. Correlation of particle Reynolds number with particle size in all three fluids samples 

 

5.1.3 Comparison  

Observed slip velocity vs. calculated slip velocity. Sensitivity analysis of all results (Table 

C-1, C-3, C-4 and Table E-1, E-2, E-3) conducted in this section, allowed to evaluate the 

accuracy of the Stokes Law (equation 19) with respect to experimental observation. In order 

to reveal the relationship between these velocities, the correlation between them is illustrated 

in figure 21.  

As shown in the figure, the velocity data points are equally distributed throughout the range 

of velocities. The trendlines and points used in chart represent agreement between velocities.  
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rheological properties. As for the bigger particle size (2 mm), the error value decrease from 

the 75 percent to approximately 16 percent with decreasing rheological properties.  

Hence, it is easy to correlate the velocity results of a big-size particle at low viscous fluid. 

 

Figure 21. Comparison between observed and calculated slip velocity for all particle size in all three fluid 

samples 

 

5.2 Slip velocities of dynamic condition  

All the previous experimental results were acquired for stagnant fluid. However, in this 
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5.2.1 Flow dependence  
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that reveal the influence of flowing fluid.  
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23 shows that the slip velocity for both flow conditions increases as particle becomes larger. 

In addition, the trend of slip velocity increase in stationary condition is approximately twice 

as large as a dynamic one. The reason for a smaller value of dynamic condition trend line 

slope can be interpreted by the resistance of stream flowing in the opposite direction of 

particle settling. 

 

Figure 22. Comparison of the slip velocity results in stationary and dynamic fluid conducted in mixture of 5 

gram PHPA polymer per liter water 

5.3 Comparison  

Shear rate provided by particle slipping is of great concern in this analysis. As discussed in 

section 2.3.5, proposed different shear rates. In this section, presented the results of slip 

velocities obtained from the experimental tests and theoretically calculated by using different 

shear rates equations. The tests were conducted in fluid sample 5% and theoretical 

calculations consider its rheological properties (Table B-1). 

As seen from the graph, all results differ from each other. For 0.3 mm and 1 mm size 
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2 mm spherical and 3,387 non-spherical size particles, v/d is the most accurate equation in 

predicting shear rate values (Table C-1). The error values reach 16 % and 20 % respectively.  

Based on analysis and results presented on figure 23, v/d remains as a suitable equation for 

predicting shear rates of the slipping particles, since the curves overlay.  
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Figure 23. Comparison of theoretically proposed shear rates around particle with experimental results in 

fluid sample 5%. 

 

 

 

 

 

 

 

 

 

 

 

 

0 

0.005 

0.01 

0.015 

0.02 

0.025 

0.03 

0 0.0005 0.001 0.0015 0.002 0.0025 0.003 0.0035 0.004 

S
li

p
 v

el
o

ci
ty

, 
m

/s
 

Particle diameter, m 

(v/d) 

(3v/d) 

Experimental 



45 
 

6. Discussion  

The main purpose of this study was to define through taken experiments the significance of 

the low-end-rheology and to develop an understanding of its influence on particle slip 

velocity at stagnant and steady state laminar fluid flow instead of standard Newtonian 

rheology (water). In addition, extensive evaluation has been carried out on an applicability of 

the Stokes Law equation and evaluation of the errors for given rheology.  

Slip velocity is another important parameter, which was thoroughly investigated during the 

experiments and subsequent calculations. There were some unexpected results regarding slip 

velocity, which are also reported in detail in related sections of the study. 

Besides, the recommendations for the future researches/studies will also be given at the end 

of this chapter.   

It is shown in the beginning of the thesis that the whole work is divided into three steps:: 

1. Obtaining knowledge based on previous researches 

2. Planning and conducting the experiments 

3. Evaluation of obtained results. 

It is possible, that during experimental work some errors  might  occur. Taking into account 

that there is also time limitation in taking the experiments the possibility of errors is higher, 

as more time is needed to gain more experience about and conduct the experiments without 

any errors. In the next section, it will be also discuss all the shortcomings of the experiment.  

6.1 Discussion of Fluid tests 

One of the essential parts of this study was the preparation of fluids for the experimental 

investigations of particle slip velocity. Observation of the experiments demonstrated, that 

fluid rheological properties were greatly affected by the fluid mix time and hydration time 

after mixing. It was expected, since time is required for polymer to be dissolved in fluid. 

Nonetheless, it was not anticipated, that even after long and proper mixing, fluid may also 

change its viscosity, if it is mixed again after more mixing time. Therefore, fluid mixing time 

is different for all three fluid samples, since high concentration of polymer in liquid is hard to 

dissolve.  
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Based on the obtained results, it was revealed that fluid tended to change its rhelogical 

properties even with no-action time (rest time). This phenomenon was discovered after 

evaluation of the results on particle settling; it was manifested that particle slip velocity has 

higher magnitude in 10% PHPA polymer concentration in comparison with 5% PHPA 

polymer concentration. Since experiments were conducted at different times after fluid 

preparation, it induced inconsistency in results of slip velocity and led to significant the 

errors. Nevertheless, in order to verify the aforementioned statement, the trial experiment 

with evaluation fluid no-action time (waiting time) was performed at different time span. The 

acquired result confirmed that no-action time is one of the reasons of change in fluid 

rheology.  

Another factor, which resulted in change of the rheology was shaking of fluid prior to 

conducting experiments on slip velocity. Since during the experiment fluid were poured in 

cylinders, it stirred (sheared) the fluid and led to changes in rheological properties of the 

fluid. 

6.2 Discussion of Experimental set-up  

During the test, experimental device demonstrated a weakness, which initially has been 

restricted to measure particle slip velocity. As it was planned, the flow rate was set-up by 

means of valve and difference of height between flow tank and test cylinder, in order to 

provide steady-state laminar flow throughout the test. However, during the experiment, it was 

impossible to maintain constant flow rate of fluid in measuring and dump cylinder as was 

initially planned (Figure 9). Firstly, due to a low weight of particle, it tended to travel into 

direction of the stream. Eventually, it was decided to drop the particle before it starts to flow 

into the dump tank and measure flow rate in test cylinder.  

Another factor, which caused difficulties in determining the flow rate of fluid was the limited 

amount of fluid volume and capacity of the dump tank. While all fluid was run out in flow 

tank, fluid in flowline was a means of liquid supply. By decreasing the liquid in flowline, the 

height between fluid level in flowline and test cylinder decreases. This led to the change in 

hydrostatic pressure, which in turn affected the flow rate of the fluid. Eventually, it resulted 

in change of particle slip velocity. 
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6.3 Discussion of the error related to the experimental results 

In fact, the slip velocity estimation is a crucial part of this study, since it estimate of 

usefulness of the low-end-rheology, cuttings transport or hole cleaning. Several factor have 

been discovered during the theoretical study and verified while performing experimental 

investigation. To experimentally define the influence of low-end rheology two types of 

experiments were conducted: static and dynamic. The first test type was utilized in order to 

estimate the slip velocity of particle in low-end-rheology and then compare it to measured 

slip velocity of standard rheology. Rheology was selected on the basis of compared results of 

slip velocity and was considered as a optimum rheology. 

Second type of investigation was to see particle velocity behavior by dropping a particle in 

flowing mud at steady state condition. However, the weakness were discovered for both of 

cases.  

Slip velocities measurements from the experimental tests demonstrated that particle velocity 

in sample 10% gave higher slip velocity than it was expected. Since slip velocity of 1mm 

particle in sample 5% and sample 20%, the average velocity were 0.00112 and 0.00003 m/s 

respectively. It was expected to have velocity somewhere around between, due to 10% of 

polymer concentration. However, while analyzing the experimental data it was noticed that 

the average slip velocity of 10% sample was equal to 0.003 m/s, which is much higher than it 

should be if we compare to the sample 5%. This unexpected behavior refer to all particles (in 

terms of size).    

Another interesting factor is fluid settling velocity in dynamic and static conditions. Initially, 

it thought that particle in dynamic flow will settle at higher velocity rate in compare to the 

static condition. Because, it was assumed, that due to particle falling and fluid flow, the fluid 

will be subject to the higher shear rate which in its turn affects to slip velocity (equation ) and 

will be resulted in faster settling. However this conception was erased, when it was 

experimentally observed that particle in dynamic flow settled slowly. The reason for this is 

that in dynamic flow there is fluid flow, which provides resistance for settlement of the 

particle in dynamic flow and of course, another reason for this is also effective viscosity. 

However, in static you don’t have flow, and resistance is provided by means of effective 

viscosity.  
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The results of slip velocities gained from experiments and theoretical results were calculated 

in terms of two different shear rates equations. The comparison of these results reveals, that 

choice of the equation plays important role on predicting of particle slip velocity by applying 

Stokes Law. The equation of shear rate proposed by Daneshy (3v/d) is showed very accurate 

prediction of slip velocity at particle size of 0.3 and 1 mm of sprherecity 1. However, as the 

particle size gets bigger and sphrecity of the particle decreases, the equation shows 

limitations\ in providing of accurate results (Figure 24 and Table C-2)  

Another equation of shear rate suggested by Novotny (v/d) demonstrates relatively accurate 

results at particle on all three particles sizes of sphericity 1. However, as the particle size gets 

bigger and sphrecity of the particle decreases, the resulted equation shows  decrease of error 

value down to 32% (Figure 24, Table C-1).  

Comparison of the theoretically and experimental results demonstrated that Stokes Law 

equation is by far the appropriate for determination of particle settling velocity, but it has also 

may give errors. The correlation of the results showed that Stokes Law gave the least error 

values for fluid sample 5% and highest for sample 20%. Hence, as the concentration of 

polymer increases the Stokes Law equation loses its ability to accurately predict slip velocity 

of the particle.  
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7. Conclusion  

Measured slip velocity of spherical and non-spherical particles under static and steady 

state laminar condition differ considerably from the slip velocity when applying the 

standard rheology (water) and low-end-rheology. Compared results of slip velocities 

showed that particle transport based on low-end-rheology is much closer to observed slip 

velocity rather than calculated by high-end. The present study was designed to determine 

the effect of low-end-rheology on particle slip velocity. The following conclusions are 

made from the analysis of the results acquired during the current study:  

 An increase in the viscosity of the static fluid was found  to decrease the settling 

velocity for spherical and non-spherical particles when comparing low-end-rheology 

and standard rheology. 

 The steady state laminar flow improves the carrying capacity, since it decreases 

particle slip velocity compared to the stagnant condition of the same rheology. 

 Cuttings size had a great impact on particle slip velocity, both in stagnant and at 

steady-state laminar flow. 

 Non-spherical particles have the same slip velocity as corresponds to effective 

diameter as spherical.  

 Measuring a particle velocity at four different positions allowed to conclude that the 

particle settles at a constant slip velocity. 

Some observations were initially anticipated. It was not a surprise to see that fluid flow rate 

improved carrying capacity of investigated fluids. It was also observed that gel strength 

played a crucial role in particle settling velocity. 

Overall, the study met the expectations and some important conclusions were made based 

both on theoretical research and conducted experiments. 
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8. Recommendation 

This research was a pre-study, which will help to perform a more detailed and deep 

investigation to evaluate the influence and importance of low-end-rheology in the oil 

industry. 

Due to time limitation, it was not possible to fully evaluate the results or work with the errors. 

A deep study has to be performed with different variables (e.g., inclination, eccentricity, pipe 

rotation, various sphericities, etc) and more sophisticated device.  

However, some recommendations will be given in order to contribute to future progression 

and allow the person who will conduct this kind of experiment to avoid same errors.  

Below are some suggestions, which could be useful if a similar study is going to be 

performed. 

 Prior to commencing the experiment check and record fluid rheological properties  

 Make sure that polymer is mixed in the fluid (allow at least 4-5 minutes mixing time) 

 Conduct experiments with various particle sphericity and sizes in order to obtain more 

reliable results 

 Perform a check run to see effects of temperature on polymer rheology  

It is also recommended to have a flow meter, which makes the flow rate measurement much 

easier. Flow rate is a crucial part of this type of experiments and any changes without proper 

recording can result in wrong calculations and, hence, incorrect conclusions. 

The surface where the equipment is installed has to be smooth and even, otherwise slip 

velocity measurements can be affected. 

If there is a choice use another type of equipment as this apparatus is quite robust to operate 

due to some design limitations, which do not allow to perform proper particle drop. 
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Abbreviation  

PHPA              Partially hydrated polyacrylate  

ROP                 Rate of penetration  

RPM                Revolution per minute  

ESD                 Equivalent spherical diameter 

YP                   Yield point 

ID                     Inner diameter  
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Nomenclature  

  - shear stress 

o - yield point 

  - shear rate 

w - shear rate at pipe wall  

t  - total shear rate 

f - shear rate imposed by fluid movement  

 - viscosity 

a - apparent viscosity 

pl  - plastic viscosity 

eff  - effective viscosity 

300 - reading at 300 RPM 

n - flow behavior index  

K - consistency index  

 - particle-to-tube diameter 

f - wall factor 

  - sphericity 

g - gravity acceleration 

v  - velocity 

12 vv  - velocity difference between fluid layers 

sv - slip or settling velocity of particle 

fsv ,
- slip velocity in confined medium 

,sv - slip velocity in infinite extend 

av - annular velocity  
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fq -fluid flow rate 

dpd - drillpipe diameter 

pd  - particle diameter 

ESDd  - equivalent spherical diameter 

12 dd  - difference in diameter between two points (locations)  

h  - disc thickness 

l - length 

A  - area 

pV - particle volume  

t - time  

p - particle density 

f - fluid density 

pm - particle mass 

gF - gravity force 

bF - buoyancy force 

dF - drag force 

fF - friction factor 

dragC - drag coefficient 

ReN - Reynolds number 

3,2,1 -number of measurements 
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Appendix A. Experimental device and particles  

 

 

 

 

             

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A- 1. Experimental device used for investigation of particle slip velocity under 

steady state laminar flow 

Figure A- 2. Non-spherical particle used during experimental investigation (d=3.387mm) 

Figure 24. Experimental device used for investigation of particle slip velocity under steady 

state laminar flow 

Figure 25. Non-spherical particle used during experimental investigation (d=3.387mm) 
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Figure A- 3. Spherical particle used during experimental investigation (d=2mm) 

Figure A- 4. Non-spherical particle used during experimental investigation (d=3.387mm) 

Figure 26. Spherical particle used during experimental investigation (d=2mm) 

Figure 27. Non-spherical particle used during experimental investigation (d=3.387mm) 
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Appendix B. Rheological properties of all three fluids samples 

used during measuring of slip velocities 

Table 2. Rheological properties of 5% PHPA polymer-water mixture. 

Revoluti

on 

Shear 

rate  

Dial 

Readings 
S 

Viscosi

ty  

Shear 

stress 

Shear 

stress 
n K 

Densi

ty 

10 

seconds 

1 

minut

e 

10 

minutes 

RPM 1/s - - cP lb/ft^2 Pa - 
Pa

s 

kg/m

^3 
Ѳ Ѳ Ѳ 

600 1022 63 
0.

5 
31.5 67 32.0 

0.4

4 

1.5

4 
1001 5.5 5.5 6 

300 511 46.5 1 46.5 49 23.6 

200 341 39 
1.

5 
58.5 41 19.8 

100 170 29 3 87 31 14.7 

6 10 8 50 400 8 4.1 

3 5 6 
10

0 
600 6 3.0 

                         

 

Table 3. Rheological properties of 10% PHPA polymer-water mixture 

Revoluti

on 

Shear 

rate  

Dial 

Readings 
S              

Viscosi

ty  

Shear 

stress 

Shear 

stress 
n           K 

Densi

ty 

10 

seconds 

1 

minut

e 

10 

minutes 

RPM 1/s - - cP lb/ft^2 Pa - 
Pa

s 

kg/m

^3 
Ѳ Ѳ Ѳ 

600 1022 97.5 
0.

5 
48.8 103 49 

0.47

8 

1.

8 
1001 3.5 4 4 

300 511 70 1 70 74 36 

200 341 57 
1.

5 
85.5 60 29 

100 170 38.5 3 115.5 41 20 

6 10 6 50 300 6 3 

3 5 4 
10

0 
400 4 2 

            

 

Table 4. Rheological properties of 20% PHPA polymer-water mixture 

Revolut

ion 

Shear 

rate  

Dial 

Readings 
S 

Viscos

ity  

Shear 

stress 

Shear 

stress 
n K 

Densi

ty 

10 

seconds 

1 

minut

e 

10 

minutes 

RPM 1/s - - cP lb/ft^2 Pa - 
Pa

s 

kg/m

^3 
Ѳ Ѳ Ѳ 

600 1022 245.5 
0.

5 
122.75 260.23 124.598 

0.29

21 

16.

5 
1003 46 47 47 

300 511 200.5 1 200.5 212.53 101.759 

200 340 177 
1.

5 
265.5 187.62 89.8325 

100 170 143.5 3 430.5 152.11 72.8303 

6 10 60 50 3000 63.6 30.4517 

3 5 46 
10

0 
4600 48.76 23.3463 
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Appendix C. Calculated (theoretical) results of stagnant condition  

Table 5. Experimental data (and input data (blue) and theoretically calculated results (red) based on shear 

rates of v/d for fluid sample 5% 

    

D 

cylind

er 

Particl

e size 

Velocity 

(practic

al) 

Eff. 

Viscosi

ty 

Densit

y 

Densit

y 

(fluid) 

Gravit

y  

Velocit

y 

(theory

) 

Velocity 

(practic

al) 

Particl

e-to-

tube D 

Wall 

Facto

r 

Veloci

ty 

(Wall 

factor) 

Erro

r 
Drag  

Reynol

ds 

  m m m/s Pa kg/m3 kg/m3 m/s2 m/s m/s       %     

Glass 

39.58 0.0003 0.000083 3.16 2600 1001 9.8 
0.0000

25 
0.00008 

0.0000

08 
1.0000 

0.0000

8 
70 

101949

32 

0.00000

2 

39.58 0.001 0.001 1.54 2600 1001 9.8 
0.0005

7 
0.00100 

0.0000

25 

0.9999

5 
0.001 43 64960 

0.00036

9 

39.58 0.002 0.004 1.04 2600 1001 9.8 0.0033 0.00400 
0.0000

51 
0.9999 0.004 16 3726 

0.00644

1 

Non-

spher

e 

39.58 
0.0033

87 
0.011 0.792 2672 1001 9.8 0.0132 0.01100 

0.0000

86 

0.9998

2 
0.011 20 426 

0.05636

8 

 

Table 6. Experimental data (and input data (blue) and theoretically calculated results (red) based on shear 

rates of 3*v/d for fluid sample 5% 

  

D 

cylin

der 

Partic

le size 

Velocity 

(practical) 

Eff. 

Viscosi

ty 

Den

sity 

Density 

(fluid) 

Gra

vity  

Velocity 

(theory) 

Velocity 

(practical) 

Particle-

to-tube D 

Wall 

Facto

r 

Velocity 

(Wall 

factor) 

Er

ro

r 

Dra

g  

Rey

nold

s 

  m m m/s Pa 
kg/

m3 
kg/m3 

m/s

2 
m/s m/s       %     

Gla

ss 

39.58 0.0003 0.000083 1.71 
260

0 
1001 9.8 0.00005 0.000083 0.00001 1 0.0001 45 

296

630

4 

0.00

0008 

39.58 0.001 0.001 0.83 
260

0 
1001 9.8 0.0011 0.001 0.00003 1 0.001 5 

189

01 

0.00

13 

39.58 0.002 0.004 0.56 
260

0 
1001 9.8 0.006 0.004 0.00005 1 0.004 55 

108

4 

0.02

21 

No-

sph

ere 

39.58 
0.0033

9 
0.011 0.43 

267

2 
1001 9.8 0.02 0.011 0.00009 1 0.01 

12

2 
124 0.19 

 

Table 7. Experimental data (and input data (blue) and theoretically calculated results (red) based on shear 

rates of v/d for fluid sample 10% 

  

D 

cylind

er 

Particl

e size 

Velocit

y 

Eff. 

Viscosi

ty 

Densit

y 

Densit

y 

(fluid) 

Gravit

y  

Velocit

y 

(theor

y) 

Velocity 

(practica

l) 

Particl

e-to-

tube D 

Wall 

Facto

r 

Velocit

y 

(Wall 

factor) 

Erro

r 
Drag  

Reynol

ds 

  m 
m m/s Pa kg/m3 kg/m3 m/s2 m/s m/s       %     

Glass 

39.58 0.0003 0.0004 1.55 2600 1002 9.8 
0.0000

5 
0.0004 

0.0000

1 
1 0.0004 87 

245310

4 
0.00001 

39.58 0.001 0.003 1.02 2600 1002 9.8 0.0009 0.003 
0.0000

3 
1 0.003 71 28408 0.0008 

39.58 0.002 0.012 0.71 2600 1002 9.8 0.005 0.012 
0.0000

5 
1 0.012 59 1722 0.014 

Non-

spher

e 

39.58 0.003 0.023 0.66 2672 1002 9.8 0.016 0.023 
0.0000

9 
1 0.02 32 298 0.08 
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Table 8. Experimental data (and input data (blue) and theoretically calculated results (red) based on shear 

rates of v/d for fluid sample 20% 

  
D 

cylind

er 

Particle 

size 

Veloc

ity 

Eff. 

Viscosit

y 

Den

sity 

Density 

(fluid) 

Gra

vity  

Velocity 

(theory) 

Velocity 

(practical) 

Particle-to-

tube D 

Wall 

Factor 

Velocity 

(Wall factor) 

Err

or 
Drag  

Reynold

s 

  m mm m/s Pa 
kg/

m3 
kg/m3 m/s2 m/s m/s       %     

Gla

ss 

39.58 0.0003     
260

0 
1003 9.8     0.00001 1         

39.58 0.001 
0.00

003 

196.97

11 

260

0 
1003 9.8 0.000004 0.00003 0.00003 1 0.00003 85 

106771

8846 

0.0000

0002 

39.58 0.002 
0.00

011 

128.25

06 

260

0 
1003 9.8 0.00003 0.00011 0.00005 1 0.0001 75 

565823

06 

0.0000

004 

Non

-

sph

ere 

39.58 0.0034 
0.00

022 

114.00

37 

267

2 
1003 9.8 0.0001 0.00022 0.00009 1 0.00022 58 

880830

7 

0.0000

03 
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Appendix D. Calculated (theoretical) results of dynamic condition 

Table 9. Input data (blue) and theoretically computed result for steady state laminar flow in sample 5% 

  
Particle 

size 

Particle 

Velocity 

Eff. 

Viscosity 

Densit

y 

Density 

(fluid) 

Gravit

y  

Velocity 

(theory) 
Drag  

Reynold

s 

  m m/s Pa kg/m3 kg/m3 m/s2 m/s     

Glas

s 

0.001 0.0007 1.25 2600 1001 9.8 0.0007 
4307

6 
0.00056 

0.001 0.0007 1.26 2600 1001 9.8 0.0007 
4363

7 
0.0005 

0.002 0.0022 1.61 2600 1001 9.8 0.002 8954 0.0027 

0.002 0.0171 5.14 7850 1001 9.8 0.003 
2119

8 
0.0011 

0.001 0.0018 2.14 7850 1001 9.8 0.002 
2944

3 
0.0008 

0.002 0.0017 1.42 2672 1001 9.8 0.003 6648 0.0036 

 

 

Table 10. Input data (blue) and theoretically computed results for steady state laminar flow in sample 5% 

  Height Volume Flow time Flow rate Area Mud Velocity  Flow Shear Rate Velocity (practical) Error 

  M m3 s m3/s m2 m/s 1/s m/s % 

Glass 

0.05 0.0003 755 0.0000003 0.023 0.00001 0.00155 0.0007 0 

0.1 0.0005 135 0.000004 0.035 0.00011 0.01111 0.0007 1 

0.001 0.000003 15 0.0000002 0.01 0.00002 0.00229 0.0022 1 

0.1 0.000502 135 0.0000037 0.035 0.00011 0.01110 0.017 83 

0.05 0.0003 64 0.000004 0.023 0.000174 0.01822 0.0018 3 

0.01 0.0001 11 0.0000046 0.013 0.0004 0.038 0.0017 47 
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Appendix E. Experimental results of slip velocities in a stagnant 

fluid 

Table 11. Experimental results of slip velocities with respect to particle sizes and tube diameters conducted in 

standard rheology (water) 

Cylinder 

diameter 

Glass ball (mm) Non-spherical (mm) 

1 2 3.387 

mm m/s m/s m/s 

39.58 0.18 0.29 0.18 

49.37 0.183206 0.289157 0.19 

60.2 0.179104 0.296296 0.21 

75 0.188976 0.282353 0.21 

 

Table 12. Experimental results of slip velocities with respect to particle size and tube diameters conducted in 

sample 5% 

Cylinder 

diameter 

Glass ball (mm) Non-spherical (mm) 

0.3 1 2 3.387 

mm m/s m/s m/s m/s 

39.58 0.000083 0.00112 0.004 0.011 

49.37   0.00098 0.004 0.005 

60.2   0.00105 0.004 0.007 

75   0.001091 0.004211 0.0075 

 

Table 13. Experimental results of slip velocities with respect to particle size and tube diameters conducted in 

sample 10% 

Cylinder 

diameter 

Glass ball (mm) Non-spherical (mm) 

0.3 1 2 3.387 

mm m/s m/s m/s m/s 

39.58 0.0004 0.003 0.011 0.023 

49.37   0.00338 0.014118 0.022 

60.2   0.003 0.01 0.02 

75   0.003288 0.012 0.02 

 

Table 14. Experimental results of slip velocities with respect to particle size and tube diameters conducted in 

sample 20% 

Cylinder 

diameter 

Glass ball (mm) Non-spherical (mm) 

0.3 1 2 3.387 

mm m/s m/s m/s m/s 

39.58 - 0.00003 0.00011 0.00022 

49.37   0.000031 0.00013 0.0002 

60.2   0.000032 0.0001 0.00025 

75   0.000033 0.00011 0.00024 
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Table 15. Experimental results of 1mm particle slip velocities with respect to the travel distance in fluid 

sample 5% 

 

 

 

 

 

 

Table 16. Experimental results of 2 mm particle slip velocities with respect to the travel distance in fluid 

sample 5% 

Length Time Velocity 

m s m/s 

0.15 33 0.004534 

0.2 45 0.004444 

0.24 53 0.004528 

0.28 65 0.004308 

 

 

 

 

 

 

 

 

 

 

Length Time Velocity 

m s m/s 

0.15 127 0.00118 

0.2 173 0.00116 

0.24 205 0.00117 

0.28 244 0.00115 
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Appendix F. Rheological properties of sample 10% used for the 

detection of root causes of unexpected behavior (mixing time/ 

solubility of polymer) 

Table 17. Rheological properties of the sample 10% measured after 40 seconds of mixing 

Revolution Rotation Dial Readings S Viscosity  Shear stress Shear stress n K 

RPM RPM - - cP lb/ft^2 Pa - Pas 

600 1022 42 0.5 21 44.5 21.3 

0.869 0.03 

300 511 23 1 23 24.4 11.7 

200 341 20 1.5 30 21.2 10.2 

100 170 13 3 39 13.8 6.6 

6 10 5 50 250 5.3 2.5 

3 5 3 100 300 3.2 1.5 

 

Table 18. Rheological properties of the sample 10% measured after 65 seconds of mixing 

Revolution Rotation Dial Readings S Viscosity  Shear stress Shear stress n K 

RPM RPM - - cP lb/ft^2 Pa - Pas 

600 1022 75 0.5 37.5 79.5 38.1 

0.346 2.9 

300 511 59 1 59 62.5 29.9 

200 341 49 1.5 73.5 51.9 24.9 

100 170 39 3 117 41.3 19.8 

6 10 14 50 700 14.8 7.1 

3 5 12 100 1200 12.7 6.1 

 

Table 19. Rheological properties of the sample 10% measured after 150 seconds of mixing 

Revolution Rotation Dial Readings S Viscosity  Shear stress Shear stress n K 

RPM RPM - - cP lb/ft^2 Pa - Pas 

600 1022 88 0.5 44 93.3 44.7 

0.437 1.7 

300 511 65 1 65 68.9 33.0 

200 341 54 1.5 81 57.2 27.4 

100 170 43 3 129 45.6 21.8 

6 10 14 50 700 14.8 7.1 

3 5 13 100 1300 13.8 6.6 

 

 

Table 20. Rheological properties of the sample 10% measured after 170 seconds of mixing 

Revolution Rotation Dial Readings S Viscosity  Shear stress Shear stress n K 

RPM RPM - - cP lb/ft^2 Pa - Pas 

600 1022 108 0.5 54 114.5 54.8 

0.329 4.7 

300 511 86 1 86 91.2 43.6 

200 341 72 1.5 108 76.3 36.5 

100 170 53 3 159 56.2 26.9 

6 10 19 50 950 20.1 9.6 

3 5 17 100 1700 18.0 8.6 
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Appendix G. Rheological properties of sample 10% used for the 

detection of root cause of unexpected behavior (no action time/ 

waiting time) 

Table 21. Rheological properties of the sample 10% measured immediately right after the mixing in blender 

Revolution 
Shear 

rate  

Dial 

Readings 
S Viscosity  

Shear 

stress 

Shear 

stress 
n K Density 

RPM 1/s - - cP lb/ft^2 Pa - Pas kg/m^3 

600 1022 75 0.5 37.5 79.5 38.1 

0.346 2.9 1002 

300 511 59 1 59 62.5 29.9 

200 341 49 1.5 73.5 51.9 24.9 

100 170 39 3 117 41.3 19.8 

6 10 14 50 700 14.8 7.1 

3 5 12 100 1200 12.7 6.1 

 

Table 22. Rheological properties of the sample 10% measured after one day since mixed in blender 

Revolution 
Shear 

rate  

Dial 

Readings 
S Viscosity  

Shear 

stress 

Shear 

stress 
n K Density 

RPM 1/s - - cP lb/ft^2 Pa - Pas kg/m^3 

600 1022 110 0.5 55 116.6 55.8 

0.322 5.1 1002 

300 511 88 1 88 93.3 44.7 

200 341 73 1.5 109.5 77.4 37.0 

100 170 55 3 165 58.3 27.9 

6 10 18 50 900 19.1 9.1 

3 5 14 100 1400 14.8 7.1 

 

Table 23. Rheological properties of the sample 10% measured after three days since mixed in blender 

Revolution 
Shear 

rate  

Dial 

Readings 
S Viscosity  

Shear 

stress 

Shear 

stress 
n K Density 

RPM 1/s - - cP lb/ft^2 Pa - Pas kg/m^3 

600 1022 117 0.5 58.5 124.0 59.4 

0.363 4.0 1002 

300 511 91 1 91 96.5 46.2 

200 341 77 1.5 115.5 81.6 39.1 

100 170 59 3 177 62.5 29.9 

6 10 18 50 900 19.1 9.1 

3 5 14 100 1400 14.8 7.1 
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Appendix H. Rheological properties of sample 10% used for the 

detection of root cause of unexpected behavior (shaking factor) 

Table 24. Rheological properties of 10% PHPA polymer-water mixture after 15 seconds of shaking 

Revolution 
Shear 

rate  

Dial 

Readings 
S Viscosity  

Shear 

stress 

Shear 

stress 
n K Density 

RPM 1/s - - cP lb/ft^2 Pa - Pas kg/m^3 

600 1022 125 0.5 62.5 132.5 63.4 

0.396 3.3 1002 

300 511 95 1 95 100.7 48.2 

200 341 81 1.5 121.5 85.9 41.1 

100 170 62 3 186 65.7 31.5 

6 10 20 50 1000 21.2 10.2 

3 5 13 100 1300 13.8 6.6 

 

 

Table 25. Rheological properties of 10% PHPA polymer-water mixture after 30 seconds of 

Revolution 
Shear 

rate 

Dial 

Readings 
S Viscosity 

Shear 

stress 

Shear 

stress 
n K Density 

RPM 1/s - - cP lb/ft^2 Pa - Pas kg/m^3 

600 1022 126 0.5 63 133.6 63.9 

0.392 3.4 1002 

300 511 96 1 96 101.8 48.7 

200 341 82 1.5 123 86.9 41.6 

100 170 63 3 189 66.8 32.0 

6 10 21 50 1050 22.3 10.7 

3 5 14 100 1400 14.8 7.1 

 

 

Table 26. Rheological properties of 10% PHPA polymer-water mixture after 60 seconds of shaking 

Revolution 
Shear 

rate 

Dial 

Readings 
S Viscosity 

Shear 

stress 

Shear 

stress 
n K Density 

RPM 1/s - - cP lb/ft^2 Pa - Pas kg/m^3 

600 1022 127 0.5 63.5 134.6 64.5 

0.389 3.5 1002 

300 511 97 1 97 102.8 49.2 

200 341 82 1.5 123 86.9 41.6 

100 170 63 3 189 66.8 32.0 

6 10 21 50 1050 22.3 10.7 

3 5 15 100 1500 15.9 7.6 
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Appendix I. Drag coefficient and particle Reynolds number 

exported from the figure 8 

Table 27. Data acquired from Applied Drilling Engineering(A.T. Bourgoyne Jr, K.K. Millheim et al. 1986) 

presented in figure 8 that shows correlation between Drag coefficient (friction factor) and particle Reynolds 

number. 

Particle Reynolds number Drag coefficient 

1 35 

0.8 40 

0.6 45 

0.4 60 

0.2 150 

0.1 300 

0.08 350 

0.06 450 

0.04 700 

0.02 1400 

0.01 3000 

0.008 3500 

0.006 4000 

0.004 6000 

0.002 12000 

0.001 20000 
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Appendix J. Simple calculation used during experimental 

investigation 

1. 3/2672
000000374.0

001.0
mkgp   

2. mmdESD 387.3
3

2.327.369.3



  

3. 8.2010*
27.3*69.3

)000000374.0*6( 6
3

1




 - calculation is wrong, since ψ ≤ 1. Use 

spherecity provided from the chapter 3.2 (c)  section sphericity.  

4. 00112.0
215

24.0
sv  

5. smq f /0000003.0
755

0003.0 3  

 

 

 

 

 


