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ABSTRACT

Solid particles settling in drilling fluids has be®ne of the major problems in effective
removal of drilled cuttings from the bit to the fage for a profitable drilling operation. The
drag coefficient and particle Reynolds number hagsnbreproduced experimentally and
compared with theoretical work. The drag coeffitisninfluenced by particle size and shape,

surface roughness, wall effects, turbulence intgnfuid properties as expected.

Experiments were conducted using two types ofidglfluids, water and HEC solution of
which water represented Newtonian fluid and HEQsoh represented Non -Newtonian fluid.
The Experiment was conducted using a cylindriciiroo of 1m to observe the settling rates
of these particles in both fluids. Electronic stegtch was used to record the settling rates of
these particles. Four cuttings sizes were usedniucting the experiment ranging from 0.055
cm to 0.692 cm with densities ranging from 2.15¢hg/to 2.820 g/crfi The Experiment was
conducted at a room temperature of 25

The results showed lower Reynolds numbers whidmwfghin the Laminar flow regime and
could not produce higher Reynolds numbers to adcforrthe turbulent flow regime due to

experimental set up of 1m cylindrical column.

The drag coefficient decreased with increasingigarReynolds number. Lower particles
gave higher drag coefficient and lower Reynolds Iers while higher particles gave lower
drag coefficient and higher Reynolds numbers in ganmson for both Newtonian and Non-
Newtonian fluids. The settling velocity of a givparticle decreases as the fluid becomes more
viscous, therefore the settling rate curve for ¥igeous fluid shifts downwards as the fluid

viscosity increases.

Empirical correlations were developed and compavitd theoretical and experimental work
and it showed satisfactory agreement
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1.0 INTRODUCTION

Insufficient cleaning of the wellbore may causeesal problems such as: stuck pipe, lost
circulation, high torque and drag, loss of contmldensity and ECD’s, poor cement jobs, etc.
Studies on cuttings transport have been in progsesse the 1940'’s. Initial investigation
focused on terminal velocity for single phase ohglfluids, since most of the wells, terminal
velocity was enough to address the problems. Aeyast in directional and horizontal wells
increased, studies were shifted to experimentatogghes and mechanistic models trying to

explain transport phenomenon for all inclinatiogeis.

One fundamental aspect in the transport of solmsigles (cuttings) is the resistance force
called drag force which the fluid on the particke®rt, and the ability of the fluids to lift such
particles which is called lift force. Both are cdemp functions of speed of flow, the shape of
the particles, the degree of turbulence and theraction between the particles and the pipe.
Drag force is a force that acts parallel and ogpdsi the forward motion of the object, while

the lift force exert a force normal to the motidmarticles.

For the case of flow around a sphere, certain wdranalysis requires determining the drag
coefficient as a function of particle Reynolds nembrhis is for example worthy to estimate
the particle settling velocity, which is a parametequired for the diverse implications of
cuttings particles transport and deposition in lmes. However, most research effort report
existing difficulties to model theoretically thdaBonship of drag coefficient.

One problem is that, the drag coefficient cannogXxigressed in an analytical form in turbulent
flow regime because the flow condition during theogess is too complicated. This

relationship can be provided experimentally in fimen of charts and tables by observing the
settling velocity in still fluids or by measuringe drag of spheres in the fluids. Owing to the
high advances in the development of computer aftd/iaie applications, the numerical data in
charts and tables representing the relationshibnoetl be practical for the fast computation of
the schemes. Rather, numerical expression willdoessary. Several attempts have been made
to express the relationship empirically in ordeextend the range of prediction to estimate the
drag coefficient versus particle Reynolds numbeueately. Until now most of the empirically

expressions are not satisfactory. Only few emairetttempts, although they are valid for
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restricted ranges of Reynolds numbers, presentptextedrag coefficient results. Most
experimental work has also been directed on theration of the drag coefficient versus

particle Reynolds number. Some proved to be suftdeaad seemed to be accurate.

In this research work, the main focus is on Dragfficient versus particle Reynolds number
for slipping particles. The drag coefficient and yRelds number will be reproduce
experimentally. The experimental work will be comgzhwith theoretical to understand if both
of them match. Four different cuttings particles ased for the experiment. Water is used as
Newtonian fluids during the experiment. Four diffiet Power law fluids will be prepared
representing the Non - Newtonian fluids. Hydroxyéthellulose (HEC) will be added in
different proportion to change the rheology of thed making it a Power law fluid. The
rheological parameters will be determined by a Pdiscometer. The breakdown of the thesis

in chapters is as follows:

Chapter two focused on past work done on this tagric (State of the Art).

Chapter three presents the Drag Coefficient model.

Chapter four explained all the details in the ekpental investigations for this research.
Chapter five analyzed the experimental resultsiferDrag Coefficient versus particle
Reynolds Number and Discussions.

Chapter six present quality of model, test datafathde improvement.

Chapter seven presents summary and conclusiore @fitire research work.

11



2.0 STATE OF THE ART

This chapter reviews the work done by differenthatgs on Drag Coefficient and Particle
Reynolds number for slipping particles. The viewH e presented in three logical chapters
for simplicity as follows:

» Particle Settling in Fluid

» Drag Coefficient versus particle Reynolds Number

» Model for predicting Drag Coefficient of a particle

2.1 PARTICLE SETTLING IN FLUID
Stoke considers the very slow flow of incompressihlids about a solid sphere as represented

by figure 2.1 below. The sphere has a radius Rdstieter D. The fluid has a viscosity
and the fluid density, approaches the sphere vertically upward alonghduative Z- axis

with uniform velocity v. Stoke gave the resultanitde as:
F, =giﬂ3pf + 673, R,

Where:

F., = Resul tant force

R = Radius of the sphere

p,; = fluid density

g = acceleration dueto gravity
MU, = fluid viscosty

vy = dlip velocity

12



Radius of sphere = R 1

At every point there are
pressure and friction
forcas acting on the

sphare surface

(x,y.z)or
A rod)
-

-~

Projaction
of point on
xy-plane

Fluid approaches
from below with |9
velocity v

Figure 2.1: Stoke resultant force for spherical paticle [Munson et al 2002].

For power-law fluids based on dimensional analgsiording to Stokes,Gs expected to be a
function of the modified particle Reynolds numiege, and the flow behaviour index n

= FIREL) rvtvree ettt ettt 2.2

Where:

0—3d nv(2—n) 03
ep:(1 2 ” D 2.3
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d, = densityof solids

v, = particlevelocity

p,; = fluid density

Re, = ParticleReynolds Number

K = Consistencyindex

In the laminar flow Regime where the inertia effey be neglected, Stokes obtained the drag

coefficient correlation for spherical particles it the Newtonian fluids by theoretical

analysis as:

24
G T (R, < 0 o 2.4
D Re ( o] )

p
Pal Skalle proposed a correlation for drag coedfitiand particle Reynolds number as:
24 6
p =5t
Re, 1+Re,

F 0 2.5

Brown and Lawer correlations for drag coefficientld&reynolds number:

0407

1+8710Re" for Re<2X10 ..o evieeieeee e, 2.6
e

C, = R2—4 (1+ 015 Re%®) +
e

p

Turton and Levenspiel correlations for drag coéfit and Reynolds Number:

0413

1+16300Re 1 for Re<2X10’....covvieeiiiiiinn, 2.7

G, = ﬁ 1+ 0173Re*™") +
Re

p

Clift et al correlations for drag coefficient andrpcle Reynolds number:

Co =£'+£ for Ry< 001 o 2.8
R, 16
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Pal Skalle (2005) demonstrated that when a spladig ft initially accelerates under the
. action of gravity. The resistance to motion is tluéhe shearing of the liquid passing around
. it. At some point, the resistance balances theefat gravity and the sphere falls at a
constant velocity. This is the terminal velocitytbé particle, defined as:

d? -
V, e 2.9
6ru
V, =dlip velocity
P, = density of spherical material
p; =density of fluid
d = sphere diameter
M =viscosty
The concept of drag coefficient is normally usededfine the viscous resistance as:
= Resistance force 210

- Dynamic preﬁ’lrex projectw Area...........................................

To calculate the Reynolds numbé&or a particle, the settling velocity for the pelé mustbe
known and is defined as in Equation 2.9.

Particles drag coefficient and particle Reynoldsbar are important when we deal with the

particle settling behavior. Particle Reynolds numimenon-Newtonian fluid(Cho, 2001)is

defined as follows:

_ 01617v2"d"

Rep 36n—l K

Where, K is consistency index of the fluid, n igidl index behavior; Reis Reynold:

number of the particle.

For Rg < 0.2, the flow is called Stokes flow and Stokiesveed that

15



Co T e, 2.12

Re,

For 0.2 <Rg <500, the flow is called Allen flow and
C, = 185Re;*

For 500 <RE<10%, Cp = 0.44. .oooiiiiiiiiiiiiee e, 2.13

Zeidler (2002) conducted experiments with two ouhg: one was a clear Perspex Column
(31/2 in), ID 200 cm, glass cylinder 2.36 in. Tmalate the drilled cuttings and to provide the
drag coefficients values over a wide range of plrtReynolds numbers, solid particles were
used that varied in maximum dimensional size frogt@ 25 mm, with densities ranging from
2.5t0 7.8 glcm3 and in a variety of shapes e.lgesgpal, disk etc.

A number of fluids were selected as the test flumlgepresent three principal rheological
types. The first was oil 68, which represents a tdevan fluid; carboxyl — methyl cellulose
(CMC) and Xanthan gum bio-polymer (XC) solutiorere used to provide power law fluids
and hydroxyethyl cellulose (HEC) was used to regmes visco elastic fluid. The Rheological
properties were measured with viscometer — a f&# t8 provide the data under high shear
rate (170 to 1022) and low shear rate. Zeidlecch@ed that higher particles has lower drag
with corresponding higher Reynolds number whereaget particles has higher drag with

corresponding higher drag coefficient.

Okrajni (2005) observed that when the cuttingsdpant phenomenon is considered, vertical
slippage should be considered simultaneously. A inud turbulent flow always induced
turbulent regime of particle slippage and setthegpcity decrease with increasing turbulence
intensity, independent of the cuttings shape amiedsions. Therefore, in this case, the only
factor that determines the particle slip velocg#ythe momentum forces of the mud; there is no
influence of mud viscosity.

If the mud flows in the laminar regime, then degegdn the cuttings shape and dimensions
either turbulent or laminar regime of slippage mayexpected. The laminar regime of smaller
particles is mostly affected by the density andotbgy of the fluid. The laminar regime of

16



slippage will always provide a lower value of peldislip velocity. Okrajni concluded that
laminar flow usually will provide a better transptitan turbulent flow.

V. C. Kelessidis and G. Mpandelis (2004) demonstidhat when a sphere is allowed to fall
freely in a tube, the buoyancy and the drag foemsvertically upward where as the weight
force acts downwards. At the terminal or free sgjtlvelocity in the absence of any
centrifugal, electrostatic or magnetic forces

W S D+ Fy  oooeie oot 2.14

Where:

W = weight

D =diameter

F; = buoyancy force

Following the work of Stokes, several models hbagen introduced that determines the drag
coefficient as a function of Reynolds number. Hemled Levenspiel (2002) derived non linear
regression from an extensive set of data points expaessions for the drag coefficient for

settling in Newtonian fluids as:

Co = = (1+ 0.186Re %6459) + e, 2.15

Re

Which give a good approximation for Re < 2.6 X 10

G. Mpandelis (2004) performed experiment using wagkycerol with a measured viscosity of
35cp and aqueous solutions of carboxyl (methyuémdle (CMC). The solutions were prepared
in batches of about 91 by adding the necessary mat®micof CMC in tap water, stirring
continuously for 2 hours and letting it age fort®urs. The solution was agitated prior to each
set of measurement and a small sample was taken tag experiments to determine the
rheological properties using fan-viscometer.

The terminal velocity data was obtained in a cylical column of length of 1 m, and a
diameter of 0.1 m filled with appropriate liquidarficles were carefully dropped and readings
were obtained with the use of a stop watch.

17



Kotthan and Tunan (2002) considered the settlingasficles of different sizes with the same
density. They used the Richardson Zaki correldfiborihe slip velocity of the particles relative
to fluid and proposed that the Stokes settling cigfofor a particle of different species be
modified by replacing the fluid density, in buoyancy force with average density of a
suspension consisting of the fluid and the parsahaller than that of species. They found very

good agreement between their model and experiment.

Hannah and Harrington in (1981), conducted expertaiework to determine the particle
settling velocity in non-Newtonian fluids. Theirpetimental apparatus consisted of concentric
cylinder geometry with the outer-cylinder rotatiagd during rotation a cutting particle was
introduced and the terminal settling velocity wasasured. They used hydroxyethlyl cellulose
experiment. Their intent was to verify, if only kmimg the shear rate, one could predict the
settling velocity. They showed that by changing ¥igeosity term in Stokes law for a single
particle settling velocity with an apparent vise¢gsior a given non-Newtonian fluid, the
dependence on shear rate could be established. &perimental result did not agree with the
theoretical prediction using this equation and tleason for the poor fit, was poor

characterization of fluid rheological properties.

Shah in (2002) presented a new approach in anglyzimppant settling data in non-Newtonian
pseudoplastic fracturing fluids. He demonstrated gtotting the particle settling velocity data
in a conventional manner as; @ersus Mep obscure the effect of power law flow behavior
index, n. Instead he proposed plotting"Cversus particle Reynolds number to show the
dependency of £on the fluid flow behavior index, n, (Figs. 2.8jgnificant deviation of data
from the Newtonian drag curve can be seen in ER). Phe same data when plotted a& @
versus Mepin Fig.2.2 show a family of curves as a functidmoShah'’s work clearly reflects
the dependency of the drag coefficient on botmaikep Co= f (N, Nrep.

18
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2.2 DRAG COEFFICIENT VERSUS PARTICLE REYNOLDS NUMBE R

Richard and Walker (2001), analyzed the drag forca particle in a flowing system generally
uses a relationship between the drag coefficignt@ particle Reynolds numbeird The
same treatment can be applied to the settling oficies in fluids. Basically, the drag
coefficient represents the fraction of the kinetimergy of the settling, while the Reynolds
number is a ratio between the inertia and viscauset of a fluid. For particles with the
nominal or equivalent diameter d, the drag coedfitiand particle Reynolds numbers the

settling is defined as:

c - 13087d(p, - py)

..2.17
° V. p,
And
dvspf
e ST eeeeeereieeesseresnesieeeieenieeeseee i e s 2.18
> (00w)
Where

C, =drag coefficient

d = particle diameter

p, =density of particle

p; =density of fluid

V, = dlip velocity

Ng., =Reynold Number of particle

M =viscosty

The drag force consists of a viscous drag which isakeltr of the fluid viscosity and a profile
drag which is the resistance of the fluid against the papiofile (Richard and Walker). They
suggested that, A lowfd(<10) implies a relatively high viscous force and a majartion of
the drag force is used to overcome the viscous resistdribe fluid. At high Ne (>50), the
inertia force becomes dominant and the fluid density aedptticle profile and surface

roughness coefficient of a given particle approachesstaot value.
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P. Bagchi and S. Balachandar (2003) demonstratedcéise of particle settling through a
turbulent flow region. They considered that the meettling velocity of the particle provides a
convenient measure of the mean drag force. In theeriment, the mean drag coefficient is
computed based on the measurement of the meamgetdlocity \y and a force balance
between the gravity and the drag force as:

4 1
G == 0a( 0 =) 5 i ——— 2.19
D 3g (pf )Vzt

C, =drag coefficient

g = acceleration dueto gravity
d = sphere diameter

V, =ter minal velocity

p; =density of fluid

They demonstrated that in a turbulent flow; however theee tao well understood
mechanisms that influence mean settling rate. The first idaltlee non linear depending of
the drag on the relative velocity at finite Reynolds numbEor the same velocity ratio and
diameter d, the mean settling velocity in a turbulent fledess than that in a stagnant flow.
The settling velocity decreases with increasing turbuleneesity and the resulting mean drag
as given by (2.19) is higher than that based on the tatmeatocity in a stagnant flow. This
effect will decrease with decreasing Reynolds numbervalicentirely vanish in the linear
strokes limit.

Gabriel Stoke in his discovering found out that, for dilutepensions, Stoke’s law predicts the
settling velocity of small spheres in fluid, either air otevaThis originates due to the strength
of viscous forces at the surface of the particle progdhe majority of the retarded force.
Stoke’s law finds many applications in the natural scieaness given by:

((pp - pf))gz

PH

Vo 2 o 2.20

Where v is the settling velocity is density (the subscripts and f indicate particle and fluid

respectively), g is the acceleration due to gravipyis the radius of the particle apds the

dynamic viscosity of the fluid.
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Stoke’s law applied when the Reynolds number, Rethaf particle is less than 0.01.
Experimentally Stoke’s law is found to hold withi86 for Re_< 0.1, within 3% for Re < 0.5
and within 9% Re < 1.0. With increasing Reynoldsbers, Stoke Law begins to break down

due to fluid inertia requiring the use of empatisolutions to calculate drag forces.

Maude and Whitmore (1999) demonstrated that, imldned settling, the velocity gradients
around each particle are affected by the presefhaemaby particles. So the normal drag
correlations do not apply. Also the particles ittlsgy displace liquid which floors upward and
make the particle velocity relative to the fluidegter than the absolute settling velocity. For
uniform suspension, the settling velocity Vs carebemated from the terminal velocity for an

isolated particle using the empirical equation.

U mU, () oo, 2.21

Experiment ‘n’ changes from about 4.6 on Stokes damge to about 2.5 in the Newton; law

region. For very small particles, the calculatetibtd, —U,= 0.62 for = 0.9 and 0.095 far=
0.6 with large particles, the corresponding ratosJ_ —-U, = 0.77 and 0.28; the hindered

settling effect is not as profound because the Bannlayers thickness is a smaller fraction of
the particle size.

Maude and Whitmore also pointed out that if a pkatof a given size are falling through a
suspension of much force solids, the terminal uglaxf the larger particles increased with an

increased in drag coefficient.

Schiller and Naumaan (2001) conducted a researdhfamd out that in the intermediate

region between Stokes drag and Newtonian drag tiwate exist a transitional regime where
the analytical solution to the problem of a fallisghere becomes problematic. To solve this,
empirical expressions are used to calculate dragisregion, may be valid for 0.2 < Re <

1000.

Stokes verified that a particle suspended in @l fisl subjected to hydrodynamic forces. For

low Reynolds number, the Stokes drag force on arsgl particle is given by:



Where:

F, =drag force

M =viscosty

u = velocity

d = particle diameter

According to Stokes, equation 2.22 can be restaded
The Stokes drag is applicable to the creeping flegime (Stokes regime) with small Reynolds
number (Re < 0.5). At higher Reynolds numbers flith&, drag coefficient deviated
from equation (2.22). Figure 2.4 shows the varraf the drag coefficient for sphere for a

range of Reynolds numbers, See the figure below:
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Figure 2.4: Variation of Drag Coefficient with Reyrolds number for Spherical Particle
[Darley et al, 1988].

Oseen (2000) included the inertia effect approxatyaand developed a correlation to Stokes

drag given as follows:

3R,

241+ —=

240+
R

This varies for the variation of Reynolds numbersthFor 1 < Re < 100, which is referred to

Co=——20 e, 2.26

the transitional flow region. This is shown in figure below:

25



1000

100

10

CD

0 1 10 100 1000 10000
Re

Figure 2.5: Predictions of various models for dragoefficient for spherical particle [Oseen, 2000].
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For 10° < Re < 2.5 x 10°, the drag coefficient is roughly constant (CD = 0.4). This regime is referred to as the
Newtonian regime. At = 2.5 x 10° , the drag coefficient decreases sharply due to the transient from laminar
to turbulent boundary layer around the sphere. That causes the separation point to shift downstream as

shown in Figure 2.6

—

D= = 7,
___:'D)/:i —

L

Figure 2.6: Boundary and Turbulent boundary separation [Darley et al, 1988].

For a spherical particle at very low relative vélies or very low Reynolds number (Rel), the drag exerted
on the particle is predominantly viscous drag. Tegion is commonly known as the creeping flow megyi
The pressure distribution on an object in this@agiloes not contribute much to the overall drage d@ag
experienced by the object is due mainly to sheaefand no separation occurs around the sphere.

In the Newtonian drag regime, the drag on a spbarebe approximated by a constant, 0.44. This aohst
value implies that the efficiency of transfers néggy from the fluid to the particle in a Newtonia@gime can

again be obtained by equation the drag force tapipdied force.

At moderate Reynolds numbers (1.0 < Re < 1000} btcous and pressure drag contribute to the tvera
drag exerted on the sphere. Due to the presenpgeesfure effects, flow separation occurs in thggore The
fluid stayed attached to the sphere due to incoeasstia and a separation bubbles forms in the pad of

the sphere with some back flow occurring in thedflstream.

27



Barnea and Migrahi (2004) performed the sedimestadif particles at higher Reynolds number in water
fluidized beds. The column used was 1 m high add &m 1D, made of transparent plastic material. The
distributor was made with a 2 cm high fixed bed3ainm lends shots held down by steel net and acfabri
cloth. The water outlet was on one side of thermolul0 cm below the top, which was opened to atosv
dropping of test particles. Glass beads of 6.35r@melter and 2,453 kgfhdensity and glass beads of 860
and 2,410 kg density were fluidized. Their experimental regidte n = 2.26 ando = 0.375 m3 for the
0.635cm beads and n = 0.120nfier the 800um beads.

Evaluation of low Reynolds number of particles wéfectively carried out by Rapagna (2003) by sudpen
glass beads in a highly-viscous liquid. The liq@bw corning 200 oil) has a viscosity of 12.2 Pal an
density of 975 kgm®. The diameter suspended particle was approxim&@lym and each one weighted
2,140 kgm. These suspended particles settled only few cetgirs in one hour, in sharp contrast to the
settling velocity of centimeters per second achielg the particles. The vertical sedimentation clehnised

in these experiments was of Plexiglas, 37 cm high @ rectangular cross-section, 8.5 cm wide agdch
deep. Each concentration of glass beads in sil@bnrvas thoroughly mixed in a separate containedt an
powered into the sedimentation channel just paoedch experiment. Tests were started some mitattrs
after allowing entrained air to rise. The test jgbgt were made of different materials with a hagygree of
spherity and a narrow diameter tolerance. Settliggcities of particles were evaluated either byasuging
the time for the particle to pass by a fixed refieeeposition with a stop watch or by filling therfiee from

the image taken with a high speed — video recorsystem.

Dallon in (2002) presented empirical correlatiofatiag the drag coefficient of spheres falling etntinal
velocity and non- NewtonianReynolds number. He worked with hydroxyethyl celkd (HEC),
carboxymethyl cellulose (CMC), and polyethylenedax{(PEO), covering the power law behaviour index, n
ranging from 0.63 to 0.94 and particle Reynoldsnber between 0.016 and 500, and drag coefficient
between 0.46 - 1400. Larger particles diametersaen to have higher settling velocities than smsall@he
equation uses two empirical coefficients and thecedure for their determination is provided. Onethedf
draw backs of this equation is the use of trial anwr solution for terminal velocity determinatioBoor

results are found between the experimental datahemietical predications.
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2.3 MODEL FOR PREDICTING DRAG COEFFICIENT OF A PAR TICLE

Chabra in (1990) attempted to obtain a unified rhéa@redict the drag coefficient of a falling sphen a
power law fluid. Thus, he used his data along vailhof Dallon, Prakash, and Lali et al for analysiie
common ground between all these authors was thgtglotted their experimental data on a logarithpaper
as the drag coefficient versus particle Reynoldsilmer, Figs 2.7 through 2.8 show these plots. Mbsh®
data points fell along the Newtonian drag curve #redothers were considered as scatter with 18%atiewv
from the Newtonian drag curve. These results hadeChabra to conclude that

the standard curve available for Newtonian fluidsvies an “adequate” representation for power flawds

without any dependence on power law flow behavidek, n, within the following ranges:

1< Ngep< 1000 and 0.535<n<1.
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Figure 2.7: Chhabra’s data compared with the Newtoiran drag curve [Chhabra, 1990].
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3.0 MODEL OF THE PROBLEM

This present study covers basic principles for epakparticles settling in a stagnant fluid.
The method involves careful dropping the cuttingstiples in the fluid and simultaneously
noting the actual time it take the particles talsetown in the fluid.
This model is a physical model. It is formulatedsdxh on the Archimedes principles of
motion which states that, when a body is wholly partially immersed in a fluid, it
experiences an upthrust equal to the weight oflthé downward. The model is formulated
from a detailed investigation on the physics behhmal cuttings particles settling in fluid as
observed from the experiment. This is done by @larcritical look of the forces acting on a
particle when emerged in the fluid. The forcesragtin the falling cutting particle could be
analyzed as follows:
When an object is dropped inside a viscous fluig influence of three forces.

» Its weight acting downward

* The viscous force of the fluid acting upward

» the upthrust of the fluid on the object acting upiga
At first, the weight of the body (the downward feyds greater than the sum force thus
upward. The resultant downward force thus causiegdbject to accelerate (increase its
velocity with time). After sometimes, the two foscacting upwards become equal to the
weight of the object acting downwards. At this gpthe resultant force on the body becomes
zero and the body ceases to accelerate. This Wxelufdihe body attained when acceleration is

zero is called terminal velocity v

In the discussion above, we analysed the physiecmtdeuttings particles when emerged in a
particular fluid. In this section, we will look #te mathematical development of this model
from a force balance of all the forces acting oa plarticle settling. Also, we will develop
model for the settling velocity and empirical catrens for laminar, Transitional, turbulent
settling velocity and empirical correlations. Tldldwing assumptions are considered in the
development of the model.

* The particle is a solid sphere.

» The particle is far from the vessel wall so thatflpattern around the particle

is not distorted.
* The fluid is stationary

* The particle is moving at its terminal velocity Witespect to the fluid.
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3.1 MODEL DEVELOPMENT

Taking a look at simple force balance of cuttingipbe emerged in stationary fluids.

Fluid Falling particle

Figure 3.3.2 Patrticle settling in fluid
When these particles settled at terminal velocity, (a force is established between drag
force, gravity, and buoyancy force.
Faag +F * Fouoyaney = 0
Faag = -(F Fowoyaney), =
Net weight of the particle.

gravity

gravity +
Now: Fp ==(0,V, =(9) + 0;V,0) =AVG e 301

In equation (3.1))\o = p, — p, is the solid fluid density difference.

The equation shows that the drag force for a parsettling is known before hand, once its

volume and the density difference of the fluid lmewn, for a spherical particle.
Ve = % ZR3 sothat ... 3.2

Foo = 2 ARPAPG.iiii 0,33

The drag coefficient therefore is equals to:
Fo  _4 Adg

G T T T o T 3.4
P E,Ofvsszz 3 p;V?
2
_4 Adg 35

Where the sphere diameter is d = 2R
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=P
Ps
v, =ter minal velocity
p; =density of fluid
C, =drag coefficient
g = acceleration dueto gravity

3.2 LAMINAR AND TURBULENT FLOW SETTLING VELOCITY
Assuming there are two major equations of theisgttvelocity depending on the particle
Reynolds number as follows:

Co = %When R <1 (Laminar flow)

Co
Where:

B when 18 < Re < 2 x 1®(turbulent flow) .............ccovvvveennn. 3.7

Co: drag coefficient

A and B are constants
Then, from an extension of equation (3.1),
If we write equation (3.1) as:

_4gd
3 Ve

o = e ) 3.8

We can form the following relationship for the Larar Flow region:
v, =4 o

= o it ettt aieeeeeeearreeeneneee araeeeeeeeteaanes teeerann vreanennn 3.9
S 3A vV

Likewise, the turbulent flow setting velocity cae éxpressed as:

[4
AN Yo [ T 3.10
S 3B g

Where:
Vs = settling velocity
g = acceleration due to gravity
d = Particle diameter
A=24
B=0.4

If Cp and R are related such that:
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Co = [(Ri)l/n + B%]n ......................................................... 3.11

e

Where n is an exponent.
Assuming, there exist a dimensionless particle diam and then we can obtain a

relationship defined as:

D* = (A—g’)l/3 B e, 3.12

172
Where d* = dimensionless particle diameter. Thiniteon is in cooperated with equation
(3.1) , the relationship between drag resistamuzk dimensionless particle diameter can be
expressed as:

4 ds3
3 Re?

...3.13

Co =

Finally, the settling velocity can be calculatedentequation (4) and (6) are combined as:

V, = %[ \E (g)z/n + (2 dj)l/n -2 (g)l/nr ............................................... 3.14

Where Vs = Settling velocity

D= Particle diameter

d*= dimensionless particle diameter
A= Constant = 24

n=2

3.2.1 THEORETICAL EMPIRICAL CORRELATION FOR LAMINAR FLOW
REGIME:

In the laminar flow regions, where the inertia effenay be neglected, Stokes obtained the
drag coefficient correlations for spherical pagiot Newtonian fluids as:

24
Co == forR, <1
Clift et. al. empirical correlations for the laminar flow regi@n
B 2 FOrR<0.0L .o 03015
Re 16
And:
24+ 1 401935 R2%% FOr 20 <R<260........cooveiiiserecsinsecene 3.16

3.2.2 THEORETICAL CORRELATION FOR TRANSITIONAL FLOW REGIME:
For the Transitional flow Region, Stoke obtaineceampirical correlation as:
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Co =22 f0r L < R <500 oo BT

D ™ Re06

Clift et al. obtained an empirical correlation for the trawsitil flow region as:

—1— 2
C, = 1016435-1=12210gRe+ 01558 log™Re | . ... .. ...............3.18

Allen obtained on empirical correlation for therisétional flow as:

30.5
Rep06

Co= fOr 1 < RE < L1000, . ... ettt et e e e e e e e 3.19

3.2.3 THEORETICAL CORRELATION FOR TURBULENT FLOW RE GIME:
For the turbulent flow region, Stoke obtained emspircorrelation based on the application
of Newton’s Law as:

Co = 0.44 for 1000 < R 2 X LG 3.20

Turton and Levenspiel obtained an empirical coti@haas:

0.413
1+16300 R; 109

Co=7 (1+0.17REE) + fOr Re < 2 X 16 3.21

Brown and Lawler obtained an empirical correctionthe turbulent region as:

0.407
1+8710R; !

CD:2—4 (1 + 0,15Re0'681) + forR, <2x10%........................3.22

Pal Skalle obtained a general correlation for draefficient and particle Reynolds number in

Newtonian fluids as:

Co =2 b = 0 3.23

Re 1+Rep

3.3 PRESENT PREDICTION OF EMPIRICAL CORRELATION FOR DRAG
COEFFICIENT AND PARTICLE REYNOLDS NUMBER

These present predictions are based on an exteasitve work done by some researchers
from the existed model as highlighted in sectidnt8.section 3.2.

3.3.1 LAMINAR FLOW REGIME

Stoke’s correction for the laminar flow region chdt take into account the wall effect on
particle setting.

If we now take into account, the effect of the walhe can analyzed the drag acting on a
particle moving towards a wall developing a new giogl correlation under laminar flow

condition as:
_ 24 d
Co=2r (1 + E) FOT Re < L oo 324
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Where
C, =Drag coefficient
Re = Reynolds number
d = Particle diameter

h = Distance from the wall.

3.3.2 TRANSITIONAL FLOW REGIME:
For the transitional flow region, if one takes irocount a higher Reynolds number, a new

correlation can be developed as:

23.8
Rep®7

Co= FOr1< Ry <1000 .. o eeeeioeeeeeeeeee e e e .3.25

3.3.3 TURBULENT FLOW REGIME

At a very high Reynolds number, example Zfie drag coefficient will fall dramatically
giving rise to 0.10 instead of 0.44.

A general correlation for the drag coefficient apdrticle Reynolds number can be

formulated as an extension of done by Pal Skallee theory as:

Co

_ 24 0.8

= + 0.6
Re 1+Rep
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4.0 EXPERIMENTAL WORK

This Chapter explains all the experimental invedians carried out in the course of this

research work.
4.1 CLASSIFICATION OF CUTTINGS SIZES

The parameter involved in the study of the settMedpcity, drag coefficient and particle
Reynolds numbers pertaining to solid particleshis particle diameter. The cuttings sizes

used in this research work were gotten from Norway.

Table 4.1:  Classification of cuttings sizes

Source Particle size Particle diameter, cm
Norway Very small 0.055
Norway Small 0.224
Norway Large 0.465
Norway Very large 0.692

The particle diameters were measured using vealiget.
4.2 EXPERIMENTAL APPARATUS

Certain laboratory apparatus were used to perfdnis tery experiment and there are as

follows:

Glass cylinder (1m), Mud balance, Mixer, Stirringdy measuring cup, Sieve, Fann
Viscometer, Venire Caliper and stop watch.
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4.3 TEST MATRIX FOR THE CUTTINGS PARTICLES

Table 4.3: Test matrix for cutting sizes

Particle Sizes (cm) Shape Density(g/cnT )
0.055 Spherical 2.150
0.224 Spherical 2.232
0.465 Spherical 2.449
0.692 Spherical 2.820

The particle densities were determined by first sneag the mass of each cutting particle on

an electronic scale . It was then divided by thiewe of each sphere.
4.3.1 TEST MATRIX FOR THE THEORETICAL

Table 4.3.1: Test matrix for the theoretical [Munsam, et al 2002].

Particle sizes (cm) Shape Densities (g/én
0.122 Sperical 2.314
0.316 Spherical 2.328
0.345 Spherical 2.541
0.575 Spherical 2.670

4.4 FLUID RHEOLOGICAL PROPERTIES
4.4.1 NEWTONIAN FLUIDS:
Water was used as Newtonian fluid

Table 4.4.1 Rheological properties for Newtonian kid

Fluid Viscosity Fluid density

Water 1cp 1 g/cth
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4.4.2 NON NEWTONIAN FLUID PREPARATION:

Four HEC solutions were prepared to create powefllads by weighing the correct amount

of HEC and adding it to the vessel already fillathwhe proper amount of water and allowed
to agitate. Agitations continued for about one hafter addition and the mixture was left for
24 hours for complete hydration. Before testing, thixture was agitated for 10 minutes, a

sample was taken for rheological measurement antest started.

The density of each fluid model was measured byguBaan scale mud balanced equipment

which is known to be accurate and self containedsmeng device.

All the fann measurements as used in this expetiarenpresented below:

Table 4.4.2  Viscometer readings for 0.5wt% liquid HEC Polymer fluids
RPM SHEAR DIAL SHEAR RATE | SHEAR
STRESS (S) | READING (0) | (r) Ib/100ft? RATE(7) Pa

600 1022 35 37.1 17.76

300 511 26 27.56 13.20

200 341 24 25.44 12.18

100 170 15 15.9 7.61

6 10 9 9.54 4.57

3 5 7 7.42 3.55

Table 4.4.3  Viscometer readings for 1.5wt% liquid HEC Polymer fluids

RPM SHEAR DIAL SHEAR RATE | SHEAR
STRESS (S) | READING (0) | (t) Ib/100ft RATE(t) Pa

600 1022 38 40.28 19.28

300 511 28 29.68 14.20

200 341 25 26.50 12.68

100 170 17 18.02 8.62

6 10 11 11.66 5.58

3 5 11 11.66 5.58
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Table 4.4.4  Viscometer readings for 2.5wt% liquid HEC Polymer fluids
RPM SHEAR DIAL SHEAR RATE | SHEAR
STRESS (S) | READING (0) | (t) Ib/100ft? RATE(t) Pa
600 1022 44.2 46.85 22.43
300 511 30.5 32.33 15.47
200 341 26.2 27.77 13.30
100 170 18.50 19.61 9.39
6 10 12.12 12.84 6.15
3 5 11.58 12.27 5.87
Table 4.4.5 Viscometer readings for 5.0wt% liquid HEC Polymer fluids
RPM SHEAR DIAL SHEAR RATE | SHEAR
STRESS (S) | READING (0) | (t) Ib/100ft RATE(t) Pa
600 1022 56.5 59.89 28.68
300 511 38.1 40.39 19.34
200 341 33.3 35.30 16.90
100 170 24.6 26.07 12.49
6 10 15.2 16.11 7.71
3 5 9.8 10.39 4.97

All measurements were done at a room temperat.2&°6f
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Table 4.4.6 Calculated values for rheological modébr the four power law fluids

Fluid Rheology | Fluid Behavior | Consistency
Model Index, n Index, K

Fluid 1: HEC, 5g/liter | Power Law 0.568 0.547

Fluid 2:HEC, 2,5¢/liter] Power Law| 0.536 0.560

Fluid 3:HEC,1,5¢/liter| Power Lay0.441 0.907

Fluid 4:HEC,0.5¢/liter| Power Lawy0.428 0.910

4.5

TEST PROCEDURES

The following test procedures were applied wheming the experiments:

Mesh sieve of various sizes along with Venire Galiwas used in order to know the
cutting sizes.

The glass tube was properly calibrated from O to{ 1tf®0cm)

The glass tube was then filled with fluid to a 1®0mark

After filling the glass tube with fluid, it was moted on a table

Cutting particles were then dropped into the gtabs carefully and gently

The Stop watch was simultaneously started to retioedactual time the particles
take to settle down.

Particles were allowed to settled at the 100 cmknraiorder to reach its terminal

velocity

For each particle size, the experiment was repéhatefive times in order to avoid

error

The terminal velocity was then calculated

This same procedure was carried out for all théighes settling both in Newtonian

and non Newtonian fluids.
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Figure 4.5.1: Pictures of Experimental Set up
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50 RESULTING DRAG COEFFICIENT VERSUS
REYNOLDS NUMBER CHARTS:

This chapter shows all the results obtained asultref the experiment run. The results are
Presented in tables located in Appendix A. Th@lgical representations of the results are
Shown below logically according to each particleesn a particular fluid.

@) 0.692 cm Particle in Newtonian Fluids
The result obtained from the experimental for fhasticle is presentable in table 5.1
located in the appendix A. The table is used to fidore 5.1 as shown below:

100

. \\

e~

Drag Coefficient

0.1

0.1 1 10 100 1000
Reynolds Number

Figure 5.1:  Drag Coefficient versus Particle Reynals Number for 0.692cm particle in

Newtonian fluids
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(b) 0.692 cm patrticle in Non Newtonian fluids

The result obtained from the experimental for fhasticle is presented in table 5.2 located in

the appendix A. The table is used to plot figuzds shown below:

100

10 \
i

Drag Coefficient

0.1

0.1 1 10 100 1000
Reynolds Number

Figure 5.2: drag Coefficient versus Reynolds numbeifor 0.692 cm in Non-Newtonian
(C)  0.465 cm particle in Newtonian fluids

The results obtained from the experiment for ttagipular particle is shown in table 5.3 as

located in Appendix A. The graph below represemgsrésults presented in the same table
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Figure 5.3:  Drag Coefficient versus Particle Reynals Number for 0.465cm particle in

Newtonian fluids

(d) 0.465cm particle in Non Newtonian fluids

The experimental result of this particle is presdrdn table 5.4 which is viable at Appendix.

The figure showing the plot from this table is simavelow:
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Figure 5.4: Drag Coefficient versus Particle Reynals Number for 0.465cm particle in

Non -Newtonian fluids

(e) 0.224 cm particle in Newtonian fluids

The presentation of this result is seen in talBddcated on Appendix A. The plots made out

of this table is seen below:
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Figure 5.5: Drag Coefficient versus Reynolds numbefior 0.224cm particle in Newtonian

Q) 0.224 cm Particle in Non Newtonian fluids

The experimental values obtained from this parighasible on table 5.6 which is found in
Appendix A. Below is the figure plotted from thiarticular table

=

\

100

\

Drag Coefficient

0.1

0.1 1 10 100 1000
Reynolds Number

Figure 5.6:  Drag Coefficient versus Particle Reynals Number for 0.224 cm particle

in Non-Newtonian fluids
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(9) 0.055 cm particle in Newtonian Fluids
The results obtained from 0.055 cm patrticle in Newan fluids is located on table 5.7 as it is
found in Appendix A. The graphical presentatiortho$ result plotted from this table

is shown below:
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Drag Coefficient

0.1
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Reynolds Number

Figure 5.7:  Drag Coefficient versus Particle Reynals Number for 0.055 cm particle

in Newtonian fluids

(h) 0.055 cm particle in non Newtonian flais

This result is shown on table 5.8 which is locaedppendix A. The figure shown below is

is plotted from this table:
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Figure 5.8:  Drag Coefficient versus Particle Reynals Number for 0.055cm particle in
Non- Newtonian fluids
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5.1 DISCUSSION OF RESULTS:

5.1.1 0.692 cm Patrticle:

From the knowledge gained in the experiment, dliserved that this particle diameter gave
the highest setting velocity in both Newtonian &hmh-Newtonian fluids. The reason could
be the larger particles which is less affected isgaus forces and buoyancy force opposing
the settling rate than the smaller particles. Achquarticles are much free to move faster than
the smaller ones.

From the results in table 5.1 located at Appendiafd figure 5.1, it is visible that the
particle Reynolds number of 0.692 cm particle digenéor the Newtonian fluids ranges from
0.82 — 1000 with a corresponding drag coefficramiges from 33.0 — 0.408. Taking a look at
the Non-Newtonian fluids, the experimental resultable 5.2 at Appendix A, and figure 5.2.
Showed the particle Reynolds number in the rang8.62 — 882 with a drag coefficient
ranges from 57.19 — 0.41. In comparison betweerN#hgtonian fluid and Non- Newtonian
fluids, the drag coefficient decreases with inciregaparticle Reynolds number for both fluids
(Zeidler, 2002). The Newtonian fluids have lessgditaan the Non- Newtonian fluids. The
reason is that the Newtonian fluids (water) compa@ the Non-Newtonian fluids, the
Newtonian have a lesser viscosity (1cp) than thegpdaw fluids (Non Newtonian) with
varying viscosities which could result to increaselrag coefficient of the particle, (Dallon,
2002).

In comparison with the theoretical in the literatuwwhere experimentally, Stroke’s law is
found within 1% for R< 0.1, within 3% for R< 0.5 and within 9% R< 1.0. This is in very
good agreement with the present experimental woherev the Stroke drag has been
determined in the range ot R 0.82 and R= 0.72 for Newtonian and Non- Newtonian fluids
respectively.

The Reynolds numbers obtained fall within the limitlaminar flow region and could not
produce higher Reynolds which account for the tlefiuflow regime. The reason been
limited experiment set up of 1m glass cylinder vhtould produce higher Reynolds number
as one found for turbulent flow. However, the shagethe graph produce shows a

resemblance with slight curve as compared to fi@quBeand figure 2.5.
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5.1.2 0.465 cm Patrticle:

Here the experimental results according to tabBVvisible at Appendix A and figure 5.3
showed Reynolds number range between 0.548 — 9¥2 ainag coefficient of 48.07 — 0.46
for the Newtonian fluids. The Non- Newtonian Reyteohumber ranges is between 0.56 —
842. The Newtonian fluids have higher Reynolds nemsitwith lower drag coefficient while
the Non- Newtonian fluids have lower Reynolds nurabeith higher drag coefficient when
using the same particle. (Richard and Walker, 20B4) the Newtonian drag, inertia effect is
seen to have much impact on the fluid and is resiptanfor the majority of force transfer to
the particle.

The 0.465 cm particle settled much shower tharOtB85 cm particle. The reason could be
the much effect caused by the forces opposingdtikng rate of spherical particles which is
resolved in figure 2.1 from the literature review.

The drag coefficient obtained from this particletigée is higher than that obtained from
0.692 cm particles in both Newtonian and non Nevatorfluids. This could be slower
settling rate of particle of this type creating muirag effects in return due to the forces
affecting affecting the settling rate.

In comparison with the theoretical work done in literature, the experimental result shows
good acceptability with the theoretical work of #eln Naumaan (2001). The range of the
Reynolds number obtained still falls within the laar flow region due to the 1m cylindrical
column used in performing the experiment. The shapdigure 5.3 and figure 5.4 plotted as
a result of this particle size shows a kind of nelslance with the drag figure obtained by
Oseen (2000) plotted in figure 2.5.

5.1.3 0.224 cm Particle:

The small particle of this type settled much sbomm comparison with 0.692cm and 0.465
cm particle. This means that lower particles haweer settling velocities than larger ones in
comparison (Dallon, 2002).

Taking a look at Table 5. 4 from Appendix A andufig 5.4, it is observed that Reynolds
numbers of this particle decreased more than th@t4®5 cm and 0.692 cm particles while
the drag coefficient shown a higher increased tthese other two particle sizes for the
Newtonian fluid. But there is much drop in the pEet Reynolds numbers and a tremendous
rise in the drag coefficient for the Non- Newtonitmids which is seen in table 5.5 and

figures 5.5.
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In the laminar slip region of these particles, gedtling velocity is affected by both the
rheology and the density of the fluid and settlshgar rate increases.

In comparison with theoretical work, this curremperimental work showed a Reynolds
number of 0.068 - 876 in table 5.5 from AppendixXoh the Newtonian and 0.062 — 672 for
the Non- Newtonian with the resulting drag of 86.@.72 (Newtonian fluids) and 92.18- 0.83
(Non Newtonian) indicating good agreement in congoer with work done by Chabra
(1990) and Oseen (2000) in correlating drag caefitcwith particle Reynolds number from
the literature. The shape of the figure obtainedfthis particle size is in slight resemblance
with that obtained by Shah (1999) in figure 2.7 &igdre 2.8.

5.1.4 0.055 cm Particle:

This is the smallest particle size used in thigegdnent. The experimental results of table
5.7, 5.8 and figure 5.7 and figure 5.8 indicatedt tthis particle gave the highest drag
coefficient for Newtonian and Non- Newtonian fluidghe observation is that the smallest
particle has highest drag coefficient due to itsgkr time to settle (Zeidler, 2002). The
settling rate of these tiny particles are longantthe previous ones due to dominant viscous
buoyancy and drag forces which alters the settiatg (Richard and Walker, 2001).

The range of Reynolds numbers and drag coeffid@mnthe Newtonian is between 0.425 —
778 and 61.5 — 0.51 respectively. While for Nonwiian ranges in between 0.098 — 528
and 86.09 — 0.68 respectively.

Comparing the current experimental work with theattetical, the results obtained in table
5.7 and 5.8 showed much closeness with that olstdigdG. Mpandehis, 2001), the shape of
the figures produced also showed much identical Wieoretical figure of 2.4 and figure 2.3

and 2.8 respectively.

5.1.5 EFFECT OF PARTICLE SIZES

The general knowledge gained from the experimeoiveld that larger particles settled faster
than smaller ones and larger particles have intrgasettling velocity where as smaller

particles vyield higher drag coefficient with desie@ Reynolds numbers for both Newtonian
and Non- Newtonian fluids (Maude and Whitemore, )99

Smaller particle sizes are much trapped by theousdorces, buoyancy and drag forces

hindering its settling rate than larger ones. Tdreger the particle in the fluid, the more it
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become affected by these forces resisting tharggtthte and the more drag coefficient it will
yield (Zeidler, 2002).

5.1.6 EFFECT OF FLUID DENSITY

To inspect the effect of fluid density, medium tpde size of 0.465 cm was used,
maintaining the power law fluid viscosity. Partidettling velocities were high at low fluid
density resulting in decreasing drag coefficiertt mrcreasing particle Reynolds numbers.
The lowest settling velocity of particles was enteued at a higher fluid density of 1.513
glem® resulting in an increased drag coefficient anduced particle Reynolds numbers
(Zhou, 2008).

5.1.7 WALL EFFECT ON THE DRAG COEFFICIENT

Due to the presence of the wall, the confininglweakrts an extra retardation force on the
particle thus the settling velocity of the parteclEowed down.

Therefore, the closer the particle to the wall oegithe greater will be the retardation or wall
effect and consequently lower settling velocitydieg to larger drag force with drag
coefficient.

For all ranges of the particles small, medium ogéa the drag coefficient decreases as the
value of the wall factor increased (Brenner, 2001).

5.1.8 EFFECT OF VOLUMETRIC CONCENTRATION

The experimental investigation reviewed that $kéling rate of particles decreased with
increasing particle concentration. This phenomecemnsed the drag coefficient to increase.
Higher concentration of the particle tends to dasecthe settling rate than the lower ones and

have much influence on drag coefficient of theipkas.

5.1.9 EFFECT OF TURBULENCE

According to the results obtained from the expentwhich falls between the laminar flow
regions. The was not much knowledge from the garbehavior from the turbulent regime,
but it seems the drag coefficients will reduced ifmreased Reynolds number when the
turbulence intensity was increased (Roberson antheRford, 2002). And, there will be

boundary separation of fluid layers (figure 2.6)
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5.2 GENERAL COMPARISON BETWEEN THE THEORETICAL, MOD EL
PREDICTION AND EXPERIMENTAL WORK:

After conducting the experiment, it was necessarmoimpare the present experimental work
Theoretical work. The comparison shows some sitreamwith the results obtained by
Schillar Naumaan (2001), Oseen (2000), Dallon (2@2 that done by Strokes.

100

™N

. LI
R

=theroretical

Drag Coefficient

Experimental

0.1

0.1 1 10 100 1000
Reynolds Number

Figure 5.3.1: Comparison of Drag Coefficient versu®article Reynolds Number

between experimental and theoretical in Newtonianldiids
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Figure 5.3.2: Comparison of Drag Coefficient versu®article Reynolds Number
between experimental and theoretical in Non - Newtoan fluids

100
e 10
2 \
2
b=
3
(v] Experimental
&
a 1 Model Prediction

0.1

0.1 1 10 100 1000
Reynolds Number

Figure 5.3.3: Model prediction compared with Expermental

The model is verified with experimental data asolek. The particle used in testing the new
model correlation for drag coefficient and partiBleynolds for Newtonian fluid is 0.465 cm
where the experimental result is seen in table 5.3.
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Using Re = 0.548
New model correlation for drag coefficient and mdetReynolds number:

CD:ﬁ+ 8 06
Ry, 1+R,
C, = 22 4 % L 06= 495

0.548 1+0.548
Co =49.5
Using Re = 6.82

24 8
Co = — +
6.82 1+ 6.82

+0.6=5.14

Using Re = 43.6
24 8

Co = ——+——+06=133
C, = 133

Using Re = 272.4
C, = 2 106 =0.72

272.416 1+271.416
Co = 0.717
Using Re = 1000

C, = 2 % 106 =063
1000 1+ 1000

G = 0.63

In order to access the accuracy of the experimevigk, the results obtained for Newtonian
and Non- Newtonian fluids were generally comparét the theoretical values.

For the Newtonian fluids, according to the plot 3.1, the plots showed that the
experimental results agree with the theoreticaledby Oseen (2000) .Experimental values
obtained showed good similarity with that obtairfeain the theoretical. The shape of the
figures showed some degree of likeness.

The Non- Newtonian plot is shown on figure 5.3.2eTplot also indicated satisfactory

agreement between the experimental results andh#wretical results, but with only very

little discrepancy in the plot. The Reynolds numbamnges and the drag coefficient values
also gave a very good agreement with the data wtbhian and Non- Newtonian fluids.

The plots for the Newtonian fluids showed a bedtanilarity with the theoretical than the plot

for the Non- Newtonian.

It was necessary to verify the accuracy of the eewpirical correlation proposed for drag

coefficient and particle Reynolds number correlatid@he correlation showed similarities
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with that done by Pal Skalle, Brown Lawer. The reanpirical correlation also showed some
kind of resemblance with that done by Clift et al.

The result from table 5.3 and figure 5.3.3 showsyveatisfactory agreement with
experimental data. The drag coefficient here i:12ealso decrease with increasing particle
Reynolds number of the same particle. The trendtheir decrease also shows good

agreement with the experimental data.

The shape of the graph produced from the modeligired for drag coefficient and particle

Reynolds number is also in good resemblance wélotte produced in the experiment data.
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6.0 DISCUSSION AND EVALUATION

6.1 QUALITY OF MODEL:

The Physical model used in this work resulted goad insight as to what really happens to
cuttings particles when settling in drilling fluiduring drilling operations. The existing
mathematical model for estimating parameters schettling velocity for the laminar and
turbulent flow regimes were applied. New mathecaatorrections for drag coefficient and
particle Reynolds number were also applied foralregimes. The basic short coming of the

model is that it has limited range of Reynolds Nenslcaptured.

6.2 QUALITY OF TEST DATA:

The test data used in this work was of considerqbégdity both the test conducted with water
(Newtonian) and the one conducted with HEC (Non téevan). But the test conducted with
water was of best quality due to the low viscoggsily formulated. There was a little
shortcoming in the selection of the particle sizexe it was difficult to have the exact
particles sizes without little mistakes. This coalfiect the quality of the test data. The test
conducted with HEC was a bit challenging during ingxto obtain the actual HEC fluids.
This could affect the quality of the test data.

Finally, the particle settling velocity was subgstttto visual observations by the use of a stop

watch to note the settling time, this may causkgatserror.

6.3 FUTURE IMPROVEMENT:

* This experiment and quality of the model can berowed in several ways such as:

* The experimental work was performed in the labagateith limited number of test
data, better improvement will be in the field wherech test data will be involved.

* Future work is encouraged to enhance the use omtiael like working with more
particle settling velocity data, extending the rarmg the fluid behavior index, n fluid

densities and particle Reynolds numbers.
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Water was used as the only fluid for the Newtontzatter improvement will involved
the use of several other test fluids as the Newtme.g. glycerol.

Bentonite could be a better option to produce padaerfluids if there is a beam of

light that can reflect the transparency of theiplarivhen settling.

It is hoped that, this work contributes to the Bletnm Industry for better cuttings
transportation during drilling operations.
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7.0

CONCLUSIONS

Drag coefficient is influenced by surface roughnesall effects, particle sizes,
turbulence and shape, fluid properties.

Based on the given experimental Set up, i.e. 1 imdrjcal column which could not
produce larger Reynolds number for the turbulegiore the set of the Reynolds
numbers produced are limited to Laminar Flow regibims affected the shape of the
graph.

The experimental work reviewed that the settlintpeies of particle increased with
increasing particle diameter.

The drag coefficient of particle decreased withréasing particle Reynolds number.
Lower particles give higher drag coefficient inuk$han larger ones.

The settling velocity for a given particle decresaas the fluid becomes more viscous,
therefore, the settling rate curve for the viscusl shifts downward as the fluid
viscosity increases.

In the laminar slip regime, settling shear rateeases with particle diameter.
Particle settling velocities were high in highenidls density and low at lower fluid
densities.

Wall effect has much influence on the particlelsgftand drag coefficient; the drag
coefficient decreased as the value of the walleases.

Increased particle concentration and increasedosisc hinders particle settling
caused the drag coefficient to increase.

The experimental work has been compared with tker#tical and it showed good
agreement.

A new model has been developed based on the physiiad particles settling in a
fluid on a force balance.

A new empirical correlation has been developed @sted with the experimental

work and it showed satisfactory agreement.
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NOMENCLATURE
A =

Hp =

Particle diameter area
Particle characteristic area parallel to theation of particle motion
Drag coefficient

Particle diameter

Force

Buoyancy force
Gravitational force

Drag force

Resultant force
Acceleration due to gravity
Consistency index

Fluid flow behavior
Particle Reynolds Number
Particle terminal velocity
Density difference

Solid density

liquid density

shear stress

liquid viscosity

liquid plastic viscosity
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APPENDIX

APPENDIX A:

This appendix shows the result of the test caroedin the work. The results are presented in
table 5.1 — 5.8: The figures shown in 5.1 — 5e8the plotted from these tables:

Table 5.1 : Drag coefficient and Reynolds number 00.692 cm particles in Newtonian

fluids

RE CD
0.82 33.0
10.15 3.36
64.87 0.77
292.5 0.498
1000 0.408

Table 5.2 : Drag coefficient and Reynolds number 100.692 cm patrticles in Non-Newtonian

fluids

RE CD
0.72 57.19
9.46 4.01
62.52 1.37
281.4 0.58
882 0.41
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Table 5.3 : Drag coefficient and Reynolds number f00465 cm particles Newtonian fluids

RE CD
0.54 48.07
6.82 4.68
43.6 1.08
272.4 0.52
972 0.46

Table 5.4: Drag coefficient and Reynolds number fol0465 cm particles Non-Newtonian

fluids

RE CD
0.56 59.67
7.01 5.71
58.26 1.52
268.7 0.72
842 0.48

Table 5.5: Drag coefficient and Reynolds number 0224 cm particles Newtonian fluids

RE CD
0.068 86.4
0.324 23.35
51.06 1.53
240.09 0.89
786 0.72
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Table 5.6

: Drag coefficient and Reynolds number f00.224 cm particles Non-Newtonian

fluids

RE CD
0.06 92.18
0.32 26.47
48.16 1.76
19.01 0.98
672 0.83

Table 5.7 : Drag coefficient and Reynolds number f00.055 cm particles Newtonian fluids

RE CD
0.42 61.52
6.73 6.05
56.18 1.61
25491 0.81
778 0.51

Table 5.8: Drag coefficient and Reynolds number fo0.055 cm particles Non- Newtonian

fluids

RE CD
0.098 86.09
0.519 23.01
54.0 1.60
252.6 0.91
528 0.68
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APPENDIX B:

Table 1- 5 : Calculated results for Fluid Rheotagproperties

Table 1: Viscometer readings for 0.5wt% liquid HECPolymer fluids
RPM SHEAR DIAL SHEAR RATE | SHEAR
STRESS (S READING (0) | (t) Ib/100ft? RATE(1) Pa
600 1022 35 37.1 17.76
300 511 26 27.56 13.20
200 341 24 25.44 12.18
100 170 15 15.9 7.61
6 10 9 9.54 4.57
3 5 7 7.42 3.55
Table 2: Viscometer readings for 1.5wt% liquid HECPolymer fluids
RPM SHEAR DIAL SHEAR RATE | SHEAR
STRESS (S) READING (0) | () Ib/100ft? RATE(t) Pa
600 1022 38 40.28 19.28
300 511 28 29.68 14.20
200 341 25 26.50 12.68
100 170 17 18.02 8.62
6 10 11 11.66 5.58
3 5 11 11.66 5.58

69




Table 3: Viscometer readings for 2.5wt% liquid HECPolymer fluids
RPM SHEAR DIAL SHEAR RATE | SHEAR
STRESS (S) READING (0) | () Ib/100ft* RATE(1) Pa
600 1022 44.2 46.85 22.43
300 511 30.5 32.33 15.47
200 341 26.2 27.77 13.30
100 170 18.50 19.61 9.39
6 10 12.12 12.84 6.15
3 5 11.58 12.27 5.87
Table 4: Viscometer readings for 5.0wt% liquid HECPolymer fluids
RPM SHEAR DIAL SHEAR RATE | SHEAR
STRESS (S) READING (0) | (t) Ib/100ft? RATE(t) Pa
600 1022 56.5 59.89 28.68
300 511 38.1 40.39 19.34
200 341 33.3 35.30 16.90
100 170 24.6 26.07 12.49
6 10 15.2 16.11 7.71
3 5 9.8 10.39 4.97
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Table 5: Calculated values for rheological model fothe four power law fluids

Fluid Rheology | Fluid Behavior | Consistency
Model Index, n Index, K

Fluid 1: HEC, 5¢g/liter | Power Law 0.568 0.547

Fluid 2:HEC, 2,5¢g/liter] Power Law| 0.536 0.560

Fluid 3:HEC,1,5g/liter| Power Law0.441 0.907

Fluid 4:HEC,0.5¢/liter| Power Lawy0.428 0.910
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APPENDIX C:

Figures plotted from table 5.1 — 5.8
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Figure 5.1:  Drag Coefficient versus Particle Reynals Number for 0.692 cm patrticle in

Newtonian fluids

72



100

Reynolds Number

Fe)
§ 10 ™\
S
5
8 ~—_
?Eo 1 ™
a
0.1
0.1 10 100

1000

Figure 5.2: drag Coefficient versus Reynolds numbefior 0.692 cm in Non-Newtonian
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Figure 5.3: Drag coefficient versus Particle Reynds Number for 0.465 cm particle in

Newtonian
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Figure 5.4:  Drag Coefficient versus Particle Reynals Number for 0.465 cm patrticle in

Non -Newtonian fluids
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Figure 5.5: Drag Coefficient versus Reynolds numbeiior 0.224 cm particle in Newtonian
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Figure 5.6:  Drag Coefficient versus Particle Reynals Number for 0.224 cm patrticle in

Non-Newtonian fluids
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Figure 5.7:  Drag Coefficient versus Particle Reynals Number for 0.055 cm patrticle in

Newtonian fluids
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Figure 5.8:  Drag Coefficient versus Particle Reynals Number for 0.055 cm patrticle in

Non- Newtonian fluids
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APPENDIX D:

Sample of Experimental set up
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APPENDIX E

DRAG COEFFICIENT VERSUS REYNOLDS NUMBER COMPARISON:

YEAR INVESTIGATOR Cp — R, relationship
24 0.407
1997 | Brown and Lawer Cp = o (1 + 0.15 R9681) 4 mfor Rocy 108
2001 | Cliftetal. Cp = 24/R, 3/16 forR, < 0.01
2003 | Clift and Gauvin 24 0.42
C; — (1 +0.15R%687) +
4R, ( et + 22500 R; 10
2004 | Flemmer and Banks Cq = fz—“ 10% for R, < 3 x 105, where o= 0.261R9369
0431 0.124
0.10R;*°* - Tr g2 R,
2006 | Turton and Levenspiel 0413 for R, < 2 x105

_ 24 0.657
Ca= Re (1+0.173Re™) + 1+16300 R; 109
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