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Abstract. The efficient hole cleaning is still a challengethe wellbore drilling for production of oil andag. The
critical point is the horizontal drilling that intrently tends to form a bed of sediment particlethatbottom of the well
in drilling. And the erosion in cuttings bed depsndainly on the shear stress promoted by the fibdrithing fluid.
Using an experimental assembly of a sedimentedcpmbiox in a system for circulation of fluids, quwsed of pump
system, measuring equipment and supervisory, agk $o determine the shear stress required to dramittings bed
according to the fluid and particles properties.eTarea of observation consists of a box below ite of flow, for
calibrated sand patrticles, in an acrylic duct wiBd00x240x80mm. There is a camera to measure ttg afraolids.
The test starts with the pumps in low frequency amedmade the increments. At each level of frequane captured
images of particles carried and it is records thetablished flow rate. The analysis of the procagsifiimages is
defined when the drag particle no longer be randomd sporadic, and begins to be permanent. The séteass was
determined by the PKN correlation (by Prandtl, Wdrméan, and Nikuradse) from the minimum flow ra¢eessary to
drag. Results were obtained for the flow of wateater-glycerin solution 0,007Pa.s, and water-glygesolution
0,011Pa.s.
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1. INTRODUCTION

The drag of solids by liquids is a phenomenon presedifferent systems, since the erosion of to#dm of rivers
to industrial processes such as ore transport gtitgl of oil wells. The solid naturally tend toegosit on the bottom
forming a bed by the gravitational effect and thesen of this bed depends on each system; offieeacteristic of the
solids, of the fluid, and of the flow.

The exploitation of oil fields demand high costwhich a significant portion is attributable tcetdrilling process.
The drilling process produce solid particles (cg$i) that can be deposited at the bottom of thelannegion between
the wall of the well and the drill string, as shoimnFig. 1. If the drilling fluid is not efficiento transport these solids
may occur, for example, locking the column or, selty, to fracture the formation. Currently consideat much of the
time lost in unexpected events is associated withstking locking and that a major cause is thadequate removal of
solids. (Costat al, 2008)
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Figure 1. Drilling of high inclination
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The directional drilling, widely used in the worlds the technique to intentionally deflect the écpry of the
vertical to achieve the target that are not diyelostllow the surface of the utility installed. Angbarticularization of this
technique is the horizontal drilling that permitsgreat the reservoir exposition and can enhantiegroductivity of
complex wells.

In the industrial process, the fluid is injectedtie drillstring and returns in the annular spazehe surface,
bringing the solids, where these are separatedhrendrilling fluid is injected again.

The flow in the annular region of a horizontal wedin be characterized by an homogeneous suspettsosplids
uniformly dispersed or mixed with a concentratidong the cross section, or by the deposition oidsstationary or
mobile in the bottom of the well. (Martins, 1990)

The presence of a bed cuttings in the horizonteigroof the drilling represents the greater diffiy of cleaning of
well in the fluid circulated process. As the erosfiyocess occurs from particles deposited on tteeface of bed with
the drilling fluid, this may highlight the importea of the interfacial shear stress produced byl flow.

This work proposes determine the critical sheassticapable of initiating the bed erosion processrding to the
properties of the fluid and the particles. Thisdgtis an extension of the paper presented by Loyr&iqueira and
Martins (2006) and uses a looping as experimepiaduatus controlled by supervisory system.

2. LITERATURE REVIEW

Caenn and Chilling (1996) discussed the charatitexiand functions of the drilling fluid. The studityforms that
the majority of books and manuals about drillingdllist 10 to 20 features that runs a drillingidito drill a well. And
that, in general, the main functions are: dragirgst and allow their separation on the surface| aad clean the drill
bit, reduce friction between the drillstring ane tivell hole, maintaining the stability of the wblbre; keep solids in
suspension; do not damage the formation, is nogefanis to the environment and people. The workdthtat at each
moment in the drilling process a function is marortant than another. For large distances anadwtal wells, the
features cleaning and maintaining the integrityhefwell are generally considered more important.

Azar and Sanchez (1997), showed the influence amiations of the relevant parameters in the transpf
cuttings in the well drilling, including that althgh the flow rate is limited by the availability bfydraulic power
equipment, the allowable current density and susabiy the walls of the well to water erosion,i# the flow rate of
drilling fluid the most relevant.

Silva and Martins (2002) developed a mathematicadehfor the analysis of resuspension of partigidsorizontal
annular ducts considering the influence of the shiass.

Loureiro, Siqueira, and Martins (2006) obtained thmimum shear stress to drag cuttings in a bed using
experimental apparatus with controlled flow of wadeer a bed of particles sedimented.

3. METHODOLOGY

The objective is determining the shear stress meduoy a particular fluid flow on the particles bethe
experimental assembly is used to measure the #bevand the particles dragging. The alternativel tseepresent the
physical phenomenon is a particle box in a rectimgcrylic duct (Fig. 2).

Figure 2. Experimental assembly
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3.1. Governors Equations

The relevant dimensional parameters to the proldeenthe shear stress and flow average velocity gtheity
acceleration, fluid viscosity and density, the jgtet average diameter and density, and the dudvaent diameter.
From the Buckingham PI theorem (Fox and McDonaRR5) is possible to obtain non dimensional groupstlie
problem physical using the functional Eq. (1):

r _ 0 gb, H di &
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Where z is the wall shear strespg, is the fluid density,u is the flow average velocityg is the gravitational
accelerationD, is the duct equivalent diametgrjs the dynamic viscosityl, is the particles average diameter, apis
the particle density.

It is the effect of the rectangular duct in develdgully turbulent flow using the Eq. (2) for th@moximate
calculation of the equivalent diameter as propdsedones Jr. (197@&pudRohsenovet al. (1998).

DL:gDh&%a[Qz—a) 2

Wherep, = 4%, and g = E .

The parameteb;, is the hydraulic diamete, is the aspect raté is the duct cross session arPais the duct cross
session perimeteh,is the rectangular duct height, and the rectangular duct width.

The criteria to determine threshold shear stress tig flow rate value when the erosion bed prosessntinuous,
and no more random. Then the Reynolds number &ireat. The PKN correlation for developed fully tuidnt flow
was proposed by Prandtl (1944), von Karman (1934)l Nikuradse (19323pud Rohsenowet al. (1998), and is
presented in the Eq. (3) to calculate the Fannicdn factorf.

1
Ir

The wall shear stress is obtained by Fanning émcfactor definition (Rohsenoet al. 1998), as in Eq. (4):

=17272n(Rey/ T )-03946 (3)

i’ 2

3.2. Experimental Assembly
The acrylic duct length is 6 m, the wide is 240 nand the height is 80 mm. The sedimented cuttings ib

mounted 4,8 m from the entrance of this duct, tmesdame width, length of 480 mm and depth of 40 mhe
sedimented bed is mounted in this box with santdgbes of calibrated size (Fig. 3).

Figure 3. Cuttings box

The flow is induced by gradient of pressure throtigh centrifugal pumps and one helicoidal pump. irtstalled
valves permit the pumps operation on single orlfgdrad box of edges equals to 375 mm located tethie acrylic
duct entrance reduces the entrance turbulencentdmal deflector prevents the directional flowfjeim the pipe to the
acrylic duct.
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Above the observation area is installed an analaginochromatic progressive scan camera to acquairicies
flow images during the sedimented bed erosion. & lwsges are then processed by the National InstitgnVision
software allowing measure the dragging.

The assembly has a Coriolis flow rate meter, aguresmeter, and a dedicated computer to run a\@spey system
that control the three pumps by drives, and pertoitgew the valves status and recording the measents of fluid
flow rate, system pressure and pumps rotation.

3.2.1. Experimental Procedure

Initially the bed of particles is leveled in thexbwithout fluid. The level of particles is in tharae plane of duct
surface, so there is not step upstream and dovamstiem bed region. The looping is completed oiffiest slowly to
do not change the surface. All valves of princigiatuit are opened and one pump is turned on inrtmtation to throw
away the air bubbles.

The measurements are started up with two pumps Mithrotation and then are made increments. At each
frequency level are captured images of the flowratte cuttings box. Measurements of fluid flonergtipe pressure
and pumps rotation are continuously displayed erstitreen of the supervisory system and these dafsoa-processed
in the end of test.

After test, circuit should be emptied, the partictaust be removed, and the procedure repeatecaébr different
size of particles.

3.2.2. Image Processing

Before start up the test, a reference image shbeldcquired for image processing, Fig 4(a). A sageef 30
images is captured for each flow rate. The imagesaaquired two minutes after change the pumpsioatto permit
flow stabilization. After test, the images are mssed in the NI Vision Assistant software usingguence of filters.
An example of image processing script used is shiowthe Fig 4. The processing sequence of Fig {4ajsreference
image, (b) original image, (c) resulting of thegimal image minus reference image (d) image cordeirtom 16 to 8
bits; (e) brightness adjust, contrast and gammagt{énuated the changes in light intensity, (de&ed the threshold
limits; (h) ) image converted from 8 to 1 bit; ilnary information reversed.
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Figure 4. Image Processing

The processing result is the particles area prasezach image on pixel unit. An average of pagichrea is taken
from 30 images to indicate a parameter of draggetighes in each flow rate step. A criteria is aopto define when
the process of particles dragging is permanentnangiore random.
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4. RESULTS

The experiments were performed to different patiatlasses with geometrical characteristics showhable 1.
Those characteristics are obtained from imagesegsiag. The circularity 1 indicate spherical p&sand O flat.

Table 1. Particles geometric characteristics

Class Mean diameter (m) Circularity
1 0,0007 £ 0,0001 0,88 + 0,05
2 0,0008 + 0,0001 0,86 + 0,09
3 0,0010 £ 0,0001 0,90 + 0,06
4 0,0012 £ 0,0002 0,85 + 0,09
5 0,0018 + 0,0002 0,85 + 0,09
6 0,0022 + 0,0004 0,93 + 0,05

After analyze the images and numerical data geeér&bm the image processing, is possible to defire
minimum flow rate that the process of particlesgdiag is permanent. This value is obtained frommgarticle area
derivate in function of flow rate.

The minimum flow rate required for the erosion o$eddimented bed was made for each particles aaisthriee
Newtonian fluids: water, water-glycerin solution @007 Pa.s and water-glycerin solution at 0,011s.P&able 2
presents the values of minimum flow rate for eackamdiameter of particles presented in the sediedebéd and
Newtonian fluid.

Table 2. Values of minimum flow rate to start up #rosion process of the sedimented bed

Class Water Water-glycerin solution to 0,007 PalsWater-glycerin solution to 0,011 Pa.s
flow rate (kg/s) flow rate (kg/s) flow rate (kg/s)
1 5,03 7,06 7,34
2 5,31 7,35 7,68
3 5,66 7,57 8,00
4 6,16 7,96 8,34
5 7,68 8,67 9,00
6 7,93 9,09 9,66

From presented equations, like PKN correlation, famehing factor, the shear stress required to stathe erosion
process of the sedimented bed is shown in Table 3.

Table 3. Values of minimum shear stress to stathaperosion process of the sedimented bed

Water Water-glycerin solution to 0,007 PajsWater-glycerin solution to 0,011Pa.s
Class
7 (Pa) 7 (Pa) 7 (Pa)
1 0,160 0,401 0,472
2 0,177 0,430 0,511
3 0,198 0,453 0,549
4 0,231 0,494 0,589
5 0,342 0,574 0,674
6 0,363 0,624 0,763

The graph in Figure 5 shows the influence of plrtaiameter on the values of minimum shear stresdrag
particles in cuttings bed for the three the flutdsted. The values of minimum shear stress increétbe particle
diameter for the three fluids. This means thatc difdarger particles diameter require higher minimshear stress for
erosion in any of viscosities tested that a beshudller particles diameter.
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Figure 5. Influence of particle diameter at theegiiold shear stress

The Figure 6 shows the variation of dimensionléssshold shear stress depending on the dimenssodiameter
of bed particles. In the Fig. 6 we observe thatttireshold shear stress tends to vary linearly with diameter of
particles, as in Eq. (5), that is interdependerthefcharacteristic of fluids. The legend of Fig@rpresents the density
ratio of cuttings by the fluid.
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Figure 6. Dimensionless variation of threshold sisti@ss for particle diameter

T d
e =”{g‘l’j+n (5)

Where: ,
m=-656 EI.O'{%J + 3,2{%} - 405 (6)
P, p
n= 1,89EI.O'2 (%J - 9,71EI.O'2 [%J + 127 no* (7)

Wherep, is particle density, andis the fluid density.
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Figure 7 shows the influence of Reynolds numbemninimum shear stress to start the process of dasticfes in
cuttings bed. It is presented threshold pointsragdhe six classes of particles for three Newtoifiaids, where the
point of lower shear stress, for the same fluidresponds to the smallest particle diameter andothers points
correspond to increasingly others classes of pestidiameter. The erosion process start up, forstme class of
particles, in the flow of higher Reynolds number fioid of lower viscosity. All flows tested in thexperiment were
turbulent. Laminar flows were not studied.
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Figure 7. Influence of Reynolds number at the thoés shear stress

Figure 8 shows the variation of dimensionless mimimshear stress in terms of relations of viscousefo and
inertia matching. In this graph it was possibleobdain a same trend curve for dimensionless minirshear stress in
function of flow considering different particlesaskes, and characteristic of the fluids and pesticThe trend curve is
presented in the Eq. (8).
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Figure 8. Dimensionless minimum shear stress intfan of Reynolds number
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5. CONCLUSION

This work studied the erosion of a sedimented gadibed by the flow of Newtonian fluids. The expwmtal setup
designed with acrylic allowed the visualizationté particles drag’s to evaluate the physical phewon qualitative
and quantitatively. For all flow was analyzed timflience of the diameter of the bed particles, tra Reynolds
number.

It was concluded that the shear stress to stathegrosion process is function of the particlesrditer, and fluid
properties. For smaller mean diameter of partidtes,necessary a lower shear stress to starhei@tosion process of
the bed. In other words, the erosion of a settledl ib easier when the bed is made up of partidlesnaller diameter,
according to the characteristics of the particte si

For all concentrations of tested fluids, the ddsa ahowed the same decreasing trend curve of thenom shear
stress to start up the erosion process with arasing the Reynolds number. So, for the univergmadicles and fluids
tested, the increase of flow turbulence facilitateserosion of the sedimented bed.

The obtained flow rate results were used to detentile minimum shear stress required to start apetbsion
process of cuttings bed for each particle diameter.

These values can be applied to problem of horitevells drilling for the same particles sizes sadlibased on the
assumption that the erosion process is dependgnborshear stress.

The effect of non-Newtonian fluid with yield-stressbeing studied in this experiment and will beganted in
future works.
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