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Abstract:

A literature review, preliminary modeling, preliminary experimental work and recent development of
this project are presented in this report. The literature review has been focused on cuttings transport in
horizontal and dightly inclined well-bores, solid-liquid flow patterns (two and three layer models), particle dip
velocity and particle tracking. To mode the phenomena, correlations developed by Larserf, Iyoho®? and
Chien'® were used to calculate the particle traveling velocity, and thenit was used to associate the particles with
their original location using other relationships Preliminary experimental work has been completed using the
Low Pressure Ambient Temperature Flow Loop (L.P.A.T.) and a high speed camera. Due to a recent
development the current report includes a suggested modification of the flow loop in order to record the bed

height inthe inclined condition.

Project Status:

Project Status:

Activity Per cent Accomplished
Literature Review 65 %
Flow Loop Training 95 %
Development of experimental technique 70%
Experiments 5%
Modeling 40 %

Table 1- Project Status
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Introduction:

This project focuses on experimentally determining the transport velocity of cuttings in horizontal and
high-angle boreholes in order to produce a computer model for cuttings lag.

Cuttings transport is an important part of the drilling process. Numerous experimental studies have been
performed to investigate factors related to cuttings removal from the well-bore and to optimize drilling
efficiency. Several empirical and anaytical solutions were developed in recent years. They provide good
understanding of cuttings removal and allow modeling of this process. However, effective models of cuttings
removal are important not only as a tool for drilling optimization, but as a good source of geological
information.

Combining the different models of cuttings transport with the relationships between the source locations
and the transport velocity of the particles, we are able to develop a mathematical model that predicts the original
location of the cuttings that are being collected at the surface. The information obtained by this model would
help characterization of the formation, well planning, mud program selection and other important aspects to be

considered during the design of the drilling process.

Problem Statement:

During the drilling process, cuttings are generated at the bottom of the hole and transported to the
surface by the drilling fluid. Essential information about the properties of the formation (type, strength,
porosity, etc.) is inferred from the cuttings, but there is some uncertainty about the source depth of the cuttings
during drilling operations. In addition, it is important to determine the original location where the cuttings were
generated for formation characterization. In order to know the source depth of cuttings that are collected at the
surface, it is essential to determine correctly the transport velocity of the cuttings. As we know, the cuttings
transport velocity is directly related to the dip velocity. It is essential to highlight that the transport velocity is
the most important parameter to consider when we compute the source depth. Therefore the main objective of

the study is to determine the transport velocity of the drilled cuttings in the horizontal well-bore configuration.
Literature Review:

The literature review done for this project has been divided mainly into four parts: cuttings transport,
solid-liquid flow patterns, particle slip velocity and particle tracking. An extensive summary of these different
areas has been completed and it is presented in the following tables, where the most important parameters to

consider for this project have been highlighted and studied.
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Experimental Vertical
Reference Pipe/ Semi- inclined Type of | Type of Review
Annulus | Experimental fluid Particles
p
Author Year Title Mechanistic | Horizontal
Full Scale experimental
facility was used to
. Mud- (ATSM
S|’\f;|(;ren::n, Drill Cuttings bentonite mesh N° 3 evdarlilIJ”ante Lh%reafzﬁiitsm
Haden & 1973 Transport Annulus Experimental Vertical r=12-15 | &#6), 1/8-in, g ny
aden Vertical Annuli ppg, water S.G:16& parameters such as
Wahl ' i ' ’ 2 6- rotary speed, drilling rate
ol : and eccentricity in
cuttings transport
Experimental study to
Water , determine the mayor
Experimental Low Real drilled | factors affecting cuttings
Study of _ viscosity cuttings transport such as
Tomren, cuttinas Vertical- bentonite size 0 2ér rheology, flow rate,
lyoho & 1986 Transpo%t in Annulus Experimental Inclined- Carbopol in S.G. inclination angle and
Azar L Horizontal and high P eccentricity. Results
Directional . ; 163.5 - f
Wells viscosity IbrvitA3 indicate that the formation
bentonite of cuttings bed produces
muds drastic effect on particle
and annular liquid velocity
Important
Issues in
Cutting . . L . .
Azar & 1997 Transport for General review of the factors that impact on hole cleaning in directional well such as annular fluid velocity,
Sanchez Drilplin g hole inclination, drill string rotation, eccentricity, fluid properties and characteristics of drilled cuttings.
Directional
Wells
Development of a
Cuttings Foam computer simulator to
Transport with qualitiés Normal predict the bed thickness
Ozabayoblu, Foam in . . o and pressure drop for 2
Miska, Reed | 2003 Horizontal & Annulus Exﬁémgmiignd a:'g'}ﬁgmgld frg)mgg&]/o Grar\;]enl12-5 and 3 layers flow pattern.
& Takach Highly- (Power (.0.2.6) Experimental data
Inclined Well- Law Fluid) 9=2 agreement with the
bores simulator results with an
error less than 20 %

Table 2.1- Literature review on cuttings transport
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Experimental Vertical

Reference Pipe/ Semi- inclined | Typeof | Typeof Review
Annulus | Experimental fluid Particles
Author | Year Title Mechanistic | Horizontal
An Experimental
apparatus was
developed to determine
Water , Mud the settling velocity of
(glycerin drilled particles in a
solution, Newtonian fluid and also
An using Irregular to study the transport of
Experimental viscosities shaped drilled particles in an
_ Analysis of the _ ) from 0.96 cp particles annulus using both
Zeidler 1972 Transport of Annulus Experimental Vertical up to 114 ASTM N© water and erlllng mud.
Drilled cp), polymer 14 4. 6.8 Correlations were
Particles solutions, aﬁd’1(5 developed for the
bentonite settling velocity of the
slurries and drilled particles and for
water in oil the recovery fraction of
emulsions the drilled particles
subjected to turbulent
flow of water in an
annulus.
Effect of
Hydraulics
and Fluid
Rheology on Establish a key relationship among the three dominant parameters involved in the solid-liquid two-phase flow,
Chien 1997 the presented a calculation scheme to determine the magnitude of geometrical parameters associated with an
Transportation annulus with bed and proposed the use of apparent viscosity of the drilling fluid evaluated at the cutting
of Drill transport shear rate to correlate hole-cleaning parameters
Cuttings in
Horizontal
Drilling
Table 2.2 - Literature review on cuttings transport
Experimental Vertical
Reference Pipe/ Semi- inclined | Typeof | Typeof Review
Annulus | Experimental fluid Particles
Author | Year Title Mechanistic Horizontal
It provides a critical
Flow Patterns :
and Minimum review of t_he state—(_Jthhe-
Suspension art modeling for effl_(:lent
Velocity for transport during coiled-
Ef gnt Carboxyl r=20.8 tubing drilling, its
Kelessidis - - Methyh ppg, proposed s different
& 2004 Trca:ﬁtstm(?rfin Annulus Méiggﬂﬁgﬁ;‘?d Horizontal Cellulose | sizes: 0.04, | approach for predicting
Bandelis Horiz%ntal and water | 0.08, 0.16- | the minimum suspension
and Deviated solutions inches velocity, Modeling of two
Wells in an three layers solid-
Coiled-tubin liquid flow patterns,
Drillin 9 Laboratory system to
9 enable the gathering data

Table 3.1- Literature review on Solid-liquid flow Patterns
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Reference

Author

Year

Title

Pipe/
Annulus

Experimental

Vertical

Semi-
Experimenta

Inclined

Mechanistic

Horizontal

Type
of
fluid

Type of
Particles

Review

Doron & Barnea

1995

Flow Pattern
Maps for Solid-
Liquid Flow in
Pipes

Pipe

Mechanistic and
Experimental

Horizontal

Water

Acetal
Spheres,
3mm [1240
Kg/m3]

Flow Pattern maps
were presented.
The transitions
between the flow
patterns are then
determined by
means of a
mechanistic three-
layer model and
compared with
experimental data.
The boundary
between flow with a
stationary bed and
flow with a moving
bed exhibits
satisfactory
agreement with the
experimental data
obtained.

Doron and Barnea

1994

Pressure Drop
and Limit Deposit
Velocity for Solid-

liquid Flow in

Pipes

Pipe

Mechanistic and
Experimental

Horizontal

Water

Acetal
Spheres,
3mm [1240
Kg/m3]

New experimental
data on flow rates,
pressure drop,
delivered
concentration and
flow patterns for
solid-liquid flow in
pipes were
presented. The
three-layer model
developed by
Doron and Barnea
in 1993 was
compared to the
new experimental
data and other data
from the literature,
showing
satisfactory
agreement.

Hu

1995

Direct Simulation
of Flows of Solid-
liquid Mixtures

Simulation of a large number of solid particles motion in a flowing liquid using finite element
technique based on moving unstructured grids. Using an developed numerical procedure, the
Poiseuille flow of solid-liquid mixtures in a vertical channel was studied. For a sedimenting
cylinder along the centerline of a channel, the computed terminal speed of the cylinder agrees

with previously published numerical and theoretical results.

Rabenjafimanantsoa

etal

2005

Dunes Dynamics
and Turbulence
Structures Over
Particles Beds,

Experimental
Studies and
Numerical
Simulations.

Pipe

Experimental and
CFD Simulations

Horizontal

Water
and
PAC

Spherical
glass
beads of
250-
300mm in
diameter,

r =2.52g/cc

Transport of
particles in circular
pipes involving
formation of dunes
in the transition
flow regime. An
Ultrasound Velocity
Profile Monitoring
Instrument was
used to measure
the instantaneous
velocity profile over
the dunes.

Table 3.2- Literature review on Solid-liquid flow Patterns
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Experimental | Vertical
Reference Semi
. emi- . Type
Pipe/ Experimental Inclined of Typ-e of Review
Annulus fluid Particles
Author Year Title Mechanistic | Horizontal
Analysis of slurry
transport in
horizontal and
Flow Regimes inclined pipes.
Over Particles : Rheology has been
Beds. gizgig;a(:s reported to be very
Rabenjafimanantsoa | Experimental bi Exoerimental Horizontal Witder of 250- |mpofrt?r?1t iiorndune
etal SIE’u:rltisleOf pe permenta and Inclined g AC 300mm in me?cha?]'om
Transpl)ort in d_igrggte/r, Relationgshipsé
Horizontal r'=2.520/CC | petween pressure
Pipes. drop and transport
velocity were used
to identify the slurry
flow regime
Development of the
three-layer
modeling approach
for solids transport.
The model predicts
the pressure loss
and transport rate
of solids.
Comparison
Application of a between the model
Normal
Three—lgyer Sand e_md the
Modeling $.0.=2.6 experimental data
Approgch for ' Mechanistic and Horizontal Water four particle shown agreement.
Ramadan et al 2004 Solids Pipe Experimental and Inclined and size range Assumption of
e P | (meansi | copsintsctine
. 0.38-5.00 ~OCIty.
Inclined mm predictions of the
Channels transition from a

three-layer pattern
to a two-layer or
fully suspended
flow pattern were

presented.

Comments about
the formation of

dunes and ripples
during the test.

Table 3- Literature reviewon Solid-liquid flow Patterns
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Experimental | Vertical
Reference i i-
Pipe/ Semi inclined Type of | Type of Review
Annulus Experimental fluid Particles
Author | Year Title Mechanistic | Horizontal
A new correlation was
developed to predict the s ettling
velocity of irregularly shaped
Settling WNaéir_& particles in both Newtonian and
Velocity of Semi- Newtonian r =22.5 non-Newtonian fluids for all
Chien 1992 Irregularly Pipe Experimental Vertical Fluids ppg, dp= types of slip regimes. The
Shaped densit _ 0.125-in results of the correlation agreed
Particles 14 Y well with the experimental data.
PPg Comparison of the correlations
obtained with data collected by
previous investigator (Richards)
General review of published
correlations for predicting the
An SGr:ass carrying capacity of drilling
A pheres, fluids. Data comparison
Eé[\:)/(;;’lljn;teig:]al r=25 between this study and
. gmicc, Sifferman study. A new
Sample 1977 | ¢ cl)ft' Annul E . tal Vertical b'gﬁgﬁ 8? L dp=0.392- simplified approach was
etal. a"g;f'gps nnuius Xperimenta ertica lveerin in. Cuttings | developed for establishing the
P Sd' ) gy r =2 gmicc, carrying capacity of drilling
& rtet_ |ctg||g dp=0.195 & fluids. Of the published
l\J/ ellr:)g(]:itylp 0.123 correlations evaluated, the
inches method proposed by Preston
Moore provided the agreement
with the experimental data.
Study sediment transport in
horizontal channels, proppant
transport in fractured reservoirs
using 2D direct numerical
CPo(;\rlé?arlt:g\rllvs Carbolite simulations and expg:-rimen_tal
for Sediment Ottawa data. Results of 2D simulations
Transport in Analytic and sand, r of solid-liquid flows gave rise to
Patankar | 2002 Pressure Channels experimental Horizontal =2.65-2.71 | straight lines in log-log plots of
etal. Driven P g/lcm"3, the relevant dimensionless
Channel dp=0.06- Reynolds numbers. The
Flows 0.09 cm correlations obtained can be
used as predictive tools or as a
basis for models for sediment
transport in simulators used for
design purposes.
Joseph _ _ The lift force off a circular particle in plane Poiseuile flow perpendicular to
2 2002 Slip Velocity Analvii gravity is studied by direct numerical simulation. The value of the Poiseuille
o and Lift nalytic flow velocity at the point at the particle's centre when the particle is absent is
cando . . o "
always larger than the particle velocity; the velocity is positive at steady flow.

Table 4 - Literature review on Particles Slip Velocity
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Experimental | Vertical
Reference Pi i
el Semi- ) Type of | Type of .
P . Inclined ype yp Review
Annulus | Experimental fluid Particles
Author | Year Title Mechanistic | Horizontal
Review of electrical

tomography methods for

investigating, monitoring
Applications of and controlling gas-solids
pEIIe ctrli c als and liquid-solids systems.

Experimental results are

Tomography for . 0.5mm

Tomasz 2000 | Gas—solids and Pipe Experimental and Horizontal Electrolyte glass ‘presented. Instantaneous
Dyakowski Liquid—solids modeling flow spheres images, captured with the
Fql OWS —a P speed up to 200 frames
Review per second, illustrate how

flow patterns vary, and

reveal the dynamic
behaviors of two-phase
systems

Table 5- Literature review on Particles Tracking

Experimental Work:
Experimental Set-up:

Experiments will be performed in the LPAT flow loop facility. It is 90 ft long and consists of an &in.
inner diameter transparent casing with 4.5 in. outer diameter drill pipe. A 75 H.P. centrifugal pump (maximum
tested capacity is 650 GPM), is used to pump fluid into the flow loop. The cuttings are injected at the inlet of
the annular test section where they merge with the test section. A visualization section has been used in the
middle of the flow loop to obtain images of the particles.

There is a proposed modification of the flow loop in order to record the bed height of the particles using
a video technique. It is basically a system that would consist of a mobile base that will have attached two
cameras (standard video cameras). The mobile base will be moved parallel to the transparent casing. The
cameras will be located next to the pipe on each side, which will be provided a view of the cuttings inside the

transparent casing (see Figures 3, 4 & 5).
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AirVent

—

Cuttings
Injection
Mud Return X Tank
Excess Line
Shale Shaker <
Water Tank
By-pass Line
Cuttings - .
Collectio Cuttings
n ¢
Tank O==os0==o.
0o 0 0 0 O o0 o o 1
Three-way — - Auger
Holdup Val ree-way
olcup valve Holdup Valve
Visualization Section
Test Section
>< Mud In
Flow Rate Control Valve

>< -

Cuttings Transfer Line

Fig. 1 - Schematic diagram of the flow loop

Fig. 2 - Picture of the visualization section in the low pressure loop
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Drawings of the proposed modification

Al

1%
Chain or cableto
movethe Cart
Metallic Legs (90° angles)
|74
Gear Box \ Metallic Channel
Electric ° -« Vv
Motor
Metallic Base (90° angles)
Transparent Experimenta Section (Casing)
|74
Fig. 3 - Perspective view of the loop modification
Moving Cart
[ » 4 r ]

ég Metallic Angles
MetallicLegs _— N Camera %/ %
(90° angles) I

TR A1

|1

/ Camera
Metallic Channel
Metallic/ Wheels

Structure
Fig. 5 - Moving Cart with the supports for the cameras on each

Lt L

Fig. 4 - Transversal view of the loop structure
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Experimental Technique:

A brief description of the experimental procedure followed during the execution of the

preliminary experiments is presented in the following diagram:

Establish the Liquid Flow Rate
and wait for stable conditions

v

Cuttings I njection
Wait for stable Rate of Penetration (ROP)

v

Build the cuttings bed

'

If thereispiperotation, start therotation
of the pipe at the condition required

v
4 N

Wait for steady state condition:

= Differentia pressure along the pipe = stable
= Injection rate of cuttings = Collection rate of cuttings
= Liquid flow rate = constant

- /

v
4 )
Record the data
M easur e the bed height
(10 different points in each side of the pipe)

Take avideo of the cuttingstraveling in the fluid

- /
v
4 )
Liquid hold-up
Stop pipe rotation and cuttings injection
- J
v

[ Weigh the cuttings that weretrapped in the annular section }

Fig. 6 — Experimental Procedure Diagram
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Test matrix:
: Flow Pipe
Stage ?Img Rate AHnollee Rotation
yP (GPM) J (RPM)
70°
I Water 200 300 0 40
Polymer | 200 300 (%
! (PAC) 500 900 0 40
Table 6 — Test Matrix
Notes:

Average cuttings size 3-5mm

Average cuttings specific gravity = 2.6 (normal gravel used in TUDRP studies)
Estimated Number of test runs: 24+

The above test matrix could be modified as more information is acquired during the tests
Polymer: PAC (Poly Anionic Cellulose)

Preliminary Results and Discussions:

To determine the particles traveling velocity a video technique was used. Different video technologies
were used in the developing of the experimental technique. A CCD Hitachi Camera (KP-F120), standard digital
camera (Canon PC1048) and high speed camera (TSTH Troubleshooter HR) were tested to obtain the images of
the particles in the traveling fluid. The best of these options was the high speed camera (HSC) because it
provides high quality images at a high recording rate (1000 frames per second). With this option we were able
to distinguishand track the cuttings during the process. The HSC can provide a high quality image and superior
resolution of the particles It is designed for applications such as flow visualization We compared the results
obtained using the other cameras, whichdo not provide the same quality of data.

Thistechniqueis still in development, but some preliminary tests were done using the HSC. Preliminary
tests were conducted and they will be repeated to check for any potential problems during the experimental
stage. Currently atotal of three preliminary tests have been completed. The analysis of the data obtained from

these tests is presented in the Results and Discussion section.



-13- Researcher: Augusto Garcia, Advisor: Dr. Stefan Miska TUDRP

Data analysis:

Using the digital videos recorded for each data point in conjunction with a computer program
that plays backward and forward we were able to manually track the cuttings. To process the data, a population
of particles was tracked for each data point; then the main velocity of that population was calculated and
reported. The technique used to calculate the velocity of each particle consists of determining the position “x”
of aparticle in consecutive recorded frames and the time between each frame, then calculating the velocity. It is
important to highlight the assumptions that were made in order to simplify the problem, these assumptions are:
constant particle velocity during the segment in study, linear trgjectory in the “x” direction, homogeneous

concentration of the particles in the annular section

The cuttings bed height in the annulus was measured at 10 different points on each side of the
transparent casing along all the length of experimental section. These measurements were used to calculate the
average bed height, assuming a uniform distribution of the cuttings along the annulus. Having the average bed
height, pipe eccentricity and liquid flow rate we were able to compute the liquid phase velocity in the flowing

area.

In order to determine the efficiency of the experimental technique and report the quality of the
test data an uncertainty model was applied for each data point and variable. In this analysis we considered
random and systematic error components of the uncertainty, using Ugs or Uasye models. In addition a
propagation error for the liquid velocity and cuttings velocity was conducted in order to estimate the limits of

the variables uncertainties. (See Appendix A)
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Thefollowing table shows a typical case of data processing:

Particle Position "x" of the particle at different frame times (the coordinate "x" is expressed in pixels)
# Frame Frame Frame Frame Frame Frame Frame Frame Frame Frame
#10 #20 #30 #40 #50 #60 #70 #80 #90 #100
1 419 403 392 377 360
2 359 346 333 316 297 281 267
3 460 439 416 399 381 361 347 336 325 310
4 534 522 509 494 482 470 458 444 427
5 324 295 267 239 209 179 145 116
6 522 492 457 425 392 357 326 295 267 247
7 339 315 292 264 242 212 184 156 122 97
8 516 494 471 451 426 396 370 355 338 317
9 433 420 408 396 380 365
10 362 338 316 293 268 243 213 186 156 126
Table 7 — Data Processing Case 1
Note:

To produce these tables different particle populations were taken in different locations of the flowing fluid. In
addition, more than 500 images were analyzed for each data point in order to obtain good representative
samples of the population.

The recording rate was 1000 frames per second (fps) that means that every 10 frames represent 0.01seconds;
this was used to carry out the calculations.

Summary table of data processed for the cuttings velocity

DPixels Standard
U taint lculati (Average)/ 10 S;%?gt?éﬂ N(ave)=n deviation of
ncertainty calculations Frames the average
and results

21.4 2.8 105 2.8

Pixel/mm Particle IQLer:zzltgr})tyU)% Particle m(Ler:zglr&gt;’fs tos=

. H 95—

Velocity [mm/s] (mm/s] Velocity [m/s] [(mis]
4.80 445.8 79.3 0.446 0.0793 2

Table 8- CuttingsVelocity Calculation
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Typical images obtained during the testsare shown in the following table:

Frame # 430, X»11.4 mm

H

T TR

(TR

Frame # 450, X»52 mm

——
P

T T

[

T T

Table 9— Images of the Cuttings Traveling in the Liquid

The following tables are show the preliminary tests completed and their results:

Tests Completed and Results

Inclination Cuttings Cuttings
Data Rate of angle 9 Liquid Cuttings Ing
. Flow Rate : bed : . Slip
Point [GPM] penetration from the height Velocity | Velocity Velocit
No (ROP) [ft/hr] | vertical [ir?] [ft/s] [ft/s] (ft/s] y
[degree]
1 201.0+0.26 40.00+0.24 87.0+£0.2 5.4+0.48 | 5.35+0.44 | 1.46+0.26 | 3.89+0.51
2 309.1+1.01 38.00+0.5 88.0+£0.2 4.9+0.69 | 7.12+0.53 | 3.71+0.1 | 3.41+0.54
3 399.0+0.26 45.00+2.16 87.0+£0.2 4.4+1.13 | 8.14+0.49 | 7.01+0.16 | 1.13+0.5*

Table 10- Results in Field Units

*Note: We can observe that data point #3 has a very high value of uncertainty for the cuttings slip velocity; this

is the result of propagation error of the liquid velocity and cuttings velocity. This error was unexpected because

a thorough data analysis was conducted, so we determined that the error is random In order to reduce this

potential type of error in the future, we might take a larger set of data points.
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Inclination . .
Data Rate O.f angle Cuttings Liquid Cuttings Cuttl_ngs
, Flow Rate | penetration bed : : Slip
Point [MA3/s] (ROP) from the height Velocity Velocity Velocit
Ne /] vertical [Cr?n] [m/s] [m/s] [ms] y
[degree]
1 el 12.2+0.1 87.0:0.2 | 13.7+1.2 | 163:0.13 | 045:0.08 | 1.18+0.16
2 %gég;’; 11.6+0.2 88.0£0.2 12.5+1.8 2.17+0.16 | 1.13+0.03 | 1.04+0.16
3 (1)(6)3552 13.7£0.7 87.0£0.2 11.2+¢2.9 | 2.48+0.0.15 | 2.14+0.0.05 | 0.34+0.16*

Table 11 - Results in International System of Units

In order to quantify te traveling velocity and the dip velocity of the cuttings a graphic of cuttings
velocity afunction of the liquid velocity is presented.

Liquid Velocity [ft/s]
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Fig. 7 - Cuttings Velocity at Different Liquid Flow Conditions
Fluid: Water, Cuttings size: 3-5 mm, Cuttings S.G.: 2.6

From Figure 7, we observe that the cuttings velocity increases with the flow rate, but this increment does
not follow alinear behavior. In addition a dlip velocity between the cuttings and the fluid is observed. This dlip
velocity is around 73% of the liquid velocity for the first data point (200 GPM) and it decreases to 14% of the
liquid velocity for the last data point (400 GPM). With these preliminary results we cannot formulate any
conclusion about what is occurring in the process of cuttings transport, but they have provided us a better

understanding of the phenomena, as well as, new hypotheses for the upcoming stages of the experiments.
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Preliminary Modeling:

In order to produce the first lag model correlations developed by Larserf and lyoho®® were used b
compute the cuttings traveling velocity at operational drilling conditions. Using the results obtained from the
correlations, the cutting transport ratio and then the cuttings source location are then calculated. Once the

cuttings source location is calculated a lag diagram considering a 2-D well bore is produced.

Larserf developed his correlations based on experimental data. He did more than seven hundred
experiments with Newtonian and nortNewtonian fluids (Bingham Plastic fluid). These empirical correlations are
believed to be field-oriented. Variables that he considered in the study include; hole angle, annular flow rate,
mud rheology, drill pipe eccentricity, cuttings size, mud weight, drilling rate and rotary speed.

lyoho®? considered a wide variety of parameters during the experimentation stage such as: anular
velocities from 1 ft/s up to 4.3 ft/s, angle of inclination varied from O to 90 degrees, Newtonian and norn
Newtonian drilling fluids (water, bentonite-treated mud and Carbopol solution). Others parameter considered in
the study were inner-pipe rotary speed, fluid flow regime, annulus eccentricity and particle injection rate (ROP).

Based on detailed theoretical and experimental analysis, lyoho'? came out with useful and fundamental
semi-empirical correlations for inclined and eccentric annuli. Using these correlations he was able to develop a
fidd-oriented mathematical model for characterizing and evaluating the performance of drilling muds in order
to facilitate their design for effective cuttings transport. In our case we use lyoho’s'? correlations to do the
computations of the cuttings transport velocity in the inclined segment and horizontal segments.

In vertical cuttings transport, previous investigators'? have utilized a “transport ratio” definition,

v, G

R "o ®

ann- liq

to evaluate and/ or characterize the effectiveness of hole cleaning by drilling muds.
lyoho'? used material balance considerations together with experimental data and produced a new

transport function R;,, which adequately accounts for cuttings build up on the low side of the annulus. The
General Transport Function ( Ry, ) was developed by writing the average particle velocity, including bed as
CyuVe/C,; and dividing by nominal annular velocity. This new transport ratio function adequately accounts

for cuttings in the bed while keeping the basic R, equation developed by Sifferman et a 1
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Transport Huid:

Vpa = Vann - VslipCOSb (2)
and
V, =V, 9nb 3

Under steady-state conditions, the material balance can be written as:

Volume of the materia flowing in= Volume of the materia flowing out.

QL—in = QL— out :QL (4)
and
Qp-in = Qp- out = Qp (5)
If the bed is practically immobileand C,,, isthe fractional particle concentrationin motion, then
Q =V A (- Cy) (6)
and
ROP p d?

=V AC, =————~ 7
Qe =V, A Cuy 50 4144 (7)
Where:

ROP = Rateof penetration| ft/h]
d,, = hole diameter [in]
Q, = Flowrateinjection of particles [t/ mir]

The fractional particle feed concentration

Q
P . (8)
QL + Qp
Then the feed concentrationis:
Cio = R 100 9)
QL + Qp
Mud Annular Velocity is:
ann — % (10)
p (dh -d pe)

Where:
d . = External diameter of the drillpipe [in]
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Q, =Mud flow rate(liquid) [ ft*/ mir]
V,m» = Mud annular velocity[ ft/ s

Effective Viscodity is:

| .1-n
* * n h -~ d pe 9
1488* K * 12 g—;

2 5
$12 1-n
$322, ™

m,(cp) =

(1)
Where:
K = Consistency index [Ibf - s"/ ft?]
n = Flow behavior index [ - ]
f 8-
Where:

m, = EffectiveViscosity with correction [cp]
r , = Particle density [lbm/ ft’]
r . = Fluid density [lbm/ ft°]
d, = average particle diameter [in]
Reynolds Number
_124r V. (d, - d)

Re TTL,C

Predictive Modelsfor General Transport Ratio

Laminar Flow, b=10°

2786 0.121

g b 0.122Cl9.929

For vertical flow, use b=1

Laminar Flow, b=10°

87.1m2*°
Ry = p 1203C1221
f

(12)

(13)

(14)
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Turbulent Flow, b=10°

30.85m2"
Reg = b 017 CL228 (15)
f

For vertical flow, use b=1
Turbulent Flow, b=10°

_ 250.61!113%'77
ng - p 09951396 (16)
f

Restrictions Imposed on the new Transport M odel
1. Inal cases, Ry £ 100 percent. Valuesof R, may give theoretical transport efficiencies greater
than 100, especially at low hole angles. In these situations, R;, should be set equal to 100 giving

maximum transport performance.
2. InEgs 13and 14, C, £1.8 percent. If the penetration rate is high and/ or the liquid rate is low, the

calculated value of C, may be greater than 1.8. Under these conditions (which will be rare in practice)
C, should be set at 1.8.

3. In Egs. 14 and 16, restrictions (2) apply but the limiting values of C, depend on the hole angle.
For10°<b £30°, C, £1.2

For 30°<b £50°, C, £1.0

For 50°<b £70°, C, £0.8

For 70°<b £90°, C, £0.6

Cuttings Transport Ratio:

Rock cuttings advarce toward the surface at a rate equal to the difference between the fluid
velocity and the particle dip velocity. The particle velocity relative to the surface is called the transport
velocity.

n, =N, -ng (17)



-21- Researcher: Augusto Garcia, Advisor: Dr. Stefan Miska TUDRP

The transport ratio is defined as the transport velocity divided by the mean annular velocity:

~ |
>

sl

FT: T:].'n—

sl

(18)

5

For positive cuttings transport ratios, the cuttings will be transported to the surface. For a particle

dip velocity of zero, the mean cuttings velocity is equal to the mean annular velocity and the cuttings transport
ratio is unity.

Relationships between the sour ce locations and the transport velocity:

Vertical segment Inclined segment Horizontal segment
S;) _ VTNerticaD DC SD — VT(IncIIined) I-l Sn(a ) SD _ VT(Horizonta) I‘H
rti - X (Inclined) rizonta) —
Y(erncah VT(VerticaI) + ROP ‘ VT(IncIined) + ROP X (Rorizonta) VT(HorizontaD + ROP
SD _ vl’(lncllined) I-I COS(a)
(Inclined) —
vane VT(IncIined) + ROP
Table 12 - Relationships between the source locations and the transport velocity for all the segments.
where:
Sox ..y = Horizontal coordinateof the
. L ocation of
cuttings Source .
) _ Cuttings source —_—
Sov. ) = Vertical coordinateof the ROP =0&
cuttings Source Vi =L
D, =Vertical Current Depth Vi =V,
L, =Inclined section length
L,, = Horizontal section length V; <V,
a =Wl inclination angle
ROP = Average Rateof Penetration
V; =Transport Velocity
Current position of the drill bit

Fig. 8 — Schematic Lag Diagram
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Schematic diagram of the modeling
Vertical Well-bore ) InC“ned Well-bOI‘e 4 Horizontal We”_bore
Calculus of CTR Calculus of CTR Calculus of CTR
(Cuttings Transport Ratio) (Cuttings Transport Ratio) (Cuttings Transport Ratio)
J I \_
| |
Cuttings Source, Y (Cuttings Source, X\ Cuttings Source, Y\ Cuttings Source, X
A = o V, L,Cos(b V, L
SD :R[_—aLV _Rtva L|S|n(b) By :M SDX:M
’ RV, +ROP > TRV +ROP R, V, + ROP R, V, + ROP
- ) )
[ Print and Plot the results ] [ Print and Plot the results ]
Print and PIqt the results
Output Lap Diagram
Fig. 9- Algorithm diagram
Summary:

= Different video technologies were rejiewed in ordler to devel ]p the experimental technique.

= Preliminary experiments were condugted using a pigh speed
= Anuncertainty analysis was applied tp the data cgllected.
= A modificationin order to measure tfje bed heighj in the incli

= |nitial modeling and programming wére done usifpg available

ideo camera.

hed position is proposed.

Correlations and VBA.
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Timetable:

Activity/Time

Fall 2005

Spring 2006 | Summer 2006

Fall 2006

Spring 2007

Literature Review

Development of

experimental
technique

Experiments

Modeling

Analysis of the
results

Final Report

Table 13 — Project execution time

Future Work:

Build the proposed system in order to measure bed height in the inclined position.

Improve the experimental technique and complete the test matrix.

Introduce the drill-pipe connection time in the modeling part.

Compare the data collected from the flow-loop with previous correlations and existing mechanistic
models (Ozbayogl %)
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Appendix 1:
M easur ement Uncertainty M odel

Standard Deviation: The Elemental Random Uncertainty

o

S, ={[a (X, - X (N - 1)1’2]}

Note: The sum is over k where there are N; valuesof X, , .

Random Uncertainty for an Error Source

S,, =[S, /(N,)2]
Where:

Si,i = The random uncertainty (or standard error of the mean) for error source i
N, = The number of data points averaged for the error source

Standard Deviation of the Average for the Result: The Random Uncertainty

5. =[& (s, FI”

Where SX-’R and S%’i have the same units.

Symmetrical Systematic Uncertainty for the Test Result

B./2=[& (b /27"
Where By, isthe systematic uncertainty of the results and where B, and b, have the same units.

Ugs and Uasme Uncertainty Models

TheUgs modd is. Uy = i2-0(:{(BR / 2)2+(S>?,R )2]1/2

This model provides 95% confidence under a wide variety of conditions and is the recommended model
for uncertainty calculations. Thisis the case because the “2.00” in front of the equation is the Student’st for
30+ degrees of freedom and 95% of confidence. This simple model may also be altered to other confidences by

using the Uasve model: U ,q,e = *to|(Bg /2)2+(S>? R)ZJ.” ?. Here is no assumption of the degrees of freedom

being 30 or higher, and an individual Student’st is calculated for each uncertainty statement.
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Uncertainty (Error) Propagation

The Taylor Series for propagating the effects of the uncertainty in X and Y on the result R for
independent sourcesiis:

Ue) = (IR/MTX)?(U,)* + (TRITY)?(U)°

Where:

Ur = an uncertainty in the result, either systematic or random

Ux = an uncertainty in the measured parameter, X, either systematic or random

Uy = an uncertainty in the measured parameter, Y, either systematic or random

TR/ X =the influence coefficient that express as the influence an uncertainty in X will have on result R
a level X, (gx, aternate notation)

TR/9Y = the influence coefficient that express as the influence an uncertainty in Y will have on result
R at leve Y;, (gv, aternate notation)

The general expression for N uncertainty sourceis:

Le)S=a (/v (U, ]

Where:

V; = the " measured parameter or variable

U; = the uncertainty (systematic or random) associated with the it parameter

The following table presents the results of the uncertainty analysis for the first data point:

; . Systematic Random
Unsc(;elrjtrilgty Units NE?\II;&“ Uncertainty Uncertainty ’\Fl,zm?se E,\?)f Ui? °
(Br) (Sxr)
Flow Rate GPM 201 0.16 0.1 2600 0.26
Rate of
Penetration ft/hr 40 0.02 0.12 2600 0.24
Inclination
Angle from the degrees 87 0.1 0 2600 0.2
vertical
Cuttings Bed .
Height inches 54 0.079 0.2 10 0.48
Liquid Velocity ft/s 5.35 -0.01 -0.22 2600 0.44
Cuttings
Velocity ft/s 1.46 0.09 0.09 105 0.26
Cuttings Slip
Velocity ft/s 3.89 0.092 0.24 105 0.51
Note that Uncertainty = U g5 = * tos[(Br/2)* +(Sxr ), If n3 30 then ts=2.0, n=10 P tg5=2.228




