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�ی ���� و �دردا
  

ـــــف و �نا�ــــــ� �ـــــود �ــــــ�ار داده � � �  ــهـ �ـــــ�ا �ــــــورد ��ـ ــ ی را � ����ـ ـــــا�ی �ــــــی ���ـــــق �ــــــ�م و �ــــــم ا��ــــــون ا�ــــــن �ـــــپاس و �ــــــتا�ش �ــــــدا �رگـ

����ق را � پایان �سا�م
و�د ��عال �وا�تارم.  ���� از ا�ن ��ان، �و��ق روزا��ون ا�شان را از �دا

ن �قد� و 
��

  .از ا�ن رو 

ـــا�ید  ــ ـــا�ـــــد�ن و�ــــــی�ه از ز�مـــــات اسـ ــ ���ـــــرم  یرا��مـ
 �ید �شــــــاور، اســــــاآ�ی د��ـــــر ع�ــــــی �ـــــ�ا�ادهو جــــــا�ی  آ�ی د��ــــــر ��ا�ـــــ�ز دو��ــــــی ارده

ود �ـــوروزی و آ�ی د��ــــر 
���ــــ

 آ�ی د��ـــر 
 � � ی وا�ــــ

ک�
ی ارز��ندشـــان �ــــ�ا � ا�جــــام � � ���ـــر ا�ــــن پایــــانس � دی� ـــ� وس  ود�

���ــــ
��  � بــــا ر

���� و �دردا�ی �ی
  .�ما�م یاری ���ود�د 

 �
���

���رم آ�ی د��ر  ن� 
���ـن شـاه����ـی اصـان�و، د��ـر از اسا�ید 

ل ا� سـا�وا�ی � ز��ـت داوری ا�ـن ��دان  
��ـ

و د��ـر �ـید 

ود��� را � �ھده دا�،  پایان
���

���� و �درا�ی را دارم���ود کار ارا� داد�د،  ی�ا  یارز��ند یو ر
  . �ل 

����ــ�ن از ک��ــهـ کار�نــدان دا�ه �عـــدن از ک��ــه اســـا�ید دا�ه �عــدن � ا��خـــار شــا��دی اغ�ـــ� آ�ھــا را دا�ـــ�م و
 آ�ی  

ً
��وصـــا

���� �ی
����ی 

���ن شاه 
  .�ما�م 

� ا�جــــــاـم ا�ــــــن پایـــــــان ـــه دو�ــــــتان و ��ا�ـــــــی � �ــــــ�ا  ــ ـــــد، � پایــــــان از ک��ــ ود�ــ
��

ـــ�ما� �پاســـــــ��ارم و آرزوی �و���ـــــــت �ای  �� یــــــاری  ــ �ـ

 .ا�شان دارم
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  چکیده

از  ياریدر بسهاي حفاري زیر تعادلی است که داراي مزایاي زیادي  حفاري با کف یکی از زیر شاخه

ال یتوسط س) تمیزکاري چاه(هاي حفاري  انتقال خردهک و یدرولیاطلاع از ه. باشد می يات حفاریملع

. باشد ترین عوامل موثر در هزینه، زمان و کیفیت حفاري چاه براي تولید نفت و گاز می یکی از مهمکف 

دار با استفاده  شیبهاي  هدف این مطالعه، تحقیق و تحلیل کارایی تمیزکاري سیال حفاري کف در چاه

گر صورت یکه در مطالعات د باشد دینامیک سیالات محاسباتی میو ، آماري هاي هوشمند از روش

با استفاده از  ،کفغیرنیوتنی بنتونیتی و سیال  يحفار تسیالاپارامترهاي رئولوژیکی  .نگرفته است

سرعت  ،عصبی مصنوعی شبکه یطراحبا  .تعیین گردید یینان بالایبا درجه اطمالگوریتم ژنتیک 

بینی  پیش حاصل از RMSو  Rمقادیر . تخمین زده شدت نیوتنی و غیرنیوتنی سقوط ذرات در سیالا

 072/0و  974/0هاي آزمون برابر با  و براي داده 021/0و  997/0هاي آموزش برابر با  در داده

مقادیر . بینی گردید پیشافقی  يفضاي حلقودر توسط کف  ها یی انتقال خردههمچنین کارا. باشند می

R  وRMS 9/1و  914/0هاي آزمون برابر با  و براي داده 807/0و  993/0هاي آموزش برابر با  در داده 

 روش رگرسیون خطی چند متغیره،با استفاده از ها  انتقال خرده ییکارابعلاوه، . حاصل گردید

 .باشد یم 84/0و  91/0ابر با براي دو سري داده آموزش و تست بر Rو مقادیر  بینی گردید پیش

و  کفبراي دو حالت جریان سیال  فلوئنتتوسط نرم افزار  دینامیک سیالات محاسباتی،سازي  مدل

، کفبراي جریان مقایسه نتایج روش عددي با نتایج آزمایشگاهی . انجام پذیرفت ها با کف انتقال خرده

، ها انتقال خردهمقادیر آزمایشگاهی براي مقایسه نتایج با  .را نشان داد% 11کمتر از  نسبی خطاي

با توجه به نتایج حاصله، مدل رئولوژیکی قانون توان در  .دهد نشان می% 8خطاي نسبی کمتر از 

با . دهد تري ارائه می دار نتایج دقیق شیب يفضاي حلقوها در حالت  سازي عددي انتقال خرده شبیه

هاي شبکه عصبی و دینامیک سیالات محاسباتی با قابلیت  توجه به نتایج حاصل در این مطالعه، روش

  .ها بکار روند سازي انتقال خرده توانند در مدل اطمینان خوبی، می
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1- Bingham Plastic Model (BP) 
2- Power Law Model (PL) 
3- Herschel-Bulkley Model (HB) 
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Shale, 1995

                                                
1- Unified Model 
2- Robertson and Stiff Model 
3- Casson Model 
4- Over Balance Drilling 
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1- Lift 
2 Mist drilling 

3 - Gasified liquid driliing 
4 - Foam drilling 
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1- Fluid behavior index 
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1- Soft computing 
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1- Dynamic Test Facility(DTF) 
2- Foam generator viscometer(FGV) 
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 BPNN) 
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RSDemuth and Beale, 2002

                                                
1-Back Propagation Neural Network  



 

87 

 

RP1,…, PnS

PW

j

n(j)n(j)nS

�

)4 -1(   
,...S,jbwpn

R

i
jijij 21,    )(

1




 

ijwip
jnjbj 























Sb

b

b

b 2

1

, 




















 P

P

  P

P

R

2

1

, 



























S,RS,S,

,R,,

,R,,

....w   ww

....w   ww

....w   ww

W

21

22212

12111

 

af(x)

Demuth and Beale, 2002

)4 -2( )( SS nfa   



 

88 

 

Demuth and Beale, 2002

)4 -3( 2

1

2

1

)(
1

)(
1

i

N

i
i

N

I
i at

N
e

N
mse  



 

itiaN

msw

)4 -4( mswmsemsereg )1(    

msw

)4 -5( 




N

i
iw

N
msw

1

1
 

                                                
1- Overfitting 
2- Early stopping 
3- Bayesian regularization 
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CFD

CFD

PHOENICS

Spalding, 1981CFD

CFD 

FLUENT, 2006
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  

PreBFCeomeshGambit

                                                
1 - Multiphase 
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Quick

CFD

  

SIMPLE

SIMPLECPISOPC-SIMPLE

FLUENT, 2006  

                                                
1 - Upwin 
2 - Power-low 
3 -Quadratic Upstream Interpolation for Convective Kinetics(QUICK) 
4 - Semi-Implicit Method for Pressure Linked Equations 
5 - SIMPLE Consistent 
6 - Pressure-Implicit with Splitting of Operators 
7 -Phase Coupled SIMPLE 
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  
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 

                                                
1- Bubbly flow 
2- Droplet 
3- Slug flow 
4- Stratified/ free-surface flow 
5- Particle- laden 
6- Pneumatic transport 
7- Fluidized bed 
8- Slury 
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 

 

 

                                                
1- Hydrotransport 
2- Sedimentation 
3- Euler- Lagrange approach 
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 

VOF

 

 

  

 VOF 

                                                
1 - Volume of fluid 
2 - Mixture model 
3 - Eulerian model 
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1 -Granular 
2 -Schiller- Naumann 



 

178 

 

  

n

  

0)()( 



mmm v

t


vm

m

n

k
kkk

m

v

v



 1

m





n

k
kkm

1



kk

  

)(

][)()(

1

,,









n

k

kdrkdrkkm

T

mmmmmmmm

vvFg

vvpvvv
t





nFm



 

179 

 





n

k
kkm

1



qdrv ,k

mkkdr vvv ,

  

p

)()()()(
1

, pq

n

q
qppdrppmpppp mmvv

t










mpqpq

 

n

n ,...., 21



 

180 

 

 

qVq ,


V

qq dVV 

1
1




n

q
q

q

q

qqq  ˆ

qq

 

q

qpq

n

p
qpqqqqq Smmv

t








)()()(
1



 



 

181 

 

qv


qpqmpqqpmqpqS

q

q

)()(

)()(

,,

1

qVMqliftq

n

p

qpqppqpqpq

qqqqqqqqqqq

FFFvmvmR

gpvvv
t















qq

Ivvv qqqq

T

qqqqq  )
3

2
()( 

qqq qFqliftF ,qvmF ,

pqRp

pqv0pqmpq

ppq vv


0pqmqpqpq vv




pqR

qppq RR 0qqR





n

p

qppq

n

p

pq vvKR
11

)(

=KqpKpq

                                                
1- Lift force 
2- Virtual mass 



 

182 

 

s

)())((

)()(

,,

1

sVMslifts

n

l

slsllslsslls

ssssssssssss

FFFvmvmvvK

gppvvv
t















FLUENT, 

2006 Kaushal et al., 2012

Bourgoyne et al., 1991

)( 816.0 idoded 

domdim

ed

vf

dL

dP 22 


dL

dP
Pa/mfkg/m3v

m/s



 

183 

 

)22( idd

Q
v

O





Qm3/s

Dodge and Metzner, 1959

Re

16
f

2.1
395.0

)2
1

log(Re
75.0

41

n

n

f
nf






)
4

13
('K   ,'   ,

1'
8'

''2
Re

n

n
Knn

nK

n
ednv

eff

evD 












Haciislamoglu and Cartalos, 1994

 n

2527.031852.028454.0 )(96.0)(5.1)(072.01
o

i

o

i

o

i

lamconc

ecc

d

d
n

d

d
n

d

d

nP

P

















2527.031852.028454.0 )(258.0)(
3

2
)(048.01

o

i

o

i

o

i

Turbconc

ecc

d

d
n

d

d
n

d

d

nP

P

















Δ����Δ�����n

ε



 

184 

 

idod

e




2


e



 

185 

 

CFD

FLUENT

CFD

Adewumi M.A. and Tian S. (1989) "Hydrodynamic modeling of wellbore hydraulics 

in air drilling", SPE 19333, Eastern Regional Meeting, Morgantown, WV. 

Adewumi M.A., Tian S. and Watson R.W. (1993) "Fundamental study makes 

improves air drilling possible", SPE 26893, Pittsburgh, Pennsylvania. 



 

186 

 

Ahmed R.M., Takach N.E., Khan U.M., Taoutaou S., James S., Saasen A. and Godoy 

R. (2009) "Rheology of foamed cement", Cement. Concrete. res., 39, 4, pp. 353-

361.  

Ali M.W. (2002) "A parametric study of cutting transport in vertical and horizontal 

well, using computational fluid dynamics (CFD) ", MSc Thesis, West Virginia 

University, USA. 

Al-Kayiem H.H., Mohd Zaki N., Asyraf M.Z. and Elfee M.E. (2010) "Simulation of 

the cuttings cleaning during the drilling operation", Am. J. Appl. Sci., 7, 6, pp. 800-

806. 

API (American Petroleum Institute). (2009) "Rheology and hydraulics of oil-well 

drilling fluids", Recommended Practice 13D API, Washington, USA. 

Avila R., Pereira E., Miska S., Takach N. and Saasen A. (2008) "Correlation and 

analysis of cuttings transport with aerated fluid in deviated wells", SPE. Drill. 

Completion., 23, 2, pp. 132-141,  

Azar J.J. and Robello Samuel G. (2007) "Drilling engineering", PennWell 

Corporation. 

Becker T.E., Azar J.J. and Okranji S.S. (1991) "Correlations of mud rheological 

properties with cuttings transport performance in directional drilling", SPE. Drill. 

Eng., 6, 1, pp. 16-24. 

Beyer A.H., Millhone R.S., and Foote R.W. (1972) "Flow behavior of foam as a well 

circulating fluid", 47th Annual Fall Meeting of AIME, San Antonio, TX. 

Bilgesu H.I., Mishra N. and Ameri S. (2007) "Understanding the effects of drilling 

parameters on hole cleaning in horizontal and deviated wellbores using 

computational fluid dynamics", SPE 111208, Kentucky. 

Blauer R.E., Mitchel B.J. and Kohllhaas C.A. (1974) "Determination of laminar, 

turbulent, and transitional foam flow losses in pipes", SPE Annual California 

Regional Meeting, USA. 

Bonilla L.F. and Shah S.N. (2000) "Experimental investigation on the rheology of 

foams", Proceedings of the SPE/CERI Gas Technology Symposium, Alberta, 

Canada. 

Bourgoyne A.T., Chenevert M.E., Millheim K.K. and Young F.S. (1991) "Applied 

drilling engineering", SPE Textbook Series, Richardson TX. 



 

187 

 

Brown N.P., Bern P.A. and Weaver A. (1989) "Cleaning deviated holes: new 

experimental and theoretical studies", SPE/IADC 18636, Drilling Conference, New 

Orleans. 

Calvert J.R. and Nezhati K. (1986) "A rheological model for a liquid- gas foam", Int. 

J. Heat. Fluid. Fl., 7, 3, pp. 164–168 

Capo J., Yu M., Miska S.Z., Takach N.E. and Ahmed R. (2006) "Cuttings transport 

with aqueous foam at intermediate inclined wells [C]", SPE. Drill. Completion., 21, 

2, pp. 99-107. 

Carden R.S. (1991) "Air drilling has some pluses for horizontal wells", Oil & Gas J., 

8, pp.76-8. 

Cawiezel K.E. and Niles T.D. (1987) "Rheological properties of foam fracturing 

fluids under downhole conditions", SPE 16191, Dallas. 

Chhabra R.P. and Peri S.S. (1991) "Simple method for the estimation of free-fall 

velocity of spherical particles in power law liquids", Powder Technol., 67, pp. 287–

290. 

Chen Z., Ahmed R.M., Miska S.Z., Takach N.E., Yu M., Pickell M.B. and Hallman J. 

(2007) "Experimental study on cuttings transport with foam under simulated 

horizontal downhole conditions", SPE. Drill. Completion., 22, 4, pp. 304-312. 

Chen Z. (2005) "Cuttings transport with foam in horizontal concentric annulus under 

elevated pressure and temperature conditions", PhD Thesis, Tulsa University. 

Chen Z., Ahmed R.M., Miska S.Z., Takachi N.E., Yu M., Pickell M.B. and Hallman 

J.H. (2005) "Rheology of aqueous drilling foam using a flow-through rotational 

viscometer", SPE 93431, Houston.  

Chen Z., Ahmed R.M., Miska S.Z., Takach N.E., Yu M., Pickell M.B. and Hallman J. 

(2007) "Experimental study on cuttings transport with foam under simulated 

horizontal downhole conditions", SPE. Drill. Completion., l22, 4, pp. 304-312. 

Cheng R.C. and Wang R.H. (2008) "A three-segment hydraulic model for annular 

cuttings transport with foam in horizontal drilling [J]", J. Hydrodyn., 20, 1, pp. 67-

73. 

Chhabra R.P. (1990) "Motion of spheres in power law (viscoinelastic) fluids at 

intermediate Reynolds numbers, a unified approach", Chem. Eng. Process., 28, pp. 

89–94.  



 

188 

 

Chhabra R.P. and Peri S.S. (1991) "Simple method for the estimation of free-fall 

velocity of spherical particles in power law liquids", Powder. Technol., 67, pp. 287–

290. 

Chhabra R.P. (2006) "Bubbles, drops and particles in non-Newtonian fluids", Second 

ed. CRC Press, Boca Raton, FL. 

Chien S.F (1994) "Settling velocity of irregularly shaped particles", SPE. Drill. 

Completion., 9, 4, pp. 281-289. 

Chin W.C. (2001) "Computational rheology for pipeline and annular flow", Gulf 

Professional Publishing. 

Cho H., Shah S.N. and Osisanya S.O. (2001) "Effects of fluid flow in a porous 

cuttings-bed on cuttings transport efficiency and hydraulics", 71374 SPE, USA. 

Cho H. and Shah S.N. (2000) "A three-layer modeling for cuttings transport with 

coiled tubing horizontal drilling [C] ", SPE 63269, Dallas, Texas, USA. 

Cho H., Shah S.N. and Osisanya S.O. (2002) "A three-segment hydraulic model for 

cuttings transport in horizontal and deviated wells", J. Can. Petrol. Technol., 41, 6, 

pp. 32-39. 

Clark R.K. and Bickham K.L. (1994) "Mechanistic model for cuttings transport", SPE 

28306, annual SPE Technical Conference and Exhibition, New Orleans, Louisiana. 

Clift R., Grace J. and Weber M.E (1978) "Bubbles, drops, and particles", Academic 

Press, New York. 

Cross M.M. (1965) "Rheology of non-Newtonian fluids, a new flow equation for 

pseudoplastic systems", J. Coll. Sci., 20, pp. 417-437. 

Cui H., Cai M., Zhang S. and Xiu D. (2009) "Numerical computation of pressure 

gradient for the flow of power-law fluid in annulus with inner cylinder executing a 

planetary motion", J. Hydrodyn., 21, 5, pp. 699-704. 

Cybenko G. (1989) "Approximation by superposition of a sigmoidal function", Math. 

Control. Signals. Syst., 2, pp. 303–314. 

David A. and Marsden S. (1969) "The rheology of foam", Fall Meeting of the Society 

of Petroleum Engineers of AIME, Denver, Colorado. 

Dedegil M.Y. (1987) "Drag coefficient and settling velocity of particles in non-

Newtonian suspensions", J. Fluid. Eng., 109, pp. 319- 323. 

Demuth H. and Beale M. (2002) "Neural network toolbox for use with MATLAB", 

User’s Guide Version 4. 



 

189 

 

Doan Q.T., Oguztoreli M., Masuda Y., Yonezawa T., Kobayashi A. and Naganawa S. 

(2003) "Modeling of transient cuttings transport in underbalanced drilling (UBD)", 

SPE. J., 8, 2, pp. 160-170. 

Dodge D.W. and Metzner A.B. (1959) "Turbulent flow in non-Newtonian systems", 

AIChE. J. 5, pp. 189–204. 

Duan M. (2007) "Study of cuttings transport using foam with drill pipe rotation under 

simulated downhole conditions", PhD Thesis, Tulsa University, USA. 

Duan M., Miska S., Yu M., Takach N., Ahmed R. and Hallman J. (2010) 

"Experimental study and modeling of cuttings transport using foam with drillpipe 

rotation", SPE. Drill. Completion., 25, 3, pp. 352-362. 

Duan M., Miska S., Yu M., Takach N., Ahmed R. and Zettner C. (2008) "Transport of 

small cuttings in extended reach drilling", SPE. Drill. Completion., 23, 3, pp. 258-

265. 

Enzendorfer C., Harris R., Valko P. and Economides M. (1995) "Pipe viscometry of 

foams", J. Rheol., 39, pp. 345-358. 

Escudier M.P., Oliveira P.J. and Pinho F.T. (2002) "Fully developed laminar flow of 

non-Newtonian liquids through annuli, comparison of numerical calculations with 

experiments", Exp. Fluids., 33, pp. 101–111 . 

Escudier M.P., Oliveira P.J., Pinho F.T. and Smith S. (2002) "Fully developed laminar 

flow of purely viscous non-Newtonian liquids through annuli, including the effects 

of eccentricity and inner cylinder rotation", Int. J. Heat. Fluid. Flo., 23, pp. 52- 73 

Falcone G., Teodoriu C., Reinicke K.M. and Bello O.O. (2008) "Multiphase-flow 

modeling based on experimental testing: an overview of research facilities 

worldwide and the need for future developments", SPE Projects, Facilities & 

Construction., 3, 3, pp. 1-10. 

Fang G. (1992) "An experimental study of free settling of cuttings in newtonian and 

non-newtonian drillings fluids: drag coefficient and settling velocity", SPE 26125. 

Fletcher D. and Goss E. (1993) "Forecasting with neural networks: an application 

using bankruptcy data", Inform. Manag., 24, pp. 159–167. 

Fluent Inc. (2006) "Fluent user’s guide, Version 6.3.26", Fluent Inc., Lebanon, NH, 

USA. 



 

190 

 

Ford J.T., Peden J.M., Oyeneyin E.G. and Zarrough R. (1990) "Experimental 

investigation of drilled cuttings transport in inclined boreholes", SPE 20421, New 

Orleans. 

Ford J.T. and Oyeneyin M. B. (1994) "The formulation of milling fluids for efficient 

hole cleaning: an experimental investigation", SPE 28819, London, UK. 

Gavignet A. and Sobey I. (1989) "Model aids cuttings transport prediction", J. Petrol. 

Technol., 9, pp. 916– 921. 

Gillies R.G., McKibben M.J. and Shook C.A. (1997) "Pipeline flow of gas, liquid and 

sand mixture at low velocities", J. Can. Petrol. Technol., 39, 9, pp. 36-42 

Gumati A. and Takahshi H. (2011) "Experimental study and modeling of pressure loss 

for foam-cuttings mixture flow in horizontal pipe", J. Hydrodyn., 23, 4, pp. 431-438. 

Guo B., Hareland G. and Rajtar J. (1996) "Computer simulation predicts unfavorable 

mud rate for aerated mud drilling", SPE. Drill. Completion., 11, 2, pp. 61-66.  

Guo B., Miska S. and Hareland G.A. (1995) "A simple approach to determination of 

bottom hole pressure in directional foam drilling", ASME drilling technology 

symposium, New Orleans, LA. 

Guo X.L., Wang Z.G. and Long Z.I. (2010) "Study on three-layer unsteady model of 

cuttings transport for extended-reach well", J. Petrol. Sci. and Eng 73, pp. 171–180. 

Haciislamoglu M. and Cartalos U. (1994) Practical pressure loss predictions in 

realistic annular geometries, SPE 28304, New Orleands. 

Hajidavalloo E., Sadeghi Behbahani Zadeh M. and Shekari Y. (2013) "Simulation of 

gas–solid two-phase flow in the annulus of drilling well", Chem. Eng. Res. Des., 91, 

3, pp. 477-484. 

Hagan M.T., Demuth H.B., Beale M.H (1996) "Neural Neural Network Design", PWS 

Publishing, Boston, MA. 

Han S.M., Hwang Y.K., Woo N.S. and Kim Y.J. (2010) "Solid–liquid hydrodynamics 

in a slim hole drilling annulus", J. Petrol. Sci.  Eng., 70, pp. 308–319 

Hareland G., Azar J.J. and Rampersad P.R. (1993) "Comparison of cuttings transport 

in directional drilling using low-toxicity invert emulsion mineral-oil-based and 

water-based muds", 25871 SPE. 

Haykin S. (1999) "Neural networks: a comprehensive foundation", 2nd ed. Upper 

Saddle River, NJ: Prentice Hall. 



 

191 

 

Heider A. and Levenspiel O. (1989) "Drag coefficient and terminal velocity of 

spherical and nonspherical particles", Powder. Technol., 58, pp. 63–70. 

Heller J.P. and Kuntamukkula M.S (1987) "Critical review of the foam rheology 

literature", Ind. Eng. Che. Res., pp. 3187–3325. 

Hemphill T., Campos W. and Tehrani M.A. (1993) "Yield power law model 

accurately predicts mud rheology", Oil. Gas. J., 91, pp. 45–50. 

Hemphill T. and Ravi K. (2006) "Pipe rotation and hole cleaning in eccentric 

annulus", 99150 IADC/SPE, Miami, Florida. 

Herschel W.H. and Bulkley R. (1926) "Konsistenzmessungen von Gummi-

Benzollosungen", Kolloid -Z., 39, pp. 291–300 

Herzhaft B. (1999) "Rheology of aqueous foams: a literature review of some 

experimental works", Oil. Gas. Sci. Technol., 54, 5, pp. 587-596. 

Holland J.H. (1975) "Adaptation in natural and artificial systems: an introductory 

analysis with applications to biology, control, and artificial intelligence", University 

of Michigan Press, Ann Arbor, MI. 

Hornik K., Stinchcombe M. and White H. (1989) "Multilayer feed forward networks 

are universal approximates", Neural. Networks., 2, 5, pp. 359-366. 

Hussain Q.E. and Sharif M.A.R. (1997) "Viscoplastic fluid flow in irregular eccentric 

annuli due to axial motion of the inner pipe", Can. J. Chem. Eng., 75, pp.1038–

1045. 

Hussain Q.E. and Sharif M.A.R. (1998) "Analysis of yield-power-law fluid flow in 

irregular eccentric annuli", J. Energ. Res. Tech., 120, pp. 201-207. 

Hussain Q.E. and Sharif M.A.R. (2000) "Numerical modeling of helical flow of 

viscoplastic fluids in eccentric annuli", AIChE. J., 46, pp. 1937–1946. 

Hussaini S.M. and Azar J.J. (1983) "Experimental study of drilled cuttings transport 

using common drilling muds", SPE J., 23, 1, pp.11-20.  

Ikoku C.U., Azar J.J. and Williams C.R. (1980) "Practical approach to volume 

requirements for air and gas drilling", SPE 9445, Dallas, TX. 

Iyoho A.W. and Azar J.J. (1981) "An accurate slot model for non-Newtonian flow 

through eccentric annuli", SPE J., 21, 6, pp. 565-72. 

Iyoho A.W. (1980) "Drilled-cuttings transport by non-Newtonian drilling fluids 

through inclined eccentric annuli", PhD Thesis, University of Tulsa, Tulsa, USA. 



 

192 

 

Kakadjian S., Herzhaft B. and Neau L. (2003) "HP/HT rheology of aqueous 

compressible fluids for underbalanced drilling using a recirculating rheometer", SPE 

80207. 

Kaushal D.R., Thinglas T., Tomita Y., Kuchii S. and Tsukamoto H. (2012) "CFD 

modelingforpipelineflowoffineparticlesathighconcentration", Int. J. Multiphase. 

Flow., 43, pp. 85-100. 

Kelessidis V.C. (2003) "Terminal velocity of solid spheres falling in Newtonian and 

non-Newtonian liquids", Tech. Chron. Sci. J. TCG., 24, 1- 2, pp. 43–54. 

Kelessidis V.C. (2004) "An explicit equation for the terminal velocity of solid spheres 

falling in pseudoplastic liquids", Chem. Eng. Sci., 59, pp. 4437–4447. 

Kelessidis V.C. (2009) "Drilling fluid challenges for oil-well deep drilling", 

International Multidisciplinary Scientific GeoConference SGEM, Albena, Bulgaria.  

Kelessidis V.C. and Bandelis G. E., Li J (2007) "Flow of dilute solid-liquid mixtures 

in horizontal concentric and eccentric annuli", J. Can. Petrol. Technol., 46, 5, pp. 

56-61. 

Kelessidis V.C. and Bandelis, G.E. (2004) "Flow pattern and minimum suspension 

velocity for efficient cuttings transport in horizontal and deviated well in coiled-

tubing drilling", SPE. Drill. Completion., 19, 4, pp. 213-227. 

Kelessidis V.C. and Maglione R. (2006) "Modeling rheological behavior of bentonite 

suspensions as Casson and Robertson–Stiff fluids using Newtonian and true shear 

rates in Couette viscometry", Powder. Technol., 168, pp. 134–147  

Kelessidis V.C. and Mpandelis G. (2004) "Measurements and prediction of terminal 

velocity of solid spheres falling through stagnant pseudo- plastic liquids", J. Powder. 

Technol., 147, pp. 117-125. 

Kelessidis V.C., Dalamarinis P. and Maglione R. (2011) "Experimental study and 

predictions of pressure losses of fluids modeled as Herschel–Bulkley in concentric 

and eccentric annuli in laminar, transitional and turbulent flows", J. Petrol. Sci.  

Eng., 77, pp. 305–312 

Kelessidis V.C., Maglione R. Tsamantaki C. and Aspirtakis Y. (2006) "Optimal 

determination of rheological parameters for Herschel-Bulkley drilling fluids and 

impact on pressure drop, velocity profiles and penetration rates during drilling", J. 

Petrol. Sci.  Eng., 53, pp. 203-224. 



 

193 

 

Khataniar S., Chukwu G.A. and Hua X. (1994) "Evaluation of rheological models and 

application to flow regime determination", J. Pet. Sci. and Eng., 11, pp. 155-164. 

Krug J.A. and Mitchell B.J. (1972) "Charts help find volume pressure needed for 

foam drilling", Oil. Gas. J., pp. 61-64. 

Kundu N. and Peterson G.P. (1987) "Transmission of solid particles using a two- 

phase medium", J. Ene. Res. Tech., 109, pp.35- 39. 

Lali A.M., Khare A.S., Joshi J.B. and Nigam K.D.P. (1989) "Behavior of solid 

particles in viscous non-Newtonian solutions: settling velocity, wall effects and bed 

expansion in solid–liquid fluidized beds", Powder. Technol., 57, pp. 39–50 

Larsen T.I., Pilehvari A.A. and Azar J.J. (1997) "Development of a new cutting 

transport model for high – angle wellbores including horizontal wells", SPE 25872. 

Li J. and Walker S. (2001) "Sensitivity analysis of hole cleaning parameters in 

directional wells", SPE J., 6, 4, pp. 356- 363. 

Li Y. (2004) "Numerical modeling of cuttings transport with foam in vertical and 

horizontal wells [D] ", PhD Thesis, Edmonton, Canada, University of Alberta. 

Li Y., Bjorndalen N., Kuru E (2007) "Numerical modeling of cuttings transport in 

horizontal wells using conventional drilling fluids", J. Can. Petrol. Technol., 46, 7, 

pp. 9-15.  

Li Y. and Kuru E. (2003) "Numerical modeling of cuttings transport with foam in 

horizontal wells [J] ", J. Can. Petrol. Technol., 42, 10, pp. 54-61. 

Li Y. and, Kuru E. (2005) "Numerical modeling of cuttings transport with foam in 

vertical wells", J. Can. Petrol. Technol., 44, 3, pp. 31-39. 

Li Y. and Kuru E. (2008) "Prediction of critical foam velocity for effective cuttings 

transport with foam in horizontal well", Energ. Source., 30, pp. 994–1004. 

Liu G. and Medley G.H. (1996) "Foam computer model helps in analysis of 

underbalanced drilling", Oil. Gas. J., 94, 27, pp. 114-119. 

Loureiro B.V., de Paula R.S. and Serafim M.B. (2010) "Experimental evaluation of 

the effect of drillsting rotation in the suspension of a cuttings bed", 122071-MS, 

Lima. 

Lourenco A.M.F., Martins A.L., Andrade Jr P.H. and Nakagawa E.Y. (2006) 

"Investigating solids-carrying capacity for an optimized hydraulics program in 

aerated polymer-based-fluid drilling", SPE Drilling Conference, Florida, USA. 



 

194 

 

Lourenco A.M.F., Martins A.L., Sa C.H.M., Brandao E.M. and Shayegi S. (2000) 

"Drilling with foam: stability and rheology aspects", Proceedings of ETCE/OMAE 

joint conference on energy for the new millennium, New Orleans, LA. 

Luo Y., Bern PA., Chambers B.D. and Kellingray D.S. (1994) "Simple charts to 

determine hole cleaning requirements in deviated wells", 27486 IADC/SPE. 

Luo Y., Bern P.A. and Chambers B.D. (1992) "Flow-rate prediction for cleaning 

deviated wells", SPE 23884, IADC/SPE Drilling Conference, New Orleans, LA. 

Man K.F., Tang K.S. and Kwong S. (1996) "Genetic algorithms: concepts and 

applications", IEEE. T. Ind. Electron., 43, 5, pp. 519-534. 

Martins A.L., Luorenco, A.M.F and de Sa, C.H.M. (2001) "Foam properties 

requirements for proper hole cleaning while drilling horizontal wells in 

underbalanced conditions", SPE. Drill. Completion., 16, 4, pp. 195-200. 

Martins A.L., Santana M.L. and Gaspari E.F. (1999) "Evaluating the transport of 

solids generated by shale instabilities in ERW drilling[J]", SPE. Drill. Completion., 

14, 4, pp. 254-259. 

Meano W.J. (1987) "Experimental Study of Shale Cuttings Transport in an Inclined 

Annulus Using Mineral Oil-Base Mud", M.S. Thesis, University of Tulsa, Tulsa. 

Michalewicz Z. (1996) "Genetic Algorithms + Data Structures = Evolution 

Programs", 3rd edition, Springer - Verlag, New York. 

Mirhaj S.A., Shadizadeh S.R. and Fazaelizadeh M. (2007) "Cuttings removal 

simulation for deviated and horizontal wellbores[C] ", SPE 105442, Bahrain. 

Miska S., et al. (2004) "Advanced cuttings transport study", Technical Report, The 

University of Tulsa. 

Mitchell B. J. (1969) "Viscosity of foam", PhD Thesis, University of Oklahoma.  

Miura H., Takahashi T., Ichikawa J. and Kawase Y. (2001) "Bed expansion in liquid–

solid two-phase fluidized beds with Newtonian and non- Newtonian fluids over the 

wide range of Reynolds numbers", Powder. Technol., 117, pp. 239–246. 

Moroni N., Ravi K., Hemphill T. and Sairam P. (2009) "Pipe rotation improves hole 

cleaning and cement-slurry placement, mathematical modeling and field validation", 

SPE 124726.  

Nazari T., Hareland G. and Azar J.J. (2010) "Review of cuttings transport in 

directional well drilling, systematic approach", SPE 132372, California. 



 

195 

 

Nguyen D. and Rahman S.S. (1998) "A three-layer hydraulic program for effective 

cuttings transport and hole cleaning in highly deviated and horizontal wells [J]", 

SPE. Drill. Completion., 13, 3, pp. 182-189. 

Ogugbue C.C.E. (2009) "Non-Newtonian power-law fluid flow in eccentric annuli, 

CFD simulation and experimental study", PhD Thesis, University of Oklahoma.  

Okpobiri G.A. (1982) "Experimental determination of solids friction factors and 

minimum volumetric requirements in foam and mist drilling and well cleanout 

operations", PhD Thesis, University of Tulsa, Tulsa, OK-USA. 

Okpobiri G.A. and Ikoku C.U. (1986) "Volumetric requirements for foam and mist 

drilling operations", SPE. Drill. Completion., 1, pp.71-86. 

Okranji S.S.  Azar J.J. (1986) "The effect of mud rheology on annular hole cleaning in 

directional wells", SPE Drill. Eng., 1, pp. 297-308.  

Oroskar A.R. and Turian R.M. (1980) "The critical velocity in pipeline flow of 

slurries [J]", AIChE. J., 26, 6, pp. 550-558. 

Osgouei R. (2010) "Determination of cuttings transport properties of gasified drilling 

fluids", PhD thesis, Middel East Technical University. 

Osunde O. and Kuru E. (2008) "Numerical modelling of cuttings transport with foam 

in inclined wells", T. Open. Fuels.  Ene. Sci. J., 1, pp. 19-33.  

Owayed J.F. (1997) "Simulation of water influx during underbalanced foam drilling", 

MSc Thesis, University of Tulsa, OK. 

Ozbayoglu M.E. (2002) "Cuttings transport with foam in horizontal and highly-

inclined wellbores", PhD Thesis, University of Tulsa, Tulsa, OK-USA. 

Ozbayoglu M.E., Kuru E., Miska S. and Takach N. (2002) "Comparative study of 

hydraulic models for foam drilling", J. Can. Petrol. Technol., 41, 6, pp. 52-61. 

Ozbayoglu M.E., Miska S.Z., Reed T. and Takach N. (2005) "Using foam in 

horizontal well drilling, a cuttings transport modeling approach [J]", J. Petrol. Sci. 

Eng., 46, 4, pp. 267-282. 

Ozbayoglu M.E., Miska S.Z., Reed T. and Takach N. (2003) "Cuttings transport with 

foam in horizontal & highly-inclined wellbore", SPE 79856, Netherlands. 

Ozbayoglu M.E., Miska S.Z., Takach N. and Reed T. (2009) "Sensitivity analysis of 

major drilling parameters on cuttings transport during drilling highly-inclined 

wells", Petrol. Sci. Technol., 27, pp. 122–133. 



 

196 

 

Ozbayoglu M.E. and Omurlu C. (2007) "Modelling of two-phase flow through 

concentric annuli", Petrol. Sci. Technol., 25, pp. 1027–1040. 

Ozbayoglu M.E., Sorgun M., Saasen A. and Svanes K. (2010) "Hole cleaning 

performance of light-weight drilling fluids during horizontal underbalanced 

drilling", J. Can. Petrol. Technol., 49, 4, pp. 21-26. 

Pereira F.A.R., Ataide C.H. and Barrozo M.A.S (2010) "CFD approch using a discrete 

phase model for annular flow analysis", Lat. Amer. Appl. Res., 40, pp. 53-60. 

Pereira F.A.R., Barrozo M.A.S. and Ataide C.H. (2007) "CFD predictions of drilling 

fluid velocity and pressure profiles in laminar helical flow", Brazilian. J. Che. Eng., 

24, 4, pp. 587-595.  

Philip Z., Sharma M.M. and Chenevert M.E. (1998) "The role of Taylor vortices in 

transport of drill cuttings", 39504 SPE. 

Pigott R.J.S (1941) "Mud flow in drilling", Drilling and production practice 

conference, API, pp. 91–103. 

Pilehvari A.A., Azar J.J. and Shirazi S.A. (1999) "State of the art cuttings transport in 

horizontal wellbores", SPE. Drill. Completion., 14, 3, pp. 196-200. 

Pinelli D. and Magelli F. (2001) "Solids settling velocity and distribution in slurry 

reactors with dilute pseudoplastic suspensions", Ind. Eng. Che. Res., 40, pp. 4456–

4462. 

Piroozian A., Ismail I., Yaacob Z., Babakhani P. and Ismail A.S.I. (2012) "Impact of 

drilling fluid viscosity, velocity and hole inclination on cuttings transport in 

horizontal and highly deviated wells", J. Petrol. Explor. Prod. Tech., 2, pp. 149–156.  

Ramalho J. (2006) "Underbalanced drilling in the reservoir, an integrated technology 

approach[C]", SPE 103576, Moscow, Russia. 

Rankin M.D., Friesenhahn T.J. and Price W.R. (1989) "Lightened fluid hydraulics and 

inclined boreholes", SPE/IADC 18670, New Orleans-Louisiana.  

Raza S.H. and Marsden S.S. (1965) "The flow of foam: 1. rheology and streaming 

potential", Meeting of the Society of Petroleum Engineers of AIME, Colorado.  

Reidenbach V.G., Harris P.C., Lee Y.N. and Lord D.L. (1986) "Rheological study of 

foam fracturing fluids using nitrogen and carbon dioxide", SPE Prod. Eng., 1, 1, 

pp.31-41. 



 

197 

 

Robertson R.E. and Stiff Jr H.A. (1976) "An improved mathematical model for 

relating shear stress to shear rate in drilling fluids and cement slurries", SPE J., 16, 

1, pp. 31–36. 

Rooki R., Doulati Ardejani F., Moradzadeh A., Mirzaei H., Kelessidis VC., Maglione 

R. and Norouzi M. (2012) "Optimal determination of rheological parameters for 

Herschel–bulkley drilling fluids using genetic algorithms (GAs)", Korea-Aust. 

Rheol. J., 24, 3, pp. 163-170. 

Saha G., Purohit N.K., Mitra A.K. (1992) "Spherical particle terminal settling velocity 

and drag in Bingham liquids", Int. J. Miner. Process., 36, 3-4, pp. 273–281. 

Saintpere S., Herzhaft B., Toure A. (1999) "Rheological properties of aqueous foams 

for underbalanced drilling", Annual Technical Conference and Exhibition, Houston. 

Saintpere S., Marcillat Y., Bruni F. and Toure A. (2000) "Hole cleaning capabilities of 

drilling foams compared to conventional fluids", SPE 63049, Dallas-Texas.  

Sanchez R.A., Azar J.J., Bassal A.A. and Martins A.L. (1999) "Effect of drill pipe 

rotation on hole cleaning during directional-well drilling", 56406 SPE. 

Sanghani V. and Ikoku C.U (1983) "Rheology of foam and its implication in drilling 

and cleanout operations", J. Energ. Resour. Tech., 105, 3, pp. 362-371. 

Sani A.M., Shah S.N. and Baldwin L. (2001) "Experimental investigation of xanthan 

foam rheology", SPE 67263, Oklahoma. 

Shah S.N., Fadili Y.E. and Chhabra R.P. (2007) "New model for single spherical 

particle settling velocity in power law (visco-inelastic) fluids", Int. J. Multiphase. 

Flow., 33, pp. 51-66. 

Shah S.N., Shanker N.H. and Ogugbue C.C. (2010) "Future challenges of drilling 

fluids and their rheological measurements", AADE Fluids conference and 

exhibition, Texas. 

Shale L. (1995) "Underbalanced drilling with air offers many pluses", Oil. Gas. J., 93, 

26, pp. 33-39. 

Sifferman T.R., Myers G.M., Haden, E.L. and Wahl H.A. (1974) "Drill-cuttings 

transport in full-scale vertical annulus", J. Petrol. Technol., 26, 11, pp. 1295–1302. 

Spalding D.B. (1981) " A general purpose computer program for multi-dimensional 

one- and two-phase flow", Math. Comput. Simulat., 23, 3, pp.267- 276. 

SPSS Inc. (1993) "PASW® Statistics18 Core System User’s Guide", 233 South 

Wacker Drive,11th Floor Chicago, IL60606-6412. 



 

198 

 

Sun M.S. (2007) "Numerical simulation and application of foam fluid on sand-

flushing [D]", PhD Thesis, China University of Petroleum (East China). 

Teichrob R.R. and Manuel J.J. (1997) Underbalanced foam drilling reduces hole 

problems and costs, Oil. Gas. J. 95, pp. 52-55. 

Tian S., Medley G.H. and Stone C.R. (2000) "Optimization circulation while drilling 

underbalanced", World Oil. 

Tomren P.H. (1979) "The transport of drilled cuttings in an inclined eccentric 

annulus", MSc Thesis, University of Tulsa, Tulsa, USA. 

Tomren PH., Iyoho AW. and Azar J.J. (1986) "Experimental study of cuttings 

transport in directional wells", SPE Drill. Eng., 1, 1, pp. 43-56. 

Turian R.M., Ma T.W., Hsu F.L.G. and Sung D.J. (1997) "Characterization, settling 

and rheology of concentrated fine particulate mineral slurries", Powder. Technol., 

93, pp. 219–233. 

Valko P. and Economides M.J. (1992) "Equalized constitutive equations for foamed 

polymer solutions", J. Rheol., 6, pp. 1033-1055.  

Viloria Ochoa M. (2006) "Analysis of drilling fluid rheology and tool joint effect to 

reduce errors in hydraulics calculations", PhD Thesis, Texas A & M University. 

Vinod P.S. (1994) "Effect of fluid rheology in hole cleaning in highly-deviated wells", 

PhD Thesis, Rice University. 

Walker S., Li J. (2000) "The effect of particle size, fluid rheology, and pipe 

eccentricity on cutting transport", SPE 60755, Houston. 

Wang R., Cheng R., Wang H. and Bu Y. (2009a) "Numerical simulation of transient 

cuttings transport with foam fluid in horizontal wellbore", J. Hydrodyn., 21, 4, pp. 

437-444. 

Wang Z. and Zhang Z. (2004) "A two-layer time-dependent model for cuttings 

transport in extended-reach horizontal wells", J. Hydrodyn., 19, 5, pp. 676–681. 

Wang Z.M., Guo X.L., Li M. and Hong Y.K. (2009) "Effect of drillpipe rotation on 

borehole cleaning for extended reach well", J. Hydrodyn., 21, 3, pp. 366-372 

Washington A. (2004) "A preliminary study of the rheology of foam using a rotational 

viscometer", MSc Thesis, The University of Tulsa. 

Wilkes M., Watson R.W. and Graham R.L. (1998) "A new improvement for the 

design and field implementation of air-mist drilling", IADC/SPE 39301, Texas. 



 

199 

 

Xiaofeng S., Kelin W., Tie Y., Yang Z., Shuai S. and Shizhu L. (2013) "Review of 

hole cleaning in complex structural wells", T. Open. Petrol. Eng. J., 6, pp. 25-32. 

Yao D. and Robello S.G. (2008) "Annular pressure loss predictions for various stand-

off devices", IADC/SPE 112544, Orlando, Florida, USA. 

Yu M., Takach N.E., Nakamura D.R. and Shariff M.M. (2007) "An experimental 

study of hole cleaning under simulated downhole conditions", 109840-MS, SPE 

conference. 

Zeidler U.H. (1972) "An experimental analysis of the transport of drilled particles", 

SPE 3064, 45th Annual Meeting, Houston. 

Zhiming W., Liqiu P. and Ke Z. (2007) "Prediction of dynamic wellbore pressure in 

gasified fluid drilling", Petrol. Sci., 4, 4, pp. 66-73. 

Zhonghou S., Haizhu W. and Gensheng L. (2011) "Numerical simulation of the 

cutting-carrying ability of supercritical carbon dioxide drilling at horizontal 

section", Petrol. Explor. Develop., 38, 2, pp. 233-236. 

Zhou L. (2004) "Cuttings transport with aerated mud in horizontal annulus under 

elevated pressure and temperature conditions", PhD Thesis, The University of Tulsa.  

Zhou L. (2006a) "Hole cleaning during UBD in horizontal and inclined wellbore", 

SPE 98926, IADC drilling conference, Miami, Florida. 

Zhou L. (2008) "Hole cleaning during underbalanced drilling in horizontal and 

inclined wellbore", SPE. Drill. Completion., 23, 3, pp. 267-273. 

Zhou L., Wang J. and Hao J. (1996) "Calculation and design of flow parameters for 

two- phase flow in aerated drilling", SPE 37044, Calgary-Alberta- Canada. 

Zhou Y. (2006) "Theoretical and experimental studies of power – law fluid flow in 

coiled tubing", PhD Thesis, University of Oklahoma. 

Zhou Y. and Shah S.N. (2003) "Fluid Flow in Coiled Tubing: CFD Simulation", 

Canadian International Petroleum Conference, Calgary, Alberta. 

Zhu T., Volk L. and Carroll H. (1995) "Industry state – of the art in underbalanced 

drilling", Project report, USA. 



 

 
 

Abstract

Foam drilling is one of main branches of underbalanced drilling that has many advantages in 

many drilling operations. A good knoledg of foam hydraulics and cttings transport using 

foam is one of the main factors affecting cost, time, and the quality of oil and gas wells. The 

objective of this study is to investigate of cuttings transport with foam in inclined wellbores 

using intelligent, statistical and Computational Fluid Dynamics (CFD) methods. The 

rheological parameters of non-Newtonian bentonite fluids and foam fluid were determined 

using genetic algorithm. It was identified that genetic algorithm performs better than 

statistical methods in determining the rheological parameters of drilling fluids. The terminal 

velocity of spherical solids in Newtonian and non- Newtonian power law fluids was 

estimated using artificial neural networks (ANNs). The correlation coefficient (R) and root 

mean square error between the predicted and experimental data were 0.997 and 0.021 for 

train data respectively. The R and RMS were 0.974 and 0.072 for test data respectively. 

Besides, artificial neural networks were used to predict the hole cleaning efficiency using 

foam fluid in horizontal wellbores. The correlation coefficient (R) and RMS between the 

predicted and experimental data were 0.993 and 0.807 for train data, respectively. The R and 

RMS were 0.914 and 1.9 for test data, respectively. Hole cleaning efficiency was predicted 

using a multiple linear regression (MLR). The correlation coefficients (R) between the 

predicted and experimental data were 0.91 and 0.84 for train and test data respectively. 

Computational fluid dynamics modeling of fluid (foam) flow and liquid- solid flow (cuttings 

transport phenomena) in annulus was further conducted using FLUENT commercial 

software. In foam flow modeling, the effect of various operational parameters on pressure 

loss such as fluid rheology, foam fluid velocity, foam quality, drillpipe rotation and wellbore 

eccentricity was considered. Simulation results were compared with the previously published 

experimental data. The agreement was close with a relative error less than 11% for all 

models. For cuttings transport modeling, the effect of foam quality, foam velocity, drill pipe 

rotation, rheological model and wellbore inclination on cuttings transport phenomena in both 

concentric and eccentric annulus was investigated. The results of CFD using Power law 

model are in good agreement with experimental results in horizontal annulus respect to 

Herschel- Bulkly model with relative error less than 8%. This study shows the reliability of 

the ANN and CFD modeling in replicating the actual physical process.  

Keywords: Drilling Cuttings Transport, Inclined Drilling, Under Balanced Drilling, Foam 

fluid, Inteligent nad Statistical Methods, Computational Fluid Dynamics 
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