
CHAPTER II 
LITERATURE REVIEW

2.1 Drilling Concept
o

2.1.1 P rincip les o f  D rilling
T he operation  o f  drilling a w ell in to a po ten tial rese rvo ir is the only 

w ay  to  prove th a t there  is hydrocarbon. The m ain  com ponent o f  d rilling  rig  is shown 
in F igure 2.1 (A rcher and W all, 1986). This rig  can be float for o ffshore  drilling or 
m ay  be perm anen tly  set up on onshore. The drill ho le is bu ilt using  drill b its and m ake 
it m ore strength  by casing. D rill bits are lubricated  during the drilling  operation with 
flu id  know n as drilling  m ud. This fluid con tains special com ponen t prov ided by 
eng ineers balances the pressure w ith the form ation pressure to  avo id  w ell collapse and 
flu id  in flux  (G ucuyener and  T urkish  Petroleum  C om pany, 2003).

Figure 2.1 Main component of a well drilling operation (Archer and Wall, 1986).
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2.1.2 D irectional D rilling
D irectional drilling is a  d rilling  operation  to  ta rg e t zone with an 

inclination  above five degrees. This technique can app roach  th e  reservoir under 
unstab le env ironm ent w hereas the vertical d rilling  canno t ach ieve th e  target. There are 
th ree  param eters th a t can  define directional d rilling  w hich  are bu ild  rate, hold & drop 
inclination , and  k ick  o f  po in t (G arden and G race, 2007). A  sim ple  build/hold/drop w ell 
tra jectory  is know n as ‘ร ’ shape as show n in F igure 2.2. T he k ick  o f  point is the 
beg inn ing  o f  bu ild  section  w hich designs the  curvature  by  bu ildup  rate until it ends at 
end  o f  build section. T he tangent section m ain tains the angle and  direction  constantly 
un til the nex t target is reached. The drop section  is designed  by  dropping  inclination 
ra te  (H alliburton, 1997).

Figure 2.2 W ell profile  term inology (H alliburton, 1997).

2.2 Geomechanics

2.2.1 Pore P ressure
Pore pressure is the pressure o f  flu id  w h ich  is in  p o re  space o f  rock or 

reservo ir. T yp ically , pore pressure is sim ply  equal to  the w eigh t o f  overlying fluid. 
T his p ressure is o ften  referred  to hydrostatic p ressure w h ich  is exerted  by  the colum n 
o f  fluid from  the fo rm ation ’s depth to the sea  level. In  subsurface  w hich is high
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com pacted  sed im en t in  sand layer, the pore fluid cannot escape  from  these porous and 
it w ill lead to  h igh  form ation pressure.

2.2.2 Fracture Pressure
Fracture pressure is the pressure th a t the rock  form ation  can be cracked, 

and  the  flu id  lost circulation. This pressure usually  express as a  gradient w ith the ratio 
o f  pressure per depth. The higher dep th  form ation  has the h igher fracture gradient 
because o f  h igh  com pacted rock form ation.

The pressure w hile drilling are a lw ays concerned  bo th  pore pressure and  the 
fractu re pressure  in  the drilling pressure w indow . To drill effectively , the pressure in 
w ellbore should  stay  in the safe zone, low er than  fractu re pressure and higher than pore 
pressure as show n in Figure 2.3 (Tercan, 2010). T he overburden  is the highest m ud 
w eigh t to  avoid  lost circulation, and the co llapse  is the  low est m ud w eight to  avoid 
flu id  influx.

Figure 2.3 E xam ple  o f  pressure w indow  (Tercan, 2010).

2.3 Drilling Fluid

2.3.1 D rilling  Fluid Functions
D rilling  fluid, also referred  to  a  m ud, p lays an  im portan t function in the 

drilling  operation . F lu id  can control the  pressure  th a t ex ist in w ellbore providing

๐
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hydrostatic  p ressure to  prevent form ation  fluid from  en tering  into the w ellbore, and 
also  o ther functions for exam ple lubricating  the drill string, keep ing  the drill b it coo l 
and clean, carry ing the cutting to  the  surface, suspend ing  the  cutting w hile drilling  is 
paused, also  stabilizing the w ell.

2 .3 .2  D rilling Fluid C ategories
D rilling m ud consists o f  four basic parts: (1) base fluids w ater, oil, 

syn thetic m aterial, or varying com binations -  w hich  c lassify  as the m ud; (2) active  
solids -  to control viscosity o f  fluid, often ben tonite  clays; (3) inert solids -  to  con tro l 
density  o f  fluid, such as barite; and  (4) o ther add itives -  to control the chem ical, 
physical, and biological properties o f  the m ud, such as po lym ers, starches, and various 
o ther chem icals. M ud is also classified  in to three general categories: w ater-based m ud 
(W B M ), oil-base m ud (OBM ), and  syn thetic-based  m ud  (SB M ). W B M  is m ade w ith  
fresh  w ater and  is used for m ost types o f  drilling. It consists  o f  dissolved salt, add itives, 
po lym er, clay , and w eight m aterial such  as barite (K aiser, 2009). O B M  is com posed  
o f  oil as the  continuous phase and  w ater as the d ispersed  phase. The oil base can  be 
diesel, kerosene, fuel oil, selected crude oil or m ineral oil. SB M  is a m ud w here  the 
base fluid is a  synthetic oil w hich  are  o lefins and  paraffins.

2.4 Drilling Method

T ypically , drilling operations are m ostly  dependence on pressure p ro file  in 
the subsurface. B ased on pressure w hile  drilling, there  are tw o types o f  drilling. T he 
w orldw ide drilling  condition is conven tional d rilling  o r the other nam es is 
conven tional over balanced drilling  (O B D ) w h ich  w ellbore  is drilled w ith  the  flu id  
pressure h igher than the form ation pressure. A n o ther type is underbalanced drilling  
(U B D ) w hich  the w ellbore is d rilled  w ith  flu id  pressure  less than the fo rm ation  
pressure.

2.4.1 Conventional D rilling  C ondition
C onventional drilling  is the  general te rm  used to  describe the typ ical 

onshore and  offshore drilling operation  involve in various equipm ent, p rocedures and

๐
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personnel. In the drilling operation , w ell is d rilled  w ith  the balancing flu id  pressure 
and the form ation pressure by  a  c ircu la tion  system . T he conventional d rilling  is 
norm ally  know n as overbalanced drilling  w hich  th e  flu id  pressure is h igher th an  the 
form ation pressure. This causes the  fluid lose in to the  form ation and the form ation  is 
dam aged  due to  the hydrostatic pressure and  dynam ic pressure. This technique a llow s 
the occurrence o f  fluid loss, so there  is no in flux  o f  flu id  into w ellbore. The circu la tion  
system  is controlled in the open system . O n  su rface  w ellhead, there is b low  ou t 
p reven ter (B O P) to  control the fluid b low  out, hen ce  in the open system  B O P  alw ays 
opens to  atm osphere.

The conventional drilling  is supposed  to  m ain tain  over the  pressure 
w h ich  can  cause the drilling fluid loss and  the  form ation  is easily  dam aged due  to 
fracturing . T he strong effect o f  over p ressure  forces the  drilling fluid passing th rough  
the form ation porous m edia w h ich  w ill c rea te  the  filte r cake on w ellbore w all, it w ill 
reduce the rate o f  penetration, and  also cause  p ipe  stuck. There are a lso  o ther 
advantages and disadvantages o f  conven tional drilling  as  follow ing (N auduri, 2009).

>  A dvantages
•  The w ells  are com para tive ly  inexpensive.
•  The equ ipm ent and drilling  crew  are generally availab le .
•  The w ell design and p lann ing  operations are uncom plicated .
•  The regulato ry  perm itting  issues are less strict.

>  D isadvantages
•  D rilling  crew  m ight run  in to a  d rilling  problem  that cou ld  

resu lt in loss o f  tim e and  m oney.
•  In  very  rare case lack  o f  advanced  equipm ent and  drilling  

experts m ight cause b low outs, health, safety and 
env ironm ent (H SE) issue.
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2.4.2 U nderbalanced D rilling  C ond ition  (U BD )
U nderbalanced drilling  (U B D ) technology is increasing ly  used 

w orldw ide as an alternative techno logy  to  th e  conven tional drilling. T h is techno logy  
m ain ta in s pressure during d rillin g  operation  less than  the form ation p ressure  to  reduce 
the  form ation dam age w hile the conventional^ drilling  dam age the  form ation  by 
fracturing . Fluid form ation are a lso  a llow ed invad ing  into w ellbore, and  are  con tro lled  
in close system  at the surface. In U B D  opera tion  B O P is closed to  con tro l fluid, bu t 
B O P is opened to the atm osphere  in conven tional d rilling  due to no fluid in flux  as 
show n in Figure 2.4.

conven tional drilling because the w ellbore  pressure  is slightly less than  the  form ation 
pressure. UBD usually involves in  tw o ph ase  flow  to adjust the fluid density . T he 
generally  used m ethod is to in jec t gas w h ile  in jecting  d rilling  m ud to  decrease  the  fluid 
density  as  shown in Figure 2.5. T hese  gases can  be air, nitrogen, natural gas, carbon  
dioxide, or inert gas w hich are no n-con den sab le  gas, and are entrained in liqu id  to 
low er fluid density to  the po in t w here the U B D  is ob ta ined  (Zhu et a l ,  1995).

U n d erb a lan ced  drilling C o n v en tio n a l drilling

2 .4.2.1 Underbalanced Drilling Fluid
D rilling  fluid in U B D  condition  m ight be d ifferen t from  the

D r i l l in g  f lu id  
r e t u r n s  t o  c l o s e d  

c i r c u l a t i o n  s y s t e m

D r i l l in g  f l u id  
r e t u r n s  t o  o p e n  

c i r c u l a t i o n  s y s t e m

F ig u r e  2 .4  o p e n  vs. closed circu la tion  system s (L ake, 2006).

2.4.2.2 Advantages and  Disadvantages
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T he m ain  advantage o f  using U B D  is to  reduce form ation 
dam age due to  form ation be ing  sensitive. T here are additional advantages for U B D  by  
increasing rate o f  penetra tion  (R O P), reduce  lost circulation and d ifferen t sticking. The 
d ifferen t sticking is w orldw ide drilling  p rob lem  because o f  tim e and  m oney  it takes to  
correct the problem . In conven tional d rilling , the filter cake w ill be created  inside 
w ellbore w all w hich can cause  the  low  rate o f  tripping in/out o f  p ipe, and  require  som e 
flu id  loss. The nature o f  U B D  w ill no t c rea te  filter cake on w all th a t is greatly  reducing  
possib ility  o f  sticking and  also  reducing  nonproductive tim e (N PT). F urtherm ore, the  
U B D  offers several advan tages over conven tional drilling as fo llow ing  (B ennion , 
1999, Lake, 2006)

im prove b it perform ance
elim ination  o f  d ifferen tia lly  pressure รณck
low  m ud cost
reduce lost c ircu la tion  risk
reduce env ironm en tal im pact

MUD & GAS

F ig u r e  2.5 Tw o phase in jec tion  m ethod for underbalanced drilling (Zhu et a l ,  1995). 

2 .5  D o w n h o le  P r e ssu r e

D uring the drilling  at reservo ir condition , the pressure w hile  drilling  a t the 
bo ttom  o f  hole is concerned  in the drilling  w indow . T his p ressure is know n as 
dow nhole pressure or bo ttom ho le  pressure (B H P) to  balance the w ellbore  pressure 
w ith  the form ation p ressure. F lu id  is in jected  inside drillstring, then m oves passing
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th rough drill b it and flow s back  up to  surface through annular gap  betw een  w ellbore 
and drill string or casing as show n in F igure  2.6. The hydrostatic pressure exerted  by 
colum n o f  fluid and annu lar pressure loss due to  fluid circulating generates donw hole 
pressure. To keep w ell stability, dow nhole pressure should be m ain ta ined  in the 
pressure w indow . I f  dow nhole pressure is too  low, w ell m ay co llapse  and  flu id  influx 
into well. In contrast, i f  it is too high, the form ation is fractured and  fluid circu la tion  
is lost. Hence it is necessary  to control the pressure balance by  avo id  an  instable w ell 
condition.

Drillpipe
Annular
space

Cuttings

Borehole 
Drill bit

Drilling fluid

F ig u r e  2 .6  Illustration  o f  d rilling  flu id  c irculation  in the w ellbore  (O liveira  e t al.,
2013).

2.5.1 H ydrosta tic  Pressure
To determ ine the dow nho le  pressure, it is the sum  o f  hydrostatic  

pressure, annulus pressure loss and  surface  pressure i f  it ex ists. T he hydrostatic  
pressure is occurred by  the  colum n o f  flu id  overly ing above and depends o n  the density  
o f  drilling fluid and  vertica l depth by  an  equ ation  follow ing (2 . 1 ).

H ydrosta tic  p ressure =  den sity  X  gravity constant X  vertical dep th  (2.1)
2.5.2 A nnulus Pressure
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F lu id  flow s th rough  the  drill string until it reaches the  bo ttom  o f  w ell, 
then it flow s back  th rough the space betw een the drill string and  inside the borehole 
w all. W hile the flu id  is flow ing up to  the  surface, there is a  p ressure  d rop in th is annular 
section w hich is ca lled  annulus pressure drop due to the m ov ing  fluid. T he p resen t o f  
annulus pressure gives an ab ility  to  circu la te  the fluid. T he c ircu la tion  is conduct to 
ensure that there is no accum ulation  o f  excess drilling cuttings in w ellbore.

The dow nhole pressure ca lcu la tion  can be w ritten as  exp ressed  in equation  
(2.2) (Sam uel, 2010). F igure 2 .7  show s both hydrostatic p ressure  as b lue line and 
dynam ic pressure as  red line. A n increase in annular pressure com es from  the dynam ic 
o f  fluid that m oves th rough the annulus section to the surface w h ich  im ply that it w ill 
equal the energy consum ption in pum p system  to m ove the flu id  a long  the w hole 
w ellbore.

BH P =  hydrostatic pressure +  surface pressure +  annulus pressure loss (2.2)

A n nu la r fric tio n  
p r e s s u r e

F ig u r e  2 .7  Static (b lue line) and  dynam ic (red line) p ressure pro file  (Tercan, 2010).
2.5.3 E qu ivalen t C ircu la ting  D ensity  (ECD)

๐
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T he physical p roperties that relate to  balance the pressure is m ud 
density . W ithout any  flow  in w ell, th is density is called static density  w h ich  cam e only 
from  the hydrostatic  pressure. E C D  differs from static den sity  in the w ay th a t i f  there  
is fluid flow ing to  the drill string and  flow  back through annulus space to  the surface, 
th is E C D  is an effective  density . H ence, EC D  is the effective m ud density  w h ich  derive 
from  the sum  o f  hydrostatic  p ressure  and pressure lose in annular.

The E C D  can be calcu lated  from  the equation  (2.3) w hich  need  to  know  
the pressure drop in annulus (Sam uel, 2010) w here p ressure  is in psi, vertica l depth 
is in feet and density  is in pounds per gallon(U S). T he pressure drop in annu lus w ill 
be explained in the section o f  flu id  flow  m odel. Thus, E C D  alw ays p lays the  sign ifican t 
role in drilling functions to  contro l the w ell stability, and has to  m ain tain  the  pressure 
in pipe.

_  annulus pressure loss 1 . . . . . .E C D  =  ------  7 - ,— 7------- 1- S ta tic  d e n s i ty  (2.3)0.052 X depth J

2 .6  F lu id  F lo w  M o d e l

2.6.1 F luid R heology
T ypically , fluid rheology are norm ally  c lassified  into tw o types, 

N ew tonian  fluid and non-N ew ton ian  fluid depend on the  re la tionsh ip  b e tw een  shear 
stress and shear rate. T he linear rela tionsh ip  is called  N ew ton ian  flu id  and  no n linear 
relationsh ip  is ca lled  non-N ew ton ian  fluid. B aker H ughes C om pany  (IN T E Q , 1995) 
proclaim s th a t m ostly  in drilling  operation, drilling flu id  th a t com m on use is non- 
N ew tonian  fluid. F low  behaviors can  be described by th ree  com m on m odels: B ingham  
plastic m odel, pow er law  m odel and yield pow er law  m odel as show n in F igure 2.8. 
M ost drilling flu ids do no t confirm  exactly  to any o f  these  m odels, bu t d rilling  fluid 
behavior can  be determ ined  w ith  sufficien t accuracy to  one o f  these m odels. F low  
m odels are v isualized  by consistency  curves, w hich are p lo t betw een  shear stress and 
shear rate (Lake, 2006).

๐
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F ig u r e  2 .8  R heology  o f  Fluid.

Shear stress is the force per unit area  and  exp ressed  in term  o f  shear rate 
as show n in equation  (2.4) for N ew tonian  fluid,

T =  PY (2.4)

w here Y is velocity  gradient. T he v iscosity  is the resistance o ffe red  by  a  fluid to 
deform ation w hen the  shear stress is subjected.

2.6 .].] Bingham M odel
A  B ingham  plastic m odel is w idely  used  in drilling  industry 

because it requ ires tw o practical param eters to determ ine. T he  re la tionsh ip  betw een 
shear stress and shear ra te  is linear as expressed in equation  (2 .5),

T =  r3, +  PY (2.5)

w here Ty is y ield  po in t (Y P) w h ich  is the threshold stress to  start m ud  drilling  fluid 
flow. Y P m ust be h igh  enough to  carry  cuttings up to  surface, bu t n o t so large as to 
create excessive  pum p pressure. P lastic  viscosity (PV ) o r p  in equation  (2.5) 
indicates B ingham  fluid v iscosity .

๐
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2.6.1.2 Power Law Model
P ow er law  m odel is a lso  described  by tw o practical 

param eters, and  also  w idely  used in industry. T he v iscosity  o f  th is  fluid increases as 
shear rate decreases. T he  pow er law  fluid can  be  described  m athem atically  as 
fo llow ing  equation  (2 .6 )

T =  Kyn (2.6)

w here K  is consistency  index, and ท is fluid behavior index. T hus the apparen t 
v iscosity  o f  pow er law  (fj.a) is expressed in equation  (2.7),

da =  Kyn _ 1  (2 .6)

2.6.1.3 Yield Power Law Model
It is also  know n as H erschel-B ulk ley  flu ids, w h ich  require a 

finite sh ear stress, Ty, below  w hich  the fluids w ill no t flow . A b ov e th is finite shear 
stress, re ferred  to as y ie ld  point, the shear rate is re la ted  to  the shear stress through a 
pow er-law  type re la tionsh ip . T he shear stress can  be w ritten  as

T =  Ty +  Kym (2.7)

w here Ty is called  y ie ld  po in t, K  is consistency index, and  m  is exponent, referred to 
as po w er law  index.

2 .6 .2  M athem atical P ressure Loss M odel
M any researches have รณdied th e  ann u la r p ressu re  loss m odel and 

proposed  m any experim en ts to  investigate the flu id  flow  behav io r in side  annular space, 
since it is im portan t in dow nhole  pressure calcu la tion .

Subram anian  and A zar (2000) investigaged  the  fric tion  pressure drop 
for five d ifferen t non-N ew ton ian  drilling fluids in  p ipe  and  ann u lar flow . T hey  found 
that p red ic ting  the p ressure  loss in larm inar, po ly m er m u d  is agreed  w ith  B ingham
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m odel in pipe flow  and  yield pow er law  and  pow er law  in annular. B entonite and 
M M H  m ud are agreed  w ith  yield pow er law  and  pow er law  in bo th  p ipe and annular 
flow . G lycol m ud is agree w ith yield pow er law  in bo th  pipe and  ann u lar flow. Petro- 
ffee V egetab le oil m ud  are no t agreed w ith any  m odels due to  its sensitiv ity  with 
tem peratu re . P red ic ting  pressure loss in ณ rbulent, po lym er m ud, g lyco l and Petro freeo
vegetab le  oil m ud are m ore agree w ith  the  y ield  pow er law  in sm ooth  p ipe and annular 
th a t is rough pipe. B en ton ite  and M M H  m ud are agreed w ith th e  y ie ld  pow er law in a 
rough p ipe and annular.

P ere ira  et al. (2007) investigated  the  pred iction  o f  d rilling  velocity  and 
p ressure  profile  using  com putational fluid dynam ic (CFD ) tech n iques and com pared 
the  sim ulated  resu lts  w ith  experim ental data. T he lam inar flow  o f  non-N ew tonian  w as 
considered  in tw o ณ bes in concentric and eccen tric  arrangem ent o f  horizon tal sections. 
T hey  observed  th a t the  flow  rate w as the operational variab le w ith  the  highest im pact 
on pressure drop. T he effec t o f  pipe geom etry  and  ro tation  also  had  been  investigated 
and  observed th a t bo th  geom etry and ro tation  effec ts im pact on the p ressure  losses and 
ve loc ity  profile  in horizon ta l system .

Sorgun and O zbayoglu (2010) p red ic ted  the fric tional pressure loss in 
horizon tal drilling  section  for the non-N ew ton ian  fluid using  the  C FD  num erical 
m ethod . T heir sim ulation  w as perform ed in bo th  horizon tal concen tric  and  eccentric 
using  the  pow er law  flu id  in both lam inar and  tu rbu len t flow  m odel to  com pare with 
an experim en tal data. T heir results show  th a t C F D  m odel s im ulation  is capable o f  
estim atin g  annu lar frictional pressure drop w ith  an  error for less th an  1 0 %  w hich are 
very  good agreem ent w ith  an  experim ent data.

Q i et al. (2013) proposed the general m ethod  to  calcu la te  annular 
lam inar p ressure drop o f  drilling fluids using non-N ew ton ian  flu id  for bo th  traditional 
d rilling  fluid m odel such as B ingham , pow er law  and  C asson  and  som e practical 
m odels such as th ree  param eter m odel (H erschel-B uck ley , R obertson-S tiff, Sisko 
m od els  etc .) and four param eter m odel. T he general ca lcu la tion  algorithm  w hich 
con sid ered  the annu lar flow  section as tw o th in  rings flow  w ere com pared  w ith the 
trad itional ca lcu la tion  algorithm  w hich use an  annu lar un iform  lam in ar flow  equation. 
T h is general m ethod  can achieve the pressure drop from  equation  th a t relate  the flow  
ra te  and  shear rate . T he resu lt show ed that th is p roposed  m ethod  can  accurate ly  predict
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the annular pressure drop and can be used w ith any  rheo log ical m odels no m atter flow  
rate is high or low . T hey also suggests that the accurate resu lt usually  cam e from the 
rheolog ical m odel th a t has good agreem ent w ith actual d rilling  fluid.

O liveira  et al. (2013) investigated  annu lar p ressure  loss m odel using 
the governing equation  or m ass and m om entum  balance equation  to describe single 
phase  fluid dynam ic behavior, and can also  pred ic t dow nho le  pressure by follow ing 
equations (2.8) and  (2.9).

£p
at

d v  d p
+ Pdz + V Tz 0

p dT t + p v iTz = - f z ~  t Tw + P9

(2 .8)

(2.9)

W here V is the  average velocity  across the geom etry  cross-section , p  is the fluid 
density , p is the pressure, g is the gravity  accelera tion , T w  is the average value o f  the 
shear stress on the  p ipe or annular space w all, dh is the hydrau lic  d iam eter o f  the drill 
p ipe (d) or annu lar space (d2-di), t is the tim e and z  is the  axial coord inate. The value 
o f  shear stress is function  o f  frictional facto r and velocity , so its value depends on the 
flu id  behaviors: B ingham , pow er law  and  y ield  pow er law , and  fluid flow  patterns: 
lam inar and tu rbu len t regim e. T hese m echan istic  m odels require  analytical m ethod or 
num erical m ethod to  solve com plex d ifferen tia l equations.

O fei et al. (2014) รณdied the m ethod  to  p red ic t annular pressure losses 
and  cuttings concentra tion  in horizontal w ell using com puta tional fluid dynam ic 
(C FD ). T his study em ploys inhom ogeneous m odel to  sim ulate  a  tw o phase solid-liquid 
flow  in horizontal w ell w ith difference eccen tric  geom etry  in horizontal section and 
also  determ ine the cuttings concentration . T he tw o d iffe ren t fluid m odel w ere 
considered  in ณ rbulen t flow , first one w as w ater considered  as N ew tonian fluid and  
ano ther one w as drilling  m ud considered as non-N ew ton ian  flu id  w ith pow er law  
m odel. The resu lts  from  num erical m ethod w ere com p ared  w ith  the experim ental 
results, and they observed  that using both w ater and  d rillin g  m ud as carrier fluid are 
confirm ed w ith  the valid ity  o f  the CFD  m odel. In add ition , they  also  found that the 
ro ta tion  o f  drill p ipe effects the pressure losses and  cu ttings concentration .
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Several estim ating annular pressure loss m odels have been studied in 
bo th  m echan istic  and  em pirical m odel. A  w idely  used pressure loss m odel in the 
drilling  eng ineering for practical purposes is narrow  slo t equation  for pipe flow . To 
transform  annu lar flow  to pipe flow, the  effective  d iam eter w h ich  replaces the d iam eter 
in term  o f  the friction factor has been developed . A n ifow oshe and O sisanya (2 0 1 2 ) 
found th a t the defin ition  o f  hydraulic d iam eter (De) as expressed  in equation (2.10) is 
the best estim ation  o f  pressure loss fo r po w er law  fluid. H ence frictional pressure loss 
inside an  annulus using slot equation is defined as equation  (2 . 1 1 ).

De =  D 0 Dj
d P  _  f f p v j  
d z  —  25.81(D0—Dj)

(2 . 1 0 )

(2 . 1 1 )

W here Do and  Dj are w ellbore d iam eter or casing d iam eter and drillpipe d iam eter 
respectively , p  is static density, Va is average annular v e locity  and f f  is friction factor.

A  friction factor sign ifican tly  depends on fluid flow' state e ither in 
lam inar regim es or turbulent regim es so flow  state should  be determ ined. The flow  in 
annulus is e ither lam inar flow or tu rbu len t flow  depend ing  on  the param eters such as 
flow  rate, density , and diam eter ratio . A  fric tion  factor in lam inar regim e can be 
describe in equation  (2.12), and for tu rb u len t regim e in  equation  (2.13). H ow ever, a 
com m on friction factor for pow er law  fluid in tu rbu len t regim e, B lasius form ula, is 
also  proposed  as equation (2.14)

For lam inar regim e, 

For ณ rbu len t regim e,

16 (2 . 1 2 )

4 1 f  1 -ÎA  0.395
11: 75 i o g ( N Ref f ท) 7 7 (2.13)
0.0791พ 0.25 NRe (2.14)

w here N Re is R eynolds num ber and ท is fluid behavior index . A lthough predictive pipe 
flow  m odel is proposed, it only considers fluid flow  w ith ou t any o ther effects. B y  the
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2.6.3 D rillpipe R otation  E ffect
In drilling operation, the drillstring  and b it are  ro tated  at d ifferen t speed 

to  penetra te  the  form ation w hile  circu la ting  drilling  fluid. T he rotation o f  d rillstring  
sign ifican tly  influence the dow nhole pressure. A s p resen ted  by  Skalle (2013), pipe 
ro tation  in lam inar flow  leads to an additional shear velocity  com ponent. W hen 
ro tating  the drillpipe, it w ill give an  increase in to ta l shear stress w ith a decrease  o f  
v iscosity , leading to a reduction o f  ax ia l pressure drop. T ypically , a  lam inar flow  w ith  
N ew tonian  fluid did not agree w ith the described effect because the v iscosity  o f  
N ew tonian  fluid is independence in shear rate . F or m ost drilling operations, an 
increasing pressure drop w ill be  experienced  w hen  pipe is rotating. A n increase  o f  
p ressure drop described by M arken et al. (1992) th a t the  centripeta l forces w as crea ted  
by pipe ro ta tion  throw  aw ay the flu id  close to the p ipe, leav ing the void. T his vo id  w ill 
be filled  w ith  the rest o f  fluid in annulus, and T ay lo r vortices w ere created  as show n 
in F igure 2.9. T his w ould have the  sam e effec t o f  tu rbu len t m ixing.

way, there are many effects that influence on pressure loss calculation such as drillpipe
rotation and pipe eccentricity.

Figure 2.9 Form ation o f  T aylor vortices w hen  pipe is ro ta ted  resulting in tu rbu len t- 
like m ix ing (Skjold, 2012).

o
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A lthough a s tudy  o f  flow  behav io r w hen  pipe is rotating is still com plex  
especia lly  in drilling operation, there are several literatures p roposed em pirica l 
correlations and m echanistic m odels.

Johanson et al. (2003) proposed  the  m odel for calcu lating  p ressu re  loss 
in pipe and annulus in both lam inar and  tu rbu len t regim e. They also dev elo ped  the 
equation  for considering p ipe ro ta tion  e ffec t and  com pared  w ith the experim en tal data 
w ith  d ifferen t fluid. T he resu lts show ed that th e  e ffec t o f  pipe rotation on p ressu re  loss 
depends on the rheology o f  drilling  fluid. T he non-N ew ton ian  fluid is m ostly  re la ted  
to the  effect o f  pipe ro tation  w h ich  increasing  in ro tation  speed and it w ill increase 
pressure loss.

H em phill et al. (2007) gathered  th e  field  data o f  p ressure drop  and 
equ ivalen t circulating density  (E C D ) w h ile  p ipe  ro ta ting  from  various locations. T hey 
observed that the pressure drop and E C D  increase  w hen an increasing in ro ta tion  
speed. Then, the general equation  for increased  p ressure  loss w ith ro ta tion  in  te rm  o f  
d iam eter ratio  and rotation speed (rpm ) w as developed  by using several f ing er p rin ts 
o f  field  m easurem ent (H em phill et a i ,  2008) w h ich  is expressed as

AProtate =  -1 .0 7 9 2  ( ^ )  +  17 .9 8 2  - ) 2 (0 .0 0 0 0 1  X  L X  N) (2.15)

w here L is length section and N  is ro tation  speed.
A hm ed and M iska (2008) and A h m ed  et al. (2010) proposed  p ressure  

loss ra tio  (PLR) to predict fric tional annu lar p ressure  loss w ith  pipe ro ta tion  e ffec t in 
lam inar flow  w hich analyzed from  the published  fie ld  m easurem ent. T his p ressure  loss 
ratio  w h ich  is the ratio o f  p ressure  w hile  p ipe  ro ta tion  at that speed and pressure  loss 
w ith  no p ipe rotation as exp ressed  in equations (2 .16) and (2.17).T he developed  
pressure loss m odel w as good agreem ent w hen  drill in vertical w ell, b u t it w as 
accep tab le  for deviated w ell because  flow  in vertica l w ell is less com plica ted  th an  in 
dev iated  w ell. In addition, som e ac tua l drilling  cond itions such as tool jo in t, cu tting  
present, and rate o f  penetration  w ere  no t con sid ered  in developm ent o f  p ressu re  loss 
ratio  due to  the com plexity.

๐
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PLR =  0.36 X (13.5 +  -^ - )° -428v pU2y V 1,0.158 V -.0.054 ** fc-ave X Ta X Re8,?42

PLR =

X k ( i  -  l ) - ° 0152 (2.16)

(2.17)

w here Ty is yield stress, บ  is average velocity , £ave is average pipe eccen tric ity  w hich 
its details are described in th a t literature, ท is fluid behavior index, T a is T aylor 
num ber, and k  is consistency  index.

O zbayoglu and  Sorgun (2009) proposed the em pirical corre la tion  for 
friction factors not on ly  as a function  o f  axial R eynolds num ber (N Rea), but also 
ro tational Reynolds num ber (N Rer). In o rder to  increase the accuracy o f  develop ing  
correlation , different equations are in troduced for various total R eyno lds ranges. Total 
R eynolds num ber can be defined  as

NReT =  NRea +  NRe r (2.18)
R eynolds num ber in the ax ia l d irection  and  due to rotation are given by

NRea =

N Rer =

757pva(D0-D i)
Pea

757pva(D0-D i)
P e r

(2.19)

(2 .2 0 )

w here Pea is an  effective v iscosity  for axial direction , and Per is an effective  
v iscosity  for radial direction . T he effective v iscosity  o f  both axial and  rad ia l direction 
are express as

/K(D0— Dj)1-n\ (  2+ïï ไ
\  144v1-n / \ 0.0208 /

M . - K  © ■ ( อ ® , -

(2 .2 1 )

(2 .2 2 )
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The friction factor equations generated are presented below.
I f N ReT <3000 ff=  8.274NRea~°-9075 + 0.00003NRer (2.24)
If 3000 < NRct <7000 ff = 0.0729NRea_o-3017 +  0.00 0011NRer (2.25)
If 7000 < NReT < 10000 ff =  0.006764NRea~°°286 + 0.00001NRer (2.26)
If 10000 < NRer <25000 ff = 8.28NRea-07258 + 0.00 0 001NRer (2.27)
If 25000 < NReT <40000 ff = 0.06188NRea-0-2262 (2.28)
If NReT> 40000 ff =  0.03039NRea~°1542 (2.29)

Ozbayoglu and Sorgun (2010) investigated pressure loss estimation in 
horizontal well with considering the pipe rotation and present o f cuttings using 
computational fluid dynamics (CFD) technique. The simulated results were reasonably 
good agreement when compare with the result from experiment. They also observed 
that the pipe rotation significantly effect on pressure loss when drilling fluid is non- 
Newtonian fluid.

Erge e t  a l .  (2014) presented a new correlation models for estimating 
annular pressure in transition from laminar to turbulent regions to predict annular 
pressure loss considering pipe rotation, pipe eccentricity, and pipe buckling 
configuration. Their proposed models gave a good agreement with results in 
experiments using yield power law model, however it can be applied with power law 
model. The proposed friction factor are described as below.

f o  =  (c ) f M o d . N S . (2.30)

For laminar flow:
c =  0.22877V -  0.0580 F d  +  0.1237 0) d  +  0.4289 (2.31)

For transition flow:
c  =  -1 .0 2 6 7 N  -  0.0096 F d  + 0.0390 co d  +  1.2422 (2.32)

For tu rbulent flow:
c =  1.7821 N  -  0.0132 F d  +  0.1388 ù ) d  +  1.7983 (2.33)
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w here N  is consistency  index, Fd is the  dim ensionless force and  üjd is the 
dim ensionless ro tation .

2.6.4 D rillp ipe E ccen tric ity
W hen drillp ipe  is d rilling  th rough form ation in subsurface , the  p erfectly  

drill is the center o f  d rillp ipe and  w ellbore  are at the sam e po sition  w hich  is ca lled  
concentricity. In  field  operation, concentric  can possible occur in vertica l w ell bu t no t 
in deviate w ell due to the w ell geom etry  and pipe buckling. T he eccen tric  occurs w hen 
the center o f  drillpipe dev iate  from  cen te r o f  w ellbore as show n in F igure 2 .10, lead ing 
to  influence on flow  pattern  o f  circu la ting  fluid and annular p ressure loss. The 
eccentricity  can be ca lcu la ted  as

2 ร
D0—Di (2.30)

w here Ô is the d istance betw een  cen te r o f  inner and ou ter p ipes. H ow ever, the 
eccentricity  is also a  critical issue th a t need  to  be considered in th e  cem enting  operation 
in horizontal w ell (O sgouei et a i ,  2013). W hen the annular is lam inar flow , the 
pressure loss is decreased  as the  annu lus becom es eccentric. H ow ever, a  change from  
concentric to  a slightly  eccen tric  affec ts the  flow  to reach ณ rbu len t reg im e a t low er 
flow  rate than standard  concentric  flow  rate (M arken et a i ,  1992).

O zbayoglu  and O m urlu  (2006) proposed the finite e lem en t m ethod  to  
predict the pressure loss using the  developed  em pirical or sem i em pirical approach  
w hich were used to  p red ic t p ressure b u t no t w ell perform ed. T he th ree  d ifferen t drilling 
fluids w ere used to experim en t w ith  various pipe eccentricity . T he  resu lts from  FE M  
m ethod can estim ated the p ressure  loss m ore accurately than conven tional m ethod , and 
w ere com pared w ith  the literature resu lt. T hey  observed th a t as the  eccen tric ity  is 
increased, pressure loss is decreased.

(O fei et al. (2014)) investigated  the effect o f  eccen tric ity  and  pipe 
rotation speed on  pressure loss in horizon tal w ell using C FD  m ethod . The resu lts  w ere 
confirm ed w ith the published  literature, and  found that an increasing eccen tric ity  tend

๐



22

to decrease annular pressure loss. H owever, the slightly change in pipe rotation did not 
result in pressure loss.

Figure 2.10 Cross section o f  an eccentric annulus (Pilehvari and Serth, 2009).

o
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