
CHAPTER IV
R E S U L T S  A N D  D IS C U S S IO N

4.1 F ie ld  M e a su re m e n ts

F ield m easurem ents used in th is study  w ere ob ta ined  from  K am phaeng San 
Basin, T hailand  by  incorporating w ith Pan O rien t (S iam ) C om pany . T his basin w as 
located  at the cen tra l plain o f  T hailand as show n in F igure 4 .1 . In th is  area, it w as a 
part o f  T hailand  C oncession B lock L53 w hich  com posed  o f  a rea  in N akom pathom  
P rovince and a  part o f  K anchanaburi P rovince as show n in F igure 4.2. Four different 
onshore  w ells; A , B , c  and D w ere d irectional d rilling  at ta rg e t true  vertical depth 935 
m , 796 m , 1253 m , 1408 m  respectively, and  m easured dep th  o f  1660 m , 890 m, 1651 
m , 1552 m , respectively . W ells w ere drilled  in hole section  o f  26 inch, 17 Vi inch, 12 
Va inch, 8 Vi inch and 6 Vs inch with casing size 2 0  inch, 13 3/s inch, 9 5/s inch, 7 inch 
and  4 Vi inch respectively  w ith drillpipe 5 inch follow ing w ell program . D rilling fluid 
flow  w as app rox im ately  in range betw een 350- 750 gpm .

F ig u re  4.1 T he location o f  K am paeng San B asin  in cen tral p la in  o f  Thailand.
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F ig u re  4.2 Surrounding area o f  K am paengsan Basin.

4.2 F lu id  R h eo lo g y  M o del

D rilling  fluids rheology played an im portan t ro le  in calcu la ting  pressure loss 
and equ ivalen t circulation  density (EC D ). T hey  can be categorized  by relationship 
betw een  shear stress and shear rate w h ich  w ere  iden tified  by using Faan V iscom eter 
(V -G  m eter) in field . T he viscom eter d irectly  m easured  the  d ial reading at the given 
speed such as  6 rpm , 300 rpm  and 600 rpm , and usu ally  reported  in  term  o f  p lastic  
v iscosity  (PV , in un its o f  cps) and yield po in t (YP, in un its  o f  lb /100 ft2 ).

A ccord ing  to  drilling fluids report from  Pan O rien t (S iam ) Energy Co., Ltd, 
P V  and Y P  o f  drilling  m ud in W ell A, B , c  and  D  w ere  rep o rted  w hich  calculated from  
dial read ing  a t a given speed, p ractically  300 rpm  and 600 rpm , follow ing equations 
(4.1) and (4.2).

PV =  0500 — 0 3OO (4.1)
YP =  0300 -  PV  (4.2)

T he exam ples o f  PV, Y P and dial read ing  o f  W ell A , B , c , and D  in hole 
section  o f  8.5 inch diam eter are show n in T able  4 .1 . T yp ically , N on-N ew tonian fluid

o
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w as described as B ingham , pow er law  and  yield pow er law  m odel depending on dial 
reading. T o identify  fluid rheology, dial reading from  Faan V iscom eter w as 
im portantly  needed. The tw o dial read ing  values described  B ingham  fluid and pow er 
law  fluid, w hile  three dial reading values described  on ly  y ield pow er law  fluid. T hus, 
these tw o practical dial reading va lues w ere  on ly  fit w ith  tw o rheological m od e ls , 
B ingham  m odel and pow er law  m odel. It cannot be described  by the yield pow er law  
m odel because  it required three prac tica l dial reading values to  identify initial y ield  
stress. H ow ever, in oil industry, m ost o f  com m ercial d rilling  fluids w ere described  
using the pow er law  m odel (IN T E Q  1995, L ake 2006 , Skalle 2013). T herefore the 
pow er law  m odel w as used ๒ th is research .

Table 4.1 M ud properties o f  W ell A , B , c  and D  in ho le section  o f  8.5 inch in d iam eter

M ud Properties U nit W ell A W ell B W e l le W ell D
Plastic  v iscosity  (PV) cps 13 13.5 14.5 1 1

Y ield  P oin t (YP) lb /1 0 0 ft2 17.5 17 16.5 18.5
F low  behavior index (ท) - 0 .5122 0 .5287 0.5536 0.4572

C onsistency  index (k) eq.cp 638.32 575.96 501.22 869.91
Y ield  stress (Ty) lb/ 1 0 0  ft2 0 0 0 0

4.3 Annular Frictional Pressure Loss Calculation «
4.3.1 A nnular Frictional P ressu re  Loss w ith C asing  Program

W hen the w ell w as drilled  in the first hole section w ithout casing, for 
exam ple start drilling in first section  o f  26  inch in d iam eter, pressure loss occurred  
only in the  open hole section. T hen, w ith  casing  20 inch in d iam eter into the w ellbore, 
the w ell w as drilled  in the next sm aller section, 17 Vi inch in diam eter, as show n in 
F igure 4 .3 . H ence, calculating pressure loss can  be categorized  into tw o parts. T he first 
part w as open ho le section w here flu id  flow  passing  th rough  annular space betw een  
the d rillstring  and  the form ation. T he  second  part w as casing  section w here fluid flow s 
passing th rough  annular space be tw een  the  d rillstring  and the inner w all casing.
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T herefo re  the proposed annular frictional p ressure  loss calcu lation  com bined  w ith  bit 
and  casing  program  w as exp ressed  in equation  (4.3).

APannular =  APannu]a r open hole T  AFannular,casing (4.3)

F ig u re  4.3 D rill bit w ith casing program  in ho le section  17 Vi inch in diam eter.

4 .3 .2  Com bination o f  P red ictive M odel o f  A n nu lar Pressure Loss
U sing the fluid param eters in  T ab le  4.1 com bined w ith b it and  casing  

program  from  the actual w ell program , the ann u lar fric tional pressure loss m odels w ith  
and w ithout pipe rotation w ere  pred ic ted  and  sum m arized  in T able 4.2 in o rder to 
p red ic t the  dow nhole pressure. C onsider p red ic tive  m odel w ithout p ipe ro ta tion  in 
T able 4 .2, there w ere tw o m odel used in bo th  lam inar reg im e and tu rbu len t regim e. 
T he first, M odel A, was a com m on friction facto r o f  flu id  flow ing in pipe, w h ich  w as 
a usefu l fundam ental in fluid m echan ic. T yp ically , m odel w as used in bo th  N ew to n ian  
fluid and  N on-N ew tonian fluid. In case o f  lam inar flow  state, it w as a  sim ply  equation  
w hile  tu rbu len t flow  state requ ired  num erical m eth od  to  determ ine solu tion . W hile  
ano ther m odel, B lasius m odel, w as a  com m on fric tion  fac to r only used for po w er law  
fluid.

W hen pipe ro ta tion  effec t w as considered  in dow nhole pressure  
prediction , several literatures proposed  em pirical co rre la tion  and m echan istic  m odel
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developed  from  experim ents o r f ield  m easurem ents. T he increase-pressure loss m odel, 
equation  (2.15), and PRL ratio , equation  (2 .16) w ere  com bined w ith  M odel A  and  
B lasius form ula. In addition , the  em pirical corre la tions, M odel c  and D , w ere  also  
used in annular frictional p ressure  loss calcu la tion .

o

Table 4.2 Predictive m odels o f  annular p ressure  loss w ith and w ithou t d rillp ipe 
ro tation

M odel w ithout pipe ro tation M odel w ith  pipe rotation
E quation  £ 2.12), (2.13) 

(M odel A)
E quation  (2.12), (2.13), (2.15) — >  M odel A1
E quation  (2.12), (2.13), (2.16) — >  M odel A 2

E quation  (2.12), (2.13) 
(B lasius form ula)

E quation  (2 .12), (2.14), (2.15) — >  M odel B1
E quation  (2.12), (2.14), (2.16) —  > M o del B 2

E quation  (2.18) -  (2.29) — >  M odel c
E quation  (2.30) -  (2.33) — >  M odel D

4.3.3 D ow nhole P ressu re  o r E qu ivalen t C ircu lating  D ensity  (EC D ) 
Calculation
D ow nhole pressure  w as the sum  o f  hydrostatic pressure and  annular 

frictional pressure loss as show n in equ ation  (2.2). Thus after pred ic ted  annular 
p ressure  lfiss calculation w as done, it w as used  in  dow nhole pressure ca lcu la tion . In 
oil and  gas industry, dow nhole pressure  a lso  refe rred  as equivalent c ircu la ting  density  
(EC D ) w hich w as w idely used in drilling  operation . E C D  w as a  com m on value to  
rep resen t dow nhole pressure w hile  c ircu la ting  drilling  m ud in o rder to  balance 
form ation  pressure. This E C D  can  be de term in ed  using  equation (2.3). H ence th is 
research  w as shown the ca lcu la ted  dow nhole pressure  in term  o f  ECD .

4.4 Predicted ECD Using Field Measurements

Field m easurem ents u sed  in th is research  com posed  o f  four d ifferen t onshore 
d irectional w ells: W ell A , W ell B , W ell c  and  W ell D  w hich w ere in K am paeng  San



31

B asin  in Thailand. D rilling  flu id  c ircu la tion  w as considered on the basis o f  that there 
w as no fluid loss into form ation . A ll flu ids as liqu id  phase and cu ttings as so lid  phase 
w ere hom ogeneous m ix ture, w h ich  d rilling  flu id  density was density  o f  m ix ture. W ell 
w as perfectly  drilled w h ich  indicated  th a t w ellbore  w as cylindrical shape. T hen, the 
calcu la tion  o f  fluid properties w ere conducted . F luid behavior index  (ท) and 
consistency  index (k) w ere  determ ined  using  p lastic  viscosity (PV ) and y ield  po in t 
(Y P) from  Table 4.1. T hen  effec tive  v iscosity  o f  fluid w as determ ined  using fluid 
behavior index and consistency  index. D rilling  fluid flow  state in annulus w as 
determ ined by R eynold num ber w hether it w as in lam inar, transition  or tu rbu len t 
regim e. A n annular fric tional p ressure  loss calcu la tion  w ith and w ith ou t pipe ro ta tion  
effec t w as conducted u sing  pred ic tive  m odel in  T able 4.2 com bining b it and casing 
program . Then annular p ressure  loss w ere  added by hydrostatic pressure, and 
expressed calculated dow nhole  pressure in term  o f  ECD  in pound per gallon  (ppg).

4.4.1 F ield M easurem ent: W ell A
4.4.1.1 No Drillpipe Rotation Effect

U sing  calcu la tion  m odel ignoring pipe ro ta tion  effect, the 
com parison betw een ca lcu la ted  and  m easured  E C D  w ithout pipe ro ta tion  effect based 
on field  m easurem ent o f  W ell A  w as show n in F igure 4.4. It ind icated  th a t the  B lasius 
m odel gave a  good agreem ent w ith fie ld  m easurem ents m ore than  M odel A  because 
the B lasius form ula w as developed  using  on ly  pow er law  fluid in fo rm ation w hile  
m odel A  w as com m only  used  for bo th  N ew to n ian  fluid and N on-N ew ton ian  fluid. 
H ow ever, error lines in F igure 4.4 w ere p lo t in range 5 %  and 10%. It ind icated  that 
bo th  m odels w ere under p red ic ted  for E C D  o r dow nhole pressure estim ation , bu t m ost 
o f  the results from  both  m odels w ere fairly  good agreem ent w ith  erro r less than  5%  
even  there were som e v alues slightly  no t to  give a  good estim ation. A dditionally , usual 
m easured  E C D  w ere in range 9-13 ppg, bu t there w ere som e abnorm al data  in range 
16-19 ppg, w hich w as over the  norm al range because o f  oilfield  da ta  transform ation .

R egard ing  to o ilfie ld  da ta  record, all drilling in fo rm ation  w ere 
recorded  as tim e log includ ing  data  n o t on ly  in drilling  activities bu t a lso  o thers such 
as hole cleaning, back  ream ing  operation , tripping in-out and p ipe  connection . 
T ransform ing tim e log to  dep th  log, w h ich  w as considered only in d rilling  activities,
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m ight not have an appropriate  a lgorithm  o f  transform ation. T herefo re, som e drilling  
data based on depth log m ight n o t be re la ted  to  drilling activity. T his problem  possib ly  
caused o f  abnorm al pressure in F igure 4 .4 . C onsidering data o f  W ell A, m easured  E C D  
and-pore pressure w ere plotted as p ressure  w indow  based on dep th  log as show n in 
Figure 4.5. There w ere  pressure peaks a t m easured  depth 850 to 1000 m  or true vertical 
depth at 550-600 m . T hese abnorm al p ressure  peaks w ere com pared  w ith  fluid flow  
rate as shown in F igure 4.6 and p ipe  ro tating  speed as show n in F igure 4.7 . T he 
operation w as in norm al drilling activ ity  due to  an existence o f  p ipe  ro tating  speed, but 
there w ere som e peaks o f  flow  rate h igher than  usual flow. The norm al flow  ra te  w as 
approxim ately 600-700 gpm , w hile  th a t abnorm al peaks w ere m ore than 1000 gpm  
w hich m ight be flow  rate used in ho le  clean ing. Hence these erro rs cam e from  data 
transform ation. A dditionally , an unusual flow  rate directly affected  E C D . O n the  o ther 
hand, it indicated that flow  rate w as a m a jo r influence o f  estim ating E C D  and pressure 
loss. In addition, an  erro r becam e m ore fluctuating  at depth deeper than  780 m  or E C D  
in range o f  11-12 ppg since it changed the b it from  12 'A inch to  8 Vi inch b it d iam eter 
w ith  5 inch drillp ipe diam eter. A n ann u lar gap width becam e narrow er, and also  
in fluenced pressure loss.

20
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F ig u re  4.4 A  com parison betw een ca lcu la ted  E C D  and m easured E C D  from  B lasius 
form ula and M odel A  using W ell A  data.



3 3

ECD (ppg)8 10 12 14 16 18 20

Figure 4.5 M easured E C D  w indow  base  on depth log w ith pore  pressure.
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Figure 4.6 F luid flow  rate in w ellbore. Figure 4.7 P ipe ro ta ting  speed.

4.4.1.2 With Drillpipe Rotation Effect
T he gap w idth  betw een  drillpipe and  w ellbore  o r inner casing  

can cause pipe ro ta tion  e ffec t becom ing  m ore dom inant especia lly  in hole section  o f  
8 Vi inch d iam eter or narrow er annu lar gap. Since an inner p ipe ro ta tional speed  a t the

๐
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pipe w all a ffected  axial ve loc ity  and it im pacted overall shear rate th a t con tro ls 
pressure loss, the  effect o f  drillp ipe  rotation on pressure loss w as con sid ered  to 
evaluate E C D  o r dow nhole pressure  using m odels in T able  4 .2 . P red ic tive  m odels o f  
annular frictional p ressure loss w ith  pipe rotation w ere conducted  to  calcu la te  E C D  or 
dow nhole pressure based  on  W ell A  w hile circulating pow er law  fluid in hole section  
o f  8 Vi inch d iam eter. T he com parison  betw een calcu la ted  E C D  and m easu red  E C D  
from  M odel A1 and  A 2, M odel B1 and B2, and M odel c  and  D  are show n in F igure 
4.8, 4.9, and 4 .10 respectively . T he erro r lines o f  5%  and 20%  w ere  p lo t w ith  the results 
w hich positive error m ean t over prediction w hile negative  error m ean t under 
prediction.

26

+ 20 %
2 4  A  M o d e l A1

22  •  M o d e l A2

8  10  12  14 16  1 8  2 0
M e a s u re d  ECD(ppg)

F ig u re  4.8 A  com parison  betw een  calculated EC D  and  m easured  E C D  from  M odel 
A1 and M odel A 2 using W ell A  data.
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F ig u re  4.9 A  com parison betw een  calculated E C D  and  m easured  E C D  from  M odel 
B 1 and  M odel B2 using W ell A  data.

F igure 4.8 and Figure 4 .9  ind icated  th a t M odel A1 and B1 
using increase-pressure-loss m odel gave a good agreem ent w ith  w ith field 
m easurem ent w ith  slightly  under prediction. W hile M odel A 2 and  B 2 using  pressure 
loss ratio  (PLR ) gave slightly  over prediction. A n increase-p ressure-lo ss m odel w as 
m ore accurate  than pressure loss ratio  m odel because an  increase-p ressure-lo ss m odel 
w as developed  from  several field  m easurem ent based  on  d ifferen t w ell geom etry  or 
d iam eter ratio  betw een drillp ipe  and w ellbore d iam eter. W hile P L R  w as developed 
from  field  m easurem ent based on drilling fluid properties w hich  PL R  can be used 
either in po w er law  flu id  or yield pow er law  fluid. O n the o ther han d , due  to  M odel 
A 1 and B l ,  annular gap w idth  o r d iam eter ratio  betw een  d rillp ipe  and  w ellbore 
significan tly  im pact on E C D  or dow nhole pressure w h ile  drillip ipe  is ro tating .

A  com parison  betw een ca lcu la ted  E C D  and m easu red  E C D  
from  M odel c  and  D  are show n in Figure 4.10. It w as obviously  th a t M odel c  slightly  
over p red ic ted  E C D  w hile  M odel D  w as m ore accep tab le . B o th  em pirical correlation  
o f  M odel c  and  D w ere developed  using experim ental da ta  in d ifferen t technique. A

๐
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friction  factor in M odel c  w as in  range o f  to ta l R eyno ld  num ber w h ich  expressed in 
term  o f  axial and  ro ta tion al R eynold  num ber. A  coeffic ien t o f  bo th  ax ia l and  rotational 
R eyno ld  w ere developed  using experim ental da ta  considered  p ipe  rotation . An 
experim en t used ro ta tion  speed in range 0-120 rpm  and  flow  capacity  o f  250 gpm. 
H ow ever, ro tation  speed w as in range o f  field data  w hile  flow  capacity  w as m uch less 
than  fie ld  data. H ence these  coefficien ts m ight no t be app ropria te  to  use in dow nhole 
p ressure  calcu lation . C o nsid ering  M odel D, em pirical co rre la tion  o f  d rillp ipe  rotation 
e ffec t w as developed using experim ental data w ith  d im ention less  technique. This 
experim en t used ro ta tion  speed in range o f  0 - 1 2 0  rpm  and  flow  capacity  o f  1 2 0  gpm. 
Even the experim ental condition  d idn’t close to  fie ld  condition , th e  coefficien t o f  
ro tation  effect using d im ension less technique gave a good p rac tice  in pressure loss 
calcu la tion . In add ition , abnorm al E C D  data in F igure 4 .10  w ere  occu red  by  an error 
o f  o ilfie ld  data  transfo rm ation  w hich was m entioned  in section  4 .4 .1 .1 .

T o identify  good practice m odel, the s ta tis tica l analysis was 
conducted  using tw o m ethods; m ean  absolute re la tive  dev ia tion  (M A R D ) and root 
m ean  square  error (R M S E ). T he detail are show n in section  4.4.5 .

F ig u re  4 .10 A com parison  betw een calculated E C D  and  m easured  E C D  from  M odel 
c  and M odel D using W ell A  data.

4 .4 .2  F ield  M easurem ent: W ell B
4.4.2.1 No Drillpipe Rotation Effect
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Ignoring pipe ro tation , dow nhole pressure  o r E C D  prediction 
using several pred ic tive  m odels w as done using  field  m easurem ent W ell B. The 
com parison  be tw een  m easured ECD  and ca lcu la ted  E C D  is show n in Figure 4.11. It 
indicated  th a t ca lcu la ted  E C D  from both B lasius m odel and  M odel A  gave good 
agreem ent w ith  an  erro r less than 5%. H ow ever it seem ed th a t B lasius form ula gave 
m ore accu ra te  resu lts  especia lly  ECD  value in range 10-10.5 ppg because these ECD  
values w ere m easured  in hole section o f  8 Î/2 inch in d iam eter, w h ich  w as a  narrow  
ann u lar gap. H ence  annular gap w idth sign ifican tly  a ffec t annu lar pressure loss 
calcu lation .
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F ig u re  4.11 A  com parison  betw een calcu lated E C D  and m easured  E C D  from  Blasius 
fo rm u la  and  M odel A  using W ell B data.

4.4.2.2 With Drillpipe Rotation Effect
W hen pipe rotation w as considered  in pressure loss estim ation to 

be m ore  realistic , se lected  m odels w ith pipe ro ta tion  effec t in T able  4 .2  w ere used in 
dow nho le  pressure calcu lation . The com parisons be tw een  m easured  ECD  and 
ca lcu la ted  E C D  are show n in Figure 4.12, F igure 4.13 and F igure 4.14.
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Figure 4.12 A comparison between calculated ECD and measured ECD from Model 
A1 and Model A2 using Well B data.
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Figure 4.13 A comparison between calculated ECD and measured ECD from Model 
B1 and Model B2 using Well B data.

Figure 4.12 and Figure 4.13 indicated that calculated ECD 
from both Model A2 and B2 slightly over predicted at high pressure because these two 
models used pressure loss ratio (PLR). While Model A1 and B1 slightly under
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predicted because these two models used increase-pressure loss equation. Moreover 
two models gave more accurate prediction. By the way, the deviation of ECD data in 
range of 10-10.5 ppg was occurred because this section was 8'/2 inch openhole 
diameter and 5 inch drillpipe, which the annular gap width was smaller than other 
sections. A small annular gap width influenced on frictional pressure loss when pipe 
rotation existed.

Figure 4.14 indicated that Model c  gave slightly over 
prediction, and some calculated data were more than 5%, while Model D gave an error 
less than 5 % .  In addition, results showed that most error were in ECD rage of 10-10.5 
ppg which was in hole section of 8V2 inch in diameter. On the other hand, it indicated 
that annular gap width played an important role in frictional annular pressure loss. Pipe 
rotation also affected an increase in annular pressure loss when annular gap width was 
narrower. According to Figure 4.12, Figure 4.13 and Figure 4.14, Model A l, B1 and 
D accurately predicted ECD, but an appropriate model was not specified. To identify 
good practical predictive model, the statistical analysis was conducted using two 
method; mean absolute relative deviation (MARD) and root mean square error 
(RMSE). The detail is shown in section 4.4.5.
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Figure 4.14 A comparison between calculated ECD and measured ECD from Model 
c  and Model D using Well B data.
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4.4.3 Field Measurement: Well c
4.4.3.1 No Drillpipe Rotation Effect

Ignoring pipe rotation, downhole pressure or ECD prediction 
using several predictive models was done using field measurement Well c .  The 
comparison between measured ECD and calculated ECD is shown in Figure 4.15. It 
indicated that calculated ECD from both Blasius model and Model A gave good 
agreement with an error less than 5%. However it seemed that Blasius formula gave 
more accurate results except ECD value in range 10-11 ppg because these ECD values 
were measured in hole section o f ร 1/ 2 inch in diameter, which was a narrow annular 
gap. Hence annular gap width significantly affect annular pressure loss calculation.

Figure 4.15 A comparison between calculated ECD and measured ECD from 
Blasius formula and Model A using Well c  data.

4.4.3.2 With Drillpipe Rotation Effect
When pipe rotation was considered in pressure loss 

estimation to be more realistic, selected models with pipe rotation effect in Table 4.2 
were used in downhole pressure calculation. The comparisons between measured ECD 
and calculated ECD are shown in Figure 4.16, Figure 4.17 and Figure 4.18.

o
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F ig u re  4.16 A  com parison betw een  calcu lated  E C D  and m easured ECD  from  M odel 
A1 and  M odel A2 using W ell c data.
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F ig u re  4.17 A  com parison betw een  calcu lated  E C D  and  m easured E C D  from  M odel 
B1 and M odel B2 using W ell c data.

F igure 4 .16 and F igure 4 .17  indicated th a t ca lcu la ted  E C D  
from  both M odel A2 and B2 slightly  over p red ic ted  a t high E C D  because these  tw o

o
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m odels used pressure loss ra tio  (PL R ). W hile  M odel A1 and B1 sligh tly  under 
p red ic ted  because these tw o  m odels used  increase-pressure loss equation . M oreover 
tw o m odels gave m ore accu ra te  p red iction . A  dev iation  o f  ECD  in range o f  10-11 ppg 
w as occurred in hole section  o f  ร '/2 inch , w h ich  annular gap w idth w as sm all. W hen 
ro ta tion  existed, it becam e m ore in fluence on  frictional pressure loss.

F igure 4 .18 ind icated  that M odel c  gave slightly  over 
p red iction , and som e ca lcu la ted  da ta  w ere  m ore than  5%, w hile M odel D  gave an  error 
less than  5%. In addition, resu lts  show ed that m ost error w ere in E C D  rage  o f  10-11 
ppg w hich  w as in hole sec tion  o f  ร'/2 inch  in d iam eter. O n the other hand, it indicated  
th a t annular gap w idth p layed  an im portan t ro le  in frictional annular p ressu re  loss. P ipe 
ro ta tion  also affected an  increase in annu lar p ressure  loss when annular gap w idth  w as 
narrow er. A ccording to  F igure  4 .16 and F igure 4 .17 , both M odel A1 and  B 1 accurate ly  
p red ic ted  ECD . H ow ever it cann o t specified  w h ich  m odel w as an app ropria te  m odel. 
T o identify  good practice m odel, the  sta tistica l analysis w as conducted  using tw o 
m ethod; m ean absolute re la tive  dev ia tion  (M A R D ) and root m ean  square error 
(R M SE ). The detail w as show n in section  4 .4 .5 .

1 2 . 0

1 1 . 5

“  1 1 . 0

Q 10.ร 
ร ู 10.0
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(3 90

+ 5 %.
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A Model D

r
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8.0
8.0 8.5 9.0 9.5 10.0 10.5 11.0 11.5 12.0

Measured ECD (ppg)

F ig u re  4.18 A com parison betw een  ca lcu la ted  E C D  and m easured E C D  from  M odel 
c  and  M odel D using W ell c  data.
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4.4.4 F ie ld  M easurem ent: W ell D
4.4.4.1 No Drillpipe Rotation Effect

Ignoring p ipe ro ta tion , dow nhole pressure o r E C D  p red iction  
using  several predictive m odels w as done using  field m easurem ent W ell D. T he 
com parison betw een m easured  E C D  and  ca lcu la ted  ECD w as show n in F igure 4 .19. 
It indicated calcu lated E C D  from  both  B lasius m odel and M odel A  gave good 
agreem ent w ith an erro r less than 5% . H ow ever it seem ed that B lasius form ula gave 
m ore accurate results especia lly  E C D  value in range 10-11 ppg because  these E C D  
values w ere m easured in hole section  o f  8 ‘/2  inch in diam eter, w h ich  w as a  narrow  
annular gap. H ence annu lar gap w id th  significan tly  affect annu lar p ressure loss 
calcu lation .

F ig u re  4.19 A  com parison betw een  calcu la ted  E C D  and m easured E C D  from  
B lasius form ula and M odel A  using W ell D  data.

4.4.4.2 With Drillpipe Rotation Effect
W hen pipe ro ta tion  w as considered in pressure loss 

estim ation to  be m ore realistic , selected  m odels w ith  pipe rotation e ffec t in T able 4.2 
w ere used in dow nhole p ressure  calcu lation . T he com parisons betw een  m easured  E C D  
and calculated ECD  w ere  show n in F igure 4.20, Figure 4.21 and F igure  4.22.
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F ig u re  4.20 A com parison  betw een  ca lcu la ted  E C D  and m easured  E C D  from  M odel 
A1 and M odel A2  using  W ell D  data.

14.0
13.5
13.0

•3 12 5
Ü  12.0
pบ 11.5 

11.0

10.5 
10.0

9.5
9.0
8.5
8.0

A Model B1 

■ Model B2

+ 10  %

+ 5%

-5 %

8.0 8.5 9.0 9.5 10.0 10.5
Measured ECD(ppg)

11.0

F ig u re  4.21 A com parison  betw een  calcu lated  E C D  and m easured E C D  from  M odel 
B1 and M odel B 2 using W ell D  data.

F igure 4 .20 and  Figure 4.21 indicated th a t ca lcu la ted  E C D  
M odel A2 slightly over p red ic ted  w hile  M odel B2 m uch over p red ic ted  because these
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tw o m odels used pressure loss ra tio  (PL R ). M odel A1 slightly  un der p red ic ted  but 
M odel B1 slightly  over p red ic ted  because these tw o m odels used  increase-pressure  
loss equation. M oreover they  gave m ore accurate prediction. A  d ev ia tion  in E C D  range 
o f  9.5-10.5 w as occurred  in ho le  section  o f  8'/2 inch, w hich  w as sm all ann u lar gap 
w idth. Thus, ro ta tion  becam e m ore in fluence in annular p ressure loss.

F igure 4 .22 indicated  that M odel c  gave m uch  over 
prediction w ith  an  error m ore th an  5% , w hile  M odel D gave an  erro r less th an  5% . In 
addition, resu lts show ed th a t m ost erro r w ere in ECD  rage o f  9 .5-10.5 ppg w h ich  w as 
in hole section o f  ร1/ 2 inch in d iam eter. O n the other hand, it ind icated  th a t annu lar gap 
w idth played an  im portan t ro le  in frictional annular pressure loss. P ipe ro ta tion  also 
affected an increase in annular p ressure  loss w hen annular gap w id th  w as narrow er.

A ccord ing  to  F igure 4.20, Figure 4.21 and  F igure 4.22, both 
M odel A1 and B 1 accu rate ly  p red ic ted  E C D . H ow ever it cannot specified  w hich  m odel 
w as an appropriate m odel. To iden tify  good practice m odel, the sta tistica l analysis w as 
conducted using tw o m ethod; m ean  abso lu te relative deviation (M A R D ) and  root m ean 
square error (R M SE ). T he deta il w ere  show n in section 4.4.5 .
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Figure 4.22 A  com parison  betw een  calcu lated  ECD  and m easured  E C D  from  M odel 
c  and M odel D  using  W ell D  data.

4.4.5 P ractical P red ic tive  M odels Identification



46

To identify  an  appropriate  m odel used in developed  user-friend ly  
softw are, the resu lts from  four d ifferen t wells w ere analyzed  by  tw o statistical 
m ethods; m ean abso lu te re la tive  dev iation  (M ARD) and  roo t m ean square error 
(RM SE) as show n in T able 4.3. A  deviation o f  p redicted  data  w ere  com pared  w ith 
m easured data  in every recorded  depth. The less statistical value  o f  dev ia tion  gave 
m ore accurate result, so it w as obvious that the com bination  o f  B lasius form ula  and 
increased-pressure-loss equation  proposed by H em phill e t al. (2008) (M odel B l )  
accurately estim ated dow nhole pressure in practical field  in bo th  stationary  situation 
and ro tating  drillpipe. O n th e  o ther hand, decreasing annu lar gap w idth w ill increase 
pressure loss. E ven  though dow nho le  pressure w ith th e  pipe ro ta tion  w as presented, 
but if  ro tation  effect w as neg lected , it causes frictional p ressu re  loss un der predicted .

T ab le  4.3 S tatistical resu lts o f  four d ifferen t wells w ith  d ifferen t p redictive m odels

W ell A Well B W e lle W ell D

M ARD RMSE M ARD RMSE M A R D RMSE M ARD RMSE

N o
rotation

M o d e l A 0 .0 2 0 3 0 .0 7 3 0 0 .0 1 4 3 0 .0 2 5 3 0 .0 1 2 8 0 .0 1 9 1 0 .0 1 5 0 0 .0 2 4 0
B la s iu s
form ula 0 .0 0 8 5 0 .0 1 5 1 0 .0 0 8 0 0 .0 0 7 4 0 .0 0 6 7 0 .0 0 4 9 0 .0 0 5 7 0 .0 0 4 3

R otation

M o d e l A 1 0 .0 1 5 8 0 .0 5 1 2 0 .0 1 3 2 0 .0 2 2 0 0 .0 1 1 3 0 .0 1 5 6 0 .0 1 9 5 0 .0 1 2 7

M o d e l A 2 0 .0 2 1 2 0 .0 8 1 7 0 .0 1 2 3 0 .0 1 9 8 0 .0 1 3 3 0 .0 2 4 0 0 .0 2 0 3 0 .0 6 3 9

M o d e l B l 0 .0 0 7 9 0 .0 1 3 7 0 .0 0 5 0 0 .0 0 3 5 j l .0 0 3 9 0 .0 0 2 1 0 .0 0 7 0 0 .0 0 8 7

M o d e l B 2 0 .0 4 2 2 0 .4 2 9 7 0 .0 1 5 7 0 .0 5 1 8 0 .0 1 1 9 0 .0 4 5 6 0 .0 4 1 0 0 .3 5 9 9

M o d e l c 0 .0 6 6 4 1 .0 8 3 9 0 .0 2 4 2 0 .1 0 6 7 0 .0 3 2 5 0 .1 8 9 1 0 .0 6 3 1 0 .7 0 1 0

M o d e l D 0 .0 2 0 6 0 .0 9 7 9 0 .0 1 2 8 0 .0 3 4 1 0 .0 1 1 3 0 .0 2 5 8 0 .0 2 2 8 0 .0 8 2 5

4.5 A  U se r-fr ie n d ly  S o ftw a re  D ev e lo p m en t

A  u ser-friend ly  softw are  w as developed using graph ic  u se r in terface  (G U I) in 
M A TLA B platform  to  estim ate  real-tim e ECD  only in d rilling  activ ity . T ypically , 
oilfield  data  w as recorded  in  L ogging A SC II S tandard (L A S) file, and  need ed  file

๐
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transform ation  and da ta  arrangem ent to be used in  p ressure  ca lcu la tio n  and  also 
d isp layed  in G U I. A  flow chart o f  user-friend ly  softw are w as show n in F igure  4 .23. A n 
in terface  softw are is show n in F igure 4.24. There w ere  th ree p rocesses in th is  softw are. 
F irst w as input file section . Second w as calcu lation  section , and  las t section  w as 
d isp lay  section.

F ig u re  4 .23 A flow chart o f  user-friend ly  softw are.
4.5.1 F ile  and  Info rm ation  Input Section

M ost o f  all o ilfie ld  data w ere recorded  in  LA S file as in  tim e log or 
dep th  log depend ing  on  rig  com pany. W hen raw  L A S file  w as in dep th  log, it was 
com fortab le  for softw are  to  p rocess data and sen t to  ca lcu la tion  section . O n the 
contrary , raw LA S file recorded  in tim e log needed  som e data  transfo rm ation  from  
tim e log to  dep th  log. T his softw are  w as provided an algorithm  o f  da ta  transform ation  
based on drilling  param eters such as bit depth, ho le  dep th , flu id  flow  rate , surface

๐
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w eigh t on  bit (SW O B ) and  drillp ipe velocity  to  ensure th a t the  o u tp u t o f  dep th  log was 
considered  on ly  in drilling  activ ity  excluding ho le c lean ing, p ipe  trip p in g  in-out and 
others.

In addition , softw are required w ell descrip tion , b it and  casing  program , 
drilling  fluid properties and  form ation pressure w ere  a lso  required  to  m anually  input 
in softw are  in terface. W ell descrip tion part w as abou t reference  dep th  o f  w ell which 
consisted  o f  ground level, ro tary  kelly bushing level (R K B  level) and  w ater depth ๒ 
case o f  o ffshore operation . G round level w as the level o f  th a t w ell above sea level. 
R o tary  kelly  bushing level (RK B level) w as the level o f  the drill f loo r on  the rig that 
is u sed  to  drill the w ell. N orm ally  m easured dep th  w as com m on ly  referenced  to  the 
RK B level. W ater dep th  w as used in offshore operation  to  specified  average height o f  
sea level above sea floor. In case o f  offshore operation , there  w ere  frictional pressure 
loss and  hydrostatic  p ressure  in liner, w hich w as a  p ipe o f  d rilling  flu id  flow ing from 
drilling  p latform  to sea  floor. B it and casing program  section  described  size o f  
openho le  and casing fo llow ing  w ell program . D rilling  flu id  property  section  described 
flu id  properties: m ud w eigh t, plastic v iscosity  and  y ie ld  po in t. T he last section, 
form ation  pressure, described  tw o term s o f  pressure based  on  dep th : po re  pressure and 
fractu re gradient, w h ich  can  be plot as pressure w indow . A ll o f  th ese  sections were 
im portan tly  required  to  be filled  before calcu lation  w as conducted .

4 .5 .2  C alcu la tion  Section
A fte r LA S file w as input into softw are, drilling  param eters in LAS file 

w hether in  dep th  log or tim e log w ere accessed by M A T L A B  algorithm  in order to  
rearrange necessary  da ta  into depth log. I f  LAS file  w as based  on tim e log, it firstly 
required  data  transfo rm ation  to  record  in depth log. T he in itia l stage o f  transform ation 
w as to  consider on ly  b it dep th  and hole depth. W henever b it dep th  and  ho le  depth was 
the sam e, it m ean t th a t the operation  w as in drilling  activ ity . In  som e case, bit depth 
and ho le dep th  w as n o t p rov ided  or not available. T here w ere  o ther d rillin g  param eters 
such as SW O B , R O P and  d rillp ipe  velocity  to indicate w h a t k ind  o f  opera tion  had been 
done. A fte r all w ell in fo rm ation  had been arranged, the p ressure  loss calcu lation  was 
done using  appropria te  p red ic tive  m odel. A n appropria te  m odel o f  ca lcu la ting  pressure 
loss analyzed by statistical m ethod w as in tegrated  w ith  w ell descrip tions and drilling
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param eters. D ue to  the technical lim itation o f  accessing  LA S file from service 
com pany, th is research  cannot update the p red ic ted  resu lt in  every  single seconds as 
real tim e concept. T he  softw are updated the d a ta  m anually  on ly  w h en  the user received 
LA S file from -service com pany which w as likely sem i-realtim e softw are.

4.5.3 D isp lay  Section
A  user-friend ly  program  can d isp lay  w ell tra jec to ry  w here the position 

o f  w ell has been drilled , casing program  w ith  m easured  depth , a lso  pressure w indow  
betw een  E C D  in un it o f  pound per gallon and  m easured depth in un it o f  m eter. This 
d isp layed  E C D  w indow , w idely used in oil and  gas industry , w as p lo tted  com paring 
w ith  pore pressure and  fracture gradient. Pore pressure, w hich  w as determ ined from  
repeat form ation  teste r (RFT), w as the pressure con ta ins flu id  inside pore volum e o f  
form ation . H ence, estim ated  real-tim e E C D  should be kep t above pore  pressure. 
U nfortunate ly , the in terface in Figure 4 .24 d isp layed  pressure w indow  consisting only 
po re  pressure and  E C D . There was a  lack  o f  fractu re grad ien t because  operating 
com pany  did no t have fracture gradient. T his prob lem  usually  occurred  w hen the well 
w as d rilled  in the sam e concession as previous w ell, w here  form ation  w as w ell-know n 
and  the d ifference betw een  pore pressure and fractu re gradient w as very  large. Hence 
operating  com pany can  neg lect this fracture gradient. B y  the w ay  fo r safe ty  issue the 
pressure  w indow  should  m ain tain both pore pressure and fractu re  gradient. In drilling 
operation , w henever E C D  or dow nhole p ressu re  w as ou t o f  range  from  th is w indow, 
for exam ple  below  pore  pressure, user or d rille r w ill be w arned  th a t drilling  condition 
is harm fu l, and  po ssib ly  lost w ell control.



F ig u re  4.24 A  user-friend ly  so ftw are  in terface
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