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a Drilling  Qbjectyes ;
= 4

7 he _?c&fi OFC_ s-m/v f.’l‘;?*[‘ﬁi?li-fj Yenture are Jafcy 3 na.n.}mktc/ cost and & o ble

cem F(c tion.
Safe iy Human Healeh [
Haman  Welfoare 5 D,-.'{L};:, {:‘?g ;,;;,.'9 menty
pummzea Gost ¢ Dm 'z‘(nj ap LT 202100

usable Cd‘rr?p[ﬂfpbﬂi Tcaéno/ajé; ( staze c}f art)

a Dr;'!if;,’j O/.mm;zmlm L invelves Using aacleble  vescurce to munimiZe cost ;aé;'at
ro Juf’cg and well canyo!e;‘?m re_’gwrfmcnr.
to opumze d’h/{};g o/zmmé:z, we muse do threc thngs
) Seablish Crtena fer c’w/a-'az’zg a(n; é’fﬁ focrﬁ':mance.
v (2) _Z—a”cna'r;‘ﬂ téc varables thet effect thiz rperﬁrmance.
(3) Determune hew to  control these ver,ables to awr a:fwnr'g;c_f-
, Eb‘a-&mﬂrﬁ Dm'ﬂrhfj Fcrﬁ'rmancc : Rep I = cese ¥

RoP =f ((woB , N, 4, Fermatien , ... )

a Dn'!ﬁg Hjci}aultbs :
. T he Dm /1}@ /-'/_ya/raubéj system heice man/ cffects on che well:
A1) Control  subsurfoce pressure. |
f.‘f’(Z)f:mw'c/e a .écé'-;/ﬂnz‘“ eflect to ;&/&’eriﬁ and ca.m‘t;l. .
i(38) moumeze hele crosien due to the mud am_':/u'yfj action c:/&’ﬂ:mj movement.
(4) Rémove cchfg&%j /h:'m r‘éc M’//, c:/éan 2he bt a‘nc/ ye mat & cuzzr:y ;froz'n be Lo
the bir.
R (%) Increase the fm:ncsfrar'zfm rote. ( woB , N)
(8) Size Jurface 5.?&/5manf Juch &3 PP

o n - -
(TF) Contrel Swrge pregare creited [z/‘ Lour;n:':?- /v/:r_ o he  hole
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D’f‘//‘”j E@éndw‘?j (2) (P 2) oI Ty e 0T

( frowm zhe hole . (-SW&b coise s K(«Clé ana/ B/c’w-auf/

(9/ fva/wz"e /ur(;:jme (hGréqies n z.‘Ac w(f[/ é;arc,

i
i
l

E(10) Moghtain Control of the well o/ztng( Feck (Wt//- /é//tng =- 130/9)

i:'
{

o DmA//)g Problems ¢

<_§_%,[’/),‘-p;,?_cqmcé4hg ( Reloted to Loss Circulation )
'§§( 2) Wash ot (sadden hele 1 dill- string ) = Collapse
..[3, tveli— bore Co//a/sje

(Lr) Shale Problems [ Swelling )

/,9) Losi— Ciralotion (due +o surge ,ore&*u'r’é‘)
; (6) Lese of Bet [ Bet Fw'/urc?/

I

[*] Kichk (ue to swab preure )
E (#) Blow- ont

IL (2) Deviote o well Trdé;“f"’g

A

i |
- --iiD (7) H/G‘l’WﬁMlQ Pressure @

° — PR [ . - -

!(}o/nmo’} Ferm of f(/d}CthﬂC P/f.lourc cikaﬁ&ﬂ are aj ﬁ)//au,_r

)? Fpe €052 x pmnw x 70D (}9:1) [ 0-052= Zl_jg“j /‘f"c*>
;; P = 2 ¢ el ,\'»PF“? . /7(" /
¥

5; C = ConSrantT

t‘ Eo = mud eowb/\t For the section of vhe wterest.

,'¢

Lt 2 I UD Or 16 dz‘/z of f/zc sechon. off Interesr

H i

. 5? — L-?www/f Wt phod WCLJLT‘ /Z: ryv')

i

) H EMw = /omé(/@ o/>2x/r/z>) .-—e—{_sz‘cur?c mLLJ}

i e K \} fz‘

i 50

:’*, FFOQ' e N S S

:] Ehw = roral presjure X 19- 28
i .y

| (#/g00) e

|

it

i
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VORI . VY Y A A : 2203 oo
— Dty grreerng 23 PR

- Equalendt  Cuonletuwy Densiiy ( PPG) ~ metisy rmad
T 7 v - (/

ECD — ﬁ’) W ‘f Apannu/ﬂj
. veeS5Z2 TVp ‘
/ ’ T i
) , . L"" meircn "f s Cons ;:/amh‘/
SEanC Consider G EN

AP(amules] = 7 | pressase Losz a/,,uﬁ the aIH}oL/Z[J/

:‘//"'c’fc P EFc¢D “/30 35 4‘3‘54/ For cﬁoo:zb.da mmeed I 7Y/4 ng e ll

o Exﬁ)%/D/‘ff' An _Z»T=rﬁzcc)4&ff C'aét‘fg Jz’n@dﬁ u.f,'/'/ /f"c’ Cgmfn?fc’c/ ay J"Abau/z.,
Colewloce +the J/O(rcjz"&i?f, pressuc o3 1200 1 Comverr the Pressare of [20q0ft
o an 5ﬁtuia/€;af pui o L;.L"lﬁ/»f ond Aetermuye Foor wil/  exceed +he ﬁutmi:rc
| ‘ i
. gradient o 1.2 18/ gods. ?
Fracture  Gradient = /‘f’ZFfész

11.e 16 /g0l ward . xFoos |
- . 05 2 x 779 !
/D&‘w‘ 12c00 = TTO7 X LR

§ Zooe Ft 0.052 X154 (2e0c ) -
' 5. FP9 r
class { Cement o000 T 0.059x16.¢ (’3000/ =
6.8 FPI L

4 > e
cles) f Coment P('Ol' 7Q,pec): T340 /)_j,

{2000 fZ‘

—_— &3¢0 Pt ‘ . I
£E Mz —— = 13. 3¢ PP2 I
O FTA N 1200cc

L 13.36 C Fractive Cradiatd (14.2 FP2) = 1 Fmé/a*m-

g Fracture pressere 2
Fermogion  [ractwre Goudyent s defone cur epper well- bore pressure fimeTe
Geerbalance o D,nf{fzr’g = Freit > P;&crmmé» |
Aiw 5 Fermation Flsd Pressore (Part” Fresiure ;

Balance D)‘z'//rfgq: Fieii = P;fcnncuaén
binderButunced Dr[/f/‘ci;?/ i Pun £ 1= forpmtv \ i
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D g E e ) (Pog) T T T T TSI I T T T T sg
W Problems in: ovED (| Lost Coeulwwon)
ugop ( Ktk = Blocs - &cw‘)

|
’, L
| N N BD (,_Se/dam,/.r‘w,ec_/v n rea/wa) , _ o i

g Morhews and Kelly (1967 ) on the londuork of Hubbert and Wil (’79;?“4/.)

! . _ . , i
deve /U/Dj the 24’ //"C"*""";/ relots ,07)-5‘41/0 f‘%r .)‘c’a({)ﬂc’»fﬁ)”g r’oc:é 32 ;
: . |
(e / Frore + Ki' & } |
) F)’(«‘C— D -
ilewhere - : - —_— =

2 Fratare Gradent (fﬁ/f}-)

! Frac

IDZ D«;/ofé (Fe)

&= Rock amatmix Pressure = cierbirdon FresTire = Matrit 4 Formeain Flead
Ffé’Jfﬂifﬁ’ F‘/eﬂufé

it
;
1

C Kz Moznx Spress  Cot fficiint For

-

2 &+ Pore Presjue

{ - e —as e

| the dopih. 45 whCh the Tetec of I would be

L : ; . :
rff/r@ neymal matnx  seress (Dimensinles; ) . e
. N

o Mathews and Kelly p[o,ce,a{urc to determine  the frature grad,} pE 13 as folleews

(1) Defermine z%c pore /Drejmre

(2) Assume @ Lgmc‘/zén/f ef T ,DJL'/IZ} For whe opverburclon presiure 3raq/u"nz‘
= o+ Ppcre

5(5) Dezermne  the a/e/:f/z (D¢ ) or which & wwald foave aormal value:

z &= 0.535 Do o _L? (0.5_35 PJ’"/F;‘] :
| o
— _im,[,ﬁr)h,_.,él,éﬁ.?‘zﬂujd{en ﬁ:ﬁtf_@-zﬁ, determine  Kiland calenlote Uppeo . .
' :
L Fpore K 6 :
i B = = i
D T
i
R i
‘ K. = Metwa Jiress Cocfhicient
: Gulf Ciasr Jands Z&tycrj, USA
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. Drilling  Engmeemng i fed)—— == o

o Eidmp/ﬁj Dwermﬁhg Frocture GraJ;éni‘
f ~

Usng t"/)(f /Lmr/;cw;f and Ke//)/' /pﬂ’cc’dm’c’ , Aerermuine the fractre gma/ufﬂf

.;Jusc ég/aw z‘ﬁe C“J"{‘ﬁ Seat ,lf:r f,éc ﬁ//é.w,y‘:ﬂ Zﬂmjmna

;;Can,\ijc ar a/;f/ﬁf/é (seod c/e/off;) = 6650 F, 70D
Fermatien presiure = 3300/3;".
(1) Fpere =
2y E= =1 )

( ]/93;/74}')( 66507'35'/ - 33eo = 3350]‘73[

>

N
(oY
D

s 3350 o Co.€3
(3) Di'= (‘3 = 2 - 2621t = ke
0335 L5 3L

Y . 3300+ 0463 (3350) 4 g piiffr
e £650

/J/ /o//» & i U/Jjér'" Frnctnrc/ . w/ (,ILJ.)’LJ Jeat

slow roate = 30 _Sz‘rc/ae/,m;,, (5,)7")

' _ysurface cpun:;

3 300 ]DZ(' D,

Gulf Coase wellse

L 4

T g
-9!5" (“5_) ¢
7

icwl@k pressure Lgrac//}nz' occures,

’ Vet _

Cc?mc/\[ E

E&x\&»\ )

D Zeak -L?le, Jest (/D/actz.ca,é clatérnu;o(»abn Cf2 fmcﬂzrd graa//cnt)

i

_Z') Fcé/d, we  can Esgmote 7,"/75 NI Lirn f;acz‘x/eﬁma//enf at caCA »ee cﬂjh;)/c'g

/pomc b/ /DLr/fc, m;rj Zuz,( 07‘/ Je3t &I ;fo/[onj

5ma// l))Crcmth‘J 51,;1)17: o Z_L‘w— Vf'/ame IDlefD_

(2) Continuc /pum/mnjl small

a Pre— rest fimit. (7/74: j«uje 05 jurry e shew @ suddden Jco)’c’u.re o rﬁu /op‘,\,t‘)
"o/f 7:/)5 ﬁrn;az‘zo,z.

Note 7 his Lomat (3 r’%m‘ /D)’ejiufc n cU/MCA mu_c/ SEAy 1T 7& (e

u

7

ICP- SPREL SIDFP -'J/')),-”:‘é"’(_?cr“"J LJL_,/:.;d/f Ziow

K

n

0. 63

D i (3 the cepth ar which normal motrx

or wlfemaﬁi’z/y Fracture the formotion, hence t#i3 a mnomen velue .
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: o L-xam/o/e: Leak- off Test

Calculate Fractare gra:éénf

«i Determine ¢he ,ﬁj}lcture_‘_gmaéée»t o a (,L{_é’//.)fﬁ C‘(lJljiLj Fg_;&,t (6750 £, 7UD)

5
. Gt;'cn f/;e IEOII/OWLIiLj /hz‘%muma'n j).f) table b'e/bw : (MW) = 72~5/D,03

‘ volume /%(m/cca/; bbl pressure /DJ‘L"
0.0 0
I “o_ | .
; 1.5 7o 1

2.0 190 _ ‘

- 25 B - 280 ;
i 3.0 370
3.5 4 60
) 4.0 B 550 B _ o .
: 4.5 £40
i

5.0 Z3c o o

i - . - - .. - R & e e e e e - e = —

55 520 — Lesh-off pressure

i &0 & o - !
, v -

£.5 580 . :.

P A/, 390/95‘ 4/* /D : &Z¢ F5L+(-0.05,:‘2X7-2-5X575§:Q/

froc

i

P’ . = 520&3 _Yd
wakﬂﬁ” Pﬂ/p«l’ (d’—lo/o.n) froc ID ‘ ;?
sudden deviation Y 5208 pr _ , FFS fj"‘//[l‘ v

Frac g7 504%

” L _, Uvlume (bb6L) L o

7/75 Fractwre  Pressure = /‘ipp/ccc/ presrue tn Leak <o FF Test (From 7. py,

, L Velume Flud ngected ) + Hyclvoseanc wel- bore, fﬂ’J‘Jﬂfv
i , PPV C&J%Lj*af"é}‘ , -_Aazf.//u,a-/x-.,u/{,:oé-’ Leak-sIF Test / ‘
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i Drilling - Fnameerpna f23r-LF)
J [¥4 A

LT ¥ - - - o . -~
& manip im i il recis (ol <n] Leak-cof F BIT Liim paera = Lrottilre  test AN

-

- [«:)‘Lyu; (‘/J: . ( ] /Zf?d}’auAC’ /:YﬂLtU/‘lg ;a’w[{ U}q Wm'_fora_d'un’ “e3t ) /L;,u){})
: - , S,
i - (:u/)'/s_‘_/ Froacture (S22 )’/v,) C/V/INN aé’ ﬂfJ,)

Hodmule Fracture Fluid:  N24 Brine 4 Sandsy Cos gas + Addiaves

well- bere

‘2—— Ffélé'ﬂ‘ﬂ‘g duc o @J/ﬂd/‘C F)"Uﬂ‘“;y = yruni_ et /@ﬂ.ﬂ(ﬂ?

shun (S>¢)

Lo Bouyancy
gou/anf Ferce = F/w‘a/ Volume D/S/:/acc’c/' X Fluio! Denj/r"/t'

<K& W v

WF/m‘a’
BF z B‘,}‘g(}/ay)c/‘/ /:[‘l(:fclf :7 BF = 7‘_ MW ) /f}z-.“.[z {5:5 FID\/Q
/C:J’t‘ce/

3
ar ?(7"6'(-‘ /fj/rn
,[r/J {?W/Darraﬂf te accomnt for Beu;/anc/‘v 87‘?661,‘: whern Ca/cu/atmj :

H Heek Londs
o mfrg.rfm"ﬂ @tc nswon

W BiE wen Lt |
.7 7 ' —
Dril/ Ceollar fd?&c:}cm:ntj , / |
7 '
i wpacet OP y ;
J Ca /0 j ) , é
Other Wffjkt— velotes] Paramerery v v 7 |
‘ |

- — _,_/\/cutml /po,’(,}j

HWDP I- T . 3
‘ p z
pe I ot Y5 Ao Degign HWDP

nExpam/:/a: Determine the maximum Wos /amm;/fc/ Ly @s0fr of 73/(:0.55
1444 /é/?ff dnll  collar fer  borh of the ﬁ//é.ét,,;j P ‘L,57A¢j~ [ Assume rﬁm‘
atiof the dall- Jrntj Co‘m/oresffﬁ'ﬂ 13 0 il a,//a,) '
() 25 mgal (b)) (6.0 lm/gad

b
¢
£
H
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i

D //\"9 Ergimeenng (2) (PB) L L LTI T e
5(7/&1.[7&’;7 : Wa‘, = 4907fl‘( f 4 /én,/;fz. = p’q;acc /b - | o :

7’ F. mwe 2.5 thm/g90d (pp3) > BF. 1- 2.5 . 0 555

i
i

(@) W ., = 648 X0, 855 = S500lb x
rid - oy |
(b)) MWz 6.0 ppy Rop |

IF mwz [£.0 /’JfJ = BOFz 1- 6 = 0. 736

LoNote:  Downhele moter ('W‘Z;A MWD n'a/:)

WF/uic/z (64800)(c.756¢) = 49000 /b

T'Djavc and  Swab pressures ;

:it'-o the Ia[/be ‘3 a/)’w_c.o/ g/awﬂAo/;:. B

| Surge : when we run f"f’e moa well it ferces d?IY/}y rruc] “p the annulas

;ia"c/ out of the Flew (me , At the same wme the mucd /r'nmcoédtcl/y an&ccnﬁ;

. ;o [} . '] ’ ] . ’ :
T he Ké)’_d_/l‘_/!j piten etfect Jenerates a JSurge pressure thot (3 added to the

Aﬂ droseatic presiares Exessive SUrge presiures cap merease. the. well- bore.

| presiure te such a a/‘i’.ﬂfff as o creade Lost Cuewloton . = /m/o; J;uc,é,éj,;;

:;’ ST o » T R ;
 Swab: When we Ioca/ pipe out oF the well , mud Flows (.
down the anrulus fe Al the r:;@/}vij wid . Thes casises E% J Drag

¥ R " . ) ) } force
Lo Juction eﬁff”‘ 3 jdﬂtrc’ﬂfl? a owab f)fc’JJ‘uVé’ that can ( ;
: L

;;ZOLU@V Z"/é(f d/t‘/fjffi’(’r\tlh,{ /Dfﬁfjtl)’é‘ and Fo_jjb'é)@ Aniﬁ z—/;(,
Formanon flud sito the well- bore. = Kick == Blow -out

APz Foud~ Fp i

" ijc Iprcﬁw’d »

Ca[cu[atny ja@c and JSwab pressure can. be a cc,m/D/gx anc/crfa,é/)y Jc/:maéna

on f/u /01/7 C@"!@urb\ﬁﬁn /ma/ /)o/c Lﬂecme/z‘)\”g

i Bw,ééara/f o/c’dC/O/Dco/ a r:/aﬂon;&,o biw e/ Jeametry, and _the cffeceeff &

= bd‘f? ‘{/ﬁjfd A/ zhe /7‘/>° which 73 refeved to

as  the c/u‘;ﬁ/,‘zy Cc?ﬂdl‘ﬂﬂfj[}()
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<~Prithya—Frareero{- P9
’_ ¥4 v 4 PR | rd

D,o z ,p/,be Deameter

—7_/11.‘Av A b md
7 2t

f~—ars

o
1~ —

Dj= Hole Diameter
- Vs =K Yp
; Vp: /Dl/bc’ Lf'f/btt\i’p
For a clesed <fff _gfn,\;j { (e, iside op)

P
D Vo = = Ve [ ]
: [c/f_cl,z

V;?i/;?f é /DI/DL D'c“/ﬁcdfy
a/_; : Hele Demaler
o// =z /DIPL’ Deameter ('0, .D/

For an dpen ~ ended Fr/bff

2 / d
- 2N < (O/Z—d/) - 34
V»:uc/—’y’wfc/.-’ -z 2 2 ,
H(dz— )i -d,5) 4 6] *

Effecuie Annular Veloaty ; IF z UVmudd — K .l/,w/'va

fa} E:x—a,mlold: ju{gc Effecrs

éjcajw:j Fﬁmff 2 6400 FZ‘

f Fracture Gradient = 0.82 Fﬂ'/;fz‘

il
1
i
N

| Hole Diameter = 14 Y4
 Mad 115 .. 37¢ VP, &b 2
k : PR ,#Pve 37Cp, z £ J1ee Ft

wl =7 PPe Z
m a’z /4% ?‘5,2‘ 19. ?52

L oarunar

Flow

V -7, ( d;i’,Z) = 163 ( 79-?5’2 )z 2,073 7L’t/J€C

Br/ps

Ca/cu/aﬁ'rlj the Jurge  presiuie jdm‘)’atfa/ é/ Junmid g ‘_rf,,‘.,;j F 10 3/; camiﬂ

H . . ; 3 X 5 . ',/ ay . oy y
%;jrc{a/zér\f, Asrime  zhat Fhe caj/»ﬁ 12 ti’fﬁ‘étzi’/ﬁﬁ cloed  with & fleat shoe.

/oc/'vc {/"C/;’Cttjz —fie z“gf/rm}) =—-1.77 ff/s (h.. Y denctes  downward L’z/aazfj)

;‘av//aw.,;; cma/tz’zbr) anc/ Wc’téar rAc‘ z‘otﬂ./ we//—z/wrc /Drej.mrc exceac/j g-/fé? fj’a(turc"f

c/i/a/z z 70. 75 /]‘[_-7_;15 = 0.72  Sen @urc’ (Assume Laminar Flec0): Ked. g4
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_er,é//_f"j,;Eyfﬁ@{‘f%j(.Z) (P10) © o e e e e e
1‘ Ve: 2.07- (044 x1.83) - 1.265 ft/zec
e annular presiwre Lo cquanin For Kamerar Flow s
6P . PVxxV RS

j " Binghaum F/w‘a/ Arime g
H o 1000 (dz_d, )2 T 2o (dz2-d,) L7 )

rhroe = OTXE¢ceX 1265 X 64 oc .

- Brge ANk - 67 pr
1000 (/4. 25 _10.#5) < 2e0 (1475 -10.75) i
I i
y X
g EMWe LT 15.0 = 15.2 (bm/ g0l
:: 0.052 x 6400 e

2

oEmw, . 0 15.7% lbm / aod o
frac 0.05.2 i : /I ‘
EMy & EMW g = Twe Can gubsarure  the ¢ffective Veleatry o the fuinin

Frca‘iufe egn, Te comf(,ctc’ Fhe ;u{jg (:jwaé/ /ory,j,/a/‘?; :
} i

i
I

¢ pote s M Mid - LJ}M« bas  becn daxym’d/ rvdd/ For ca/éu/az‘zj Jurge or Jwaé

; FELUTE o (JALLV»\ b}/ jnllo/w) | g
SRCaE j : : : Trip Tank |

—- P BorP
(“/14) Y rJ,;/C)‘// /n /anﬁ /"O"‘/c Lol e

L
i

| o

- d}"“()«ﬂ— Cnr? 2t d’f; O“b Cﬁ?/w i.
. Aine ] [ Kilf
,Jr«»"lﬁ swab presure /L,/ —  Lihe
vy !?
; (_,ul, “_,-—\ut_/t‘/_,v u./‘/.r/ Jru/ / ;
R L Ktk Z«éd%@

el e

Py S
|
i
i

o Hole Clcaqué;?

The mud 5 effecuvencrs at remzivicg Cutrriag s sign ﬁamt\/j _affect c/n'//tfj efﬁgg,,g],
D?i/,/_‘:‘(j‘, waﬁfj yary tn gz and densinis acgc_'jf_a/zéj o fermetion Arég{gj 1. ;D‘f/',,’/;fw_tl

o
0!

i ’ !
4 Ffzjj/tré )_fAC Cui‘mﬂ blCt?Oﬂr af z%c écr nnc/ Otﬁcr f?zgz‘c/j 7-/15;, are. LUL%j Aazwc’/‘

i
k

i
[
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1713
II

e .
<Dl frm—Frrreerag—{-F
-

Y

.

2‘64127 r,/ic aer'/[Lio, mua/. é;nc/ r'Ae?f f%fé‘ ﬁncf 2% Jlié o/ocan z-’Aruuc;/7 fAc ﬂ’r)nu/aj éac,é' )

| ‘Z‘Owarc/_ r/)c’ bettem 07/_’ the /;o/«. A nmc/; aéz/(:j Yo znzru/aox., CLLc‘“ﬂj on.t /,r}‘“

L ,m Carrac.:j C;zfoaav 7. 1_; rg/atra/ e z-/ée JLFFBI‘&nCc b/w ar)nu/ay ‘/c/aaj ana/f/éc:

|| pteloary with Whih _the cuttiqs fall Vo

. N . T ST - ‘
qu@;g Cafzag.t:g:»-,ighhf,kq/f/o]‘ . _ ‘ T B
el NotC s Effect of Differentisl presure on cutticg size ) g 7 2

Vs

u 4 . " . . . 7 .
Moore s Cerrelatin (1974) for estimatng slp velocsy: o |

Use pthis methed 5 we need ro determine the average densities

and diameters of dilled selids by viuady (n3pecting-

re,ore:;;yma_kq__ggyig,& or é)dmry & sieve or scream analysil e
. e . . . " i . 1] .
We can use i-/zcvfu[{,ocw\'cjun/m;nbr&/a to  eshmote the J/z/': Vclcay cfa Iz>art7t/c
i " ’

j‘uj/pendcc/' in a  Newtonan [—/uz:/ ) o f’

----- ﬁ""_—/’-\_—\ V 'j;
( d G P ! |
V;27¢36] ID( P - f (%) . :

\_,\1 17 i
B T i drj ~-_.J_‘__, T C . e e .

where . Vs shp V;/f?ggj_,..(,ff/_Jécl,,,.___,,

. _ dp: Fﬂfﬂ'c/éu.d_'eé!’@ffr,, (inches)

fpr prrnck ensey (PPI)
be i flud deasirg (PPI)

b G s Dy Coethoart _

' Ty
1.59 - /\/ammm/ value of Conwrgién  Constant J which has wnics of ( £t /[JLC —m)]

I g 1.87 becomey J.415

| — Steve Amlysiy . to determine cutting size Aistrbation ‘
/ I3

| re derermine C/ff‘j Coclhicient , we must . ﬁi;i.,@m/?&?_‘éi,, the ﬁarﬁé/é T M.
728 (7 xV; xdp
N&’P ‘ A

where :

M Flud V/jcc’j;',tj ,(c,?) in JI umt {@/mj, ) 128 recduces to 7.

L) -0z [,,ua,d ,(;// Triak and Ervor it o)/cj,z/v L Nge /,«:/O—.fw/é;)af-/w//’o;o— ‘
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| Mosre  presects. the. Follewnq_modficotion oF £9.(#) Aor Vanous ranges of the I

Dyt Em)'necrwil 27T
VA

paricle _Reynolds mumber. : S

/ P, e e e

SRS | 4 .,.F”,r...m/.yﬂf < 1. )”_C@z‘f”,//}/&p, e e e s o R S

ol e 3’2-'3‘?“2/7;"('5?—“’?) o (m appamu* (cff-’ewe) V"W'J) |
Ma e

In ST wnr , §2.4F becomes 0. 3267 ] -
__J{xr) _For Ny, > 2000 (Terbulet Flow). e

Cpoz 15 o o

4

7 Ve 1.5% /JP(‘“P ‘?)
b |

In sz, 1.5 becomes 2,945 . , - L R

| For_Lgeomediite ponile  Mpe VG ces (10 Nge<we) T

: .66 F
Czgadp < (-f)

. 393 20 = , S
rimm iam e o _([?;.)c, A8 (._/”c()

- L5290 pegomes 0-F0I3. T S I

. 1 { /. -
The term g i hese I the a/’/’“’ﬂ'f visceity (Cp)  aad ~dctred :

fellews: .
Mg e [ ("/2"“{‘ )7 (=)

rt Vann 0.0208

”

cwhere 2 Koy Cendigtenty /-attvr )

ne flow be havicar MC/M = 932 La) ( ;cc / ”

In JdZ5 v’Ma (PQJ)

U Ezamlp[c JLLF Ve/m,;j s Moore JJ Mct%oc/

Calculote fA :&/> z,e/parj aF a’rz//mq Catanj.s Aawe o Wéﬂ(‘ﬁc diameter ¥ 0=25;

anc/ a o’m;er f 2.5 j”/cc (2 21 FFJ}

fu//owtﬂj muc/ /10/5 douf'd o

f/'iu':n ThHhe

—en e e e e e - - . L e

Hele ,j:'zc: 12.25 d

'
(
{
i
i
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| Dn‘/{mj Eo:zjlbtenr}j (2) (P.13)
prll pipe 57
Mud  Weis it (mw/ - 10.2 /’i’j
Vo, = 6° Ft /o = 1 F¢/sec
n ( from Vilcometer rfaa/thﬂ) - 0.8
K= 150 cp equvelent
Solweion:

Determine HMa e

(150 7225-00 3.25 o _ 55 7 ¢
\/"f‘lz(?;—;) )(00203 - Ma= 850 CF

0. Assume an (/ch)/o rance and then C/‘M"C/é the results s et ( /VRC}P 1

82. ¢F (0. 25)2( 22.1- 10.2)
UJ:

- 0.Z Ft/ sec
58,17
, 928 X10.2X0.F X0.25 .
- {
NReF - é)d;a‘,, ))

Assume ¢ 10 < /V/e,g/, 790 ( The mosz common oclfield eona/:i—zbn)
v, 2:9%0.25x(221-10.2) L

=_ O- 397£t/jec
(70‘2)0.333 ( 35”[) 0.333

Nkfla = 10-5 ( 7 he a;;am/;ﬁé:q 5 Zfa/z'a//
3. Annulor Vf/oa'ij = 1.0 Fr/sec

Nee ﬂ/ﬁwarc/ VCI”CI\j o Cuz‘nrgs = (10~ 0.39) =0.617 7£f/Jec
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- -~§-"'Bﬂ{/m I Engnes g 2P
T

1 \

d/"“”uﬁj/(j/‘/g/‘” re C’//’))"”O;)'{ ‘qu/c‘j“—:"’//\.:b!f/ B»ﬁﬂkmm J):,,)YF (J_c;..

Uf) )J/C/(/ J/z.z- ~_m///)~>)///J /d/wé)_)/cj ‘:_(v-'//wvdo/j L(bd//a,,o_‘_',j/J ,__.r

J/)/(,b Fyes ’Jw/ Bmﬂ‘wwﬁfé/ﬂaa_/(&\/ e . wb,wf PV B‘j/mmv

) cF {Yrujg“ PV — Meﬁ

[ /\/a,c toMan F/wd/

7

_// )/,{gjm/‘ é/j)/“’//rl'ﬂw-/wu;/f {"/O’\_J,J/ r[,uy CJ/J,JOL’U// (ff”d/’("‘}’d\a

J“f e uA//‘,utff /)l(jc/H/J [{/»)fuﬂﬂ/ ( AMe )fj’(""/j*-/J Ql/v U/vd«w (J/u—’"

' [0/){“/{4 "W”uj (@)’”/“/ ¢ N: owtg.wb dﬁ‘ m/‘,_,wl(}/

/V/ec . 19¢VDe

H.oeo : /VRE"::'QQOO ,( e NRZ 35¢c0 '/55fcaa/.c7f Ngez 3ecco a5 Crimcal IDOMJ,"/ -
o Fer pipe Flow aodd. annular f/ccu Bowham andd power La ?
_ e v (Bightn andl p woomoddel) |
/‘v’/v"{)”/s"/[w-’ &./J" -:.//JJ-/) - (PV) /L(’ u")/)vjéu ~ ({j/jj /\/ ) _/_L(y yo -—_JJ(_,;.— '
\\//’"\/’\M\ -
F{ /‘//zccf s JU”’J’J”“' ?V | N - (/-"/; ol )
g S ‘// “\m..,_.r/ - -

The Criuwad /VRc clafwc/ u/"’"“ (WD Tnemad Tu}”é”/"”‘iﬁ o the flow
| e i

(J) y Rutg})nt’.fj

e\ APz Jé,—.ég L Tackalent) ]
J
> Fe
A P z JZL_—-_JUC’ L’ (Z-am.m«v'j \\MT" RC ‘ }
rd ~ - 5 1

- 2
[P IAL: 5040 s () . 1 + ; - T . . v
7C2 05?-/20 . -1:——(3/0"‘5‘“) ,Cﬁ’l- )C}://{Xf (J,w ¢l . r:.ﬂd 4)5,,/,/4/% .‘,(/Q;//v:j// ,.,-/ é-;
;:/3—;'// 5","‘.'/‘ st e - ) - - [ - . -~ ./
/?’((_, 20 bzt //an’ .c/db-/w/}f,/)fl.:/gmdj(.éf; sz f F/i QL/-://_‘_,J(_.,, (;oa,;a,; ey o, -

. oo PV _ L _— 7 ~ -~ -
Eddy Visceaty = T Y (Terbuleet) . sl s Jb g

( EX) A ( Obramed by Tril and Errr)

P Ve /g/asﬂ'c viiCospy for Bzg/mm M ded Eleied
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I
; Driﬂchﬁ E"jv‘"cru"g {22 (?«70’) ' : = ﬁ_
5 . 7 - [ - |
/urz% :_y’J‘UA’ (FVc/w/}FV "’/c/[/’ /V//-/)/'l )-)“’r‘—r“"(//’//( (‘“’U»OK/,,-;
pr—— S & PR o i e SN et e e = e m e - o “”W;.‘A. ——
 Flow Throsgh Nuzzles — Beenoulss 2gn. = Yn (13 coleuloted) : nuzzle mcug
CAdsume - C) MO Fméaen Losr
(A) ,/ij/f_f._{’, the Ipmmu hedd Frsctron
) . NN "
(32 Cd: i‘_‘,ﬁ_?."“?‘“j‘:. Ceetfrment ( pccownt for head Losr ) Ci=02-95
2 3
L) AP paszaic) £ Vn ( Dyname Pressare) S
2
Nete:  Dwlling  Optimizetin vefers +e Mizele Size, . . . 4
AF swrface T 1)? s + APM{%“}_V + PBw = Bep oy
“_/—:acilz}‘/; \v'_
AfBr
\‘{,.
— . X - - R _ S
- T T | & o}
-
_ e e i e e e et e e e e - }
/‘?T (Ta,a,z /Vvizz-{c /QVEA) |
- - o o v S
Al ]l ’““‘“f C)’ ’/“’z‘wr‘ c.///c)'b <—~;<£» lv’//f /w/fw/@w c s -
OPf’l;’l’l—l.zCLtlc‘n af- B:+ ‘ /-/go/ra,u/(C.s ‘
- - — _— T e T - - I - - - ‘
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L7
.7

. - - - MY 2.1
LA ae R RAcc i { 2 ) {177
~J (V4 4 )

7

i Mzﬁn;oum Casr DW'ZLE_/q

o= (Bt Cests )4 (Top. Costs) 4( Re ta6s) oz on éo.rii?m:,@e‘_ti) .

Cbr"‘Cn {i‘-,-T) U e -
[ LD j l Y - - (Cost P 7%.:;’,”)
where:s o _
C: ave rﬁJ{ a/n//“:j Co,jf
o0: fr of interval Drlled (maégc /

Cow  Cose of bit (Fixed ) o
Cry: hourly Py Cost (Fixed) - - e
T Tnp Time (hrs) (Fxed)

T ‘Rf‘t‘?vﬁ,‘.;) 7ime (’Arf))('mn‘dé/é)

:
I
h |
7 his ,_c_’jtzaa.tzkﬂn i1 a basic tool n bir Selectiin andd ezozl’aaz‘(:c) a/n//j P f-l
mance  under Uanous Sets ff o/f)wahj condlition s . ( woB, N({RPM) ,,Q.P P’MW )
Vearcous  Sety_ef szxeé_:g_,_,c_g,néﬁenf 5> e can tie For | éf»‘}tﬁ.. clml/ggzxij /wﬂrw_al!

i

il data (e, From offret  wells ) and for monceoniy  the cument bt ren. |

g Fexed  Parameters:

We can  pesr evalunte cosr per Feet on the bas of 5:{17/6 bt yuns . Thed el

prevde us with. a means of  co mparyiq _ndiichal bits and ala allews ds.

fo make the ,fcllacwfﬂ deam/oﬁén;:

- Swae the bt aleady 6o the hole , C, 5 censrant

~ Hourly Ry cest ¢ L_m_/c’&/j o vary s\ijm'ﬁéanffj ,d'a‘n#j a b run , we can

| theefore consicer. - Crg 3 Consiant.

— .

—/nlp / mc(z‘f} C?lkcj net Cémﬁc c/um:ﬁ ):746’ bzr Fem. ‘

We can thus define bt cesr, R cost and trp tore oo Axed parameters o
/('a) Bit Cest (,Cb”.&,)‘, s‘/‘ifﬁﬂﬁléy,ﬂﬁ a bir smze. /’d/’é MC/ con dibrion (c.e, New
Or anJ/‘ » M3y ﬂt«(ﬁe From gevera// ,Aana/?’da/ Zo zf'c’)?JO[f *f/}owau;/;r of a/v‘//a).’_.ja
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Brithaea—rramssmaa 2P+ 5) '

fd x4y ALACCYiNe A .

HH d (d Jgtr 7 7 : - ‘_
A We can PEp- - A‘tji Y ped thro_rwe basic caﬂ&lv‘ﬁﬂ" N o

o /,Qo //4,:7 Cutrer ,;u/ucA mc/ua/e milled  sgeel gocth  and i—ane;mn c:a;«/mc/e dn_rer[- éiw

”x//'-—ix“/ Cotter » wﬁ;cA mc/uc/es chﬁ/ cueter natura[ a&amcuc/ .aua/7pa/ycv9;ta//ge

i
i

_iamondd Cempact ( PDC) biks . ol

| Selectin _of a /Ddrﬁé/ér biz ype. i based on oFfset well yecords (when

available | or  carlier bt runs on the cuyrent ocll . MAger _ Considerations ol

e Fermarion  bavdvess and Abrasiveness ...
- Mad Tops ( 0BM, WBM , A, Foa-m) ' | - ‘
Ni= DeFferenaid F?’CJJ,%)’S ( Arecount 9?»_,,059’,6(_5,4/,@Q¢) e :

— Duecasnal or Henkontod Dnllig Egupmerts e

- 79pe qf,,,/?ctatzg Systerm  (Rezary Table o Down- hole mud ,/DLLM/DJW B
- Con:lj Eguprent R o

|| Aote Sixe R
The Effeccof bt selecwim on oveall cost [ depensls netonly on zhe bt ‘

. coit, bur allo gn (73 f?sffﬁ_rmqnce. An lhf,ﬂfC{ﬂJf‘e’C bix (or ozig,___ﬁgcﬁen,;‘g}‘cj;

Ayé— /Der/‘;‘r‘mancc b"%/ M{j or m@ ner )2’;44‘- /?5 mzﬁl}num,c;e‘:‘?f-/‘?ff FCOLL;
UEX“”’P/“" Effect oF bt Cose . T - S ‘
Cam/mrcz z‘/éc_ codv per fﬁct, ef ,;‘«/c [5,—,’5 runs Shewn i table ,é;,/;w ,gfﬁm a
@ (et 07: ;’,2"0,/’_4)’, ,“_'744 tn/p M_Z‘?"é_??,iw‘.'.f 72 A{J__’,c,, S :

Solunin i “ee =P - A ) - R ,

Bt NO. I Bit Core [/Qc-vﬁlﬂ:] Tlme (T)/ Fcoiwﬁ’ (2D) / R f_
Bt 1 I TRee g I 12.5 hes / 20 zft / ;
Bir 2 j 4#—506‘—#'/ 2¢. 4 hrs / 509— 7Kt l - -

Bit 3 fr.;m.#*/ 45.7&1/ ,‘*”Z{t/ o | “
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M 1 A . R
:!""a'r‘t'/ff*:y—fn?imdcn*q (23 P17 e
[ v M

Sofuniin 2

Ll Bl 232 B [ C ] 1200+20e(124125) 2542 p/Ft
B 20 7y 240
| Bir 2 2357 /FF [ = #5er 2ce (124 2%4) _ 23574/ [
Bet 32 #2596/ F
| Bet 2, which natber _T'_A..fi,,.,4n4f_4f¢?’?‘ ner the mest  expeasive , pever the less had|
the mest economizel yunm . Mot thit_cven theagh the bit coses varg  sigrificently |
L itferences b perfermmance _resele th similar coses per feet, B |
: i
('b} R,,j &',;g-; : i‘cf?[é’cﬂ _aﬂ ¢ 7‘ the 0P¢’0~ﬁ’fj ‘c;t/oc'n_rs._f cv’;kfcﬁ@ _rc/cvtec/ %0 té.d 0/67’/',/;;;\;4]
well . these include the c’_gw‘mé’u‘ ﬁgag’{? K@é‘ﬁ_“éild'ﬁﬂ‘%ﬁ‘ 773 and cietu a/aly (uzz'“é:]
Cest for e
- Rﬂ“‘ta‘ vE;ZW}.Jimc"’t (C’;j 3 A[”""',‘,Wﬁtﬁf’?l’fi‘n?”j . jq[a'_a/ Co;yfyal.’f_ €;Z£p«c/‘:7mfn'd‘ P a/r(.'..//jz‘h:;ﬁviﬂq?/f)
- Services (9. d}fcctz}ma/ c/n'l'/zﬁ, ar e C—m;a[ram;j)
- Mud L}
~ ,,_,,_‘.égjiﬁ__n._,‘-m,_ )
. f - ! ; .
oty _mud meserid and seruées
(g e
> B . , . i
’ = Transpece o7 d{l,//";j_égzw,?méw and meserials o T P
llw Allocored ;u/_vc‘rytbfén, and adminiszronon ]
S | .Ez»fc_u:ﬂﬂ_/??.{wff trems that  weld net_be ieleded i hosr [3 drillig ceses ares
</

Jl=cas

- Stte Pfd/jar;u_ﬁp and _C:[C(gnreyg ( C[m”'(“f" ,f{;mc!,w,‘,,z H‘_Nj)[‘c;/.&_(’ - /,&LIJ/,;)
i,,/ . Z‘Mﬂj and CCM/J/}:aén ;ﬁwf’??ﬁﬁw
- Well- head Lquuprenty

_ Fermesin Frobiation !é?glﬁza_c/_fe;'g A ZJ/"‘j and tes ﬁ:y .
- mé‘vff"'f,f“i/? aud  serveces 7["'” rinnecg cageesy
] F/cm/ wctien E?'m/’? mends

- Stvnaletrion or sand comtrel

-—ji'—f&r visiin and  admundsiration 5 wnless s pe a'/i“cw/_/J a/]a\gatra/ e the Jbé

. Moot ol /oyoé/dnu

Www.petroman.ir

1
i
i

i Cc;'mwwzic/z' , /;oyﬁﬂu’?mj and nmmg)


www.petroman.ir
www.petroman.ir

¢ PETROMANR

7

N §l - . PN~ Y
VWA Lnginecroig (R [ <%)
I TRV 4 AN X

o Ry Cost Tory considersbly__accore G TO. gz;,-e,e{j,,ﬁ,agf_f{?:z::ﬁz:f}g/; s hecarin  enVirepment,

.aucf_[,.,__z:e_g_zm:c;m_c,cvté._;. iy type , Standare] ey poment an</ _Contract  protiiiéns. |

e e e i e e e b e 2 £ et e i s+ e s T R Ut O

We _sheald nete that the cheapeat hesrly cost mey rob pecesundy  reseltn |

s e cost _per foot. These nvelvesd (n /257 selectin  pudr also cengider.

L the_effaincy of zhe conttacwis persenrel and egupment.
ol A hghly cempetent erecw and o well - madiitaned yig may Secify exera expense.
»/ (C) 7 he TQ/: Temelt) [Eius}'c‘a/ te ren (lnc'/ /76.’/[0. bt dlﬁfznc/.j on ngﬁﬁ,]Fﬂgngbcy;%
, ?Wf// _Jof?ff; . S e e L Ztr
- Hele Jize R . R
- Regzuh:a/ mad _tnp. margin (Jege  and Jwab preventin ) I
— Bettom- hole asiembly C‘?.",?!?ﬁ",‘?’&??&ff//,,_(‘_,QQQLn— hele mud pumps_or (Geestnngs ),A
- FPrescace of fole problems ) ; __ i
M= Hovinig capagiy ]
, .. i
o= Ry and Crew £ ftrciings) e

S,

% ” ) ‘ ] g
A commen rule oF thumb Fer c—it-z:mvmiﬁ trep tvme an<d one rhet (s rwasenibly g

i
]

accurate oter the Aifeol awell L 1 fo asume  pne  poar of trep tume fo puner,

pu// Jeee ft of PP ( 1hr /1000 £2) _ , , )

| Table belocw can be wed e coemite trp tomes feor warcius bele Jizes

o L Hele Jize ,enches (Cm)
Deprh¢fe) <725  _ #.F5-99F5 > 4.8F5 .
M zeee | 15 . . 3 N - R
i . goeo, 5.5 : St Ze
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Da,m‘/; (Fe)

et * - - : . . ;
27 AN Er)qma’/‘mﬁﬂz){‘r.zl L -
</ 7 Hele " ze  inches ('C'm)

< €. 75

575~ 9. 875

_.deec
. Jeeos
d2cce
T4000
Igeee
. 18ge0

20000

The avereqe

DA-2 : Vanible

\/ /201—04‘15\(/0 Howrs (T)

S DOnwlled VDc‘]D!fA,, (2D)

!

“twne O]r ‘75 A/j

e oS S

5.8

L 825

Porameters

L2325
o 1025
o125

12.25

th vespect to rotary table iCCAN/‘ij“Q/ o

e

7

L8R

4/5613’84 démég,z‘/ﬂfw bek yun.

T

/chfmﬂ?‘n rate at ang given dome i3 defirresd 03 (.df_)
a7

,§¥@'mp/q S2603 , (NEWRen can  scmetimies be pusleade

each bir cosrs S 4300 .

Bit A0,

Rutaﬁ'g Time (}J

Feeteagl (o)

Avergge Penu")’ah}m Rote

Bit7

15.7

3:9 fr

16.85 Ft/br

Bit2

24.5

3F¢ Fr.

15. 3 Ft/hr.

Bt 3

30. ¢

397 fr

13.3 fe/hr
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Both ¢ these twe v_c/f?i?c‘,"!g/:,ﬁn,,a e rarge of facrers s 3emie o fF

7

J

13.75

15.¢

Neee:  Tep dnve system reducer fup time. (. The mam top-dnve advanesges

/ . . . /7 .. ,
LKesult n putneimum cese per Fect  the3 /5 frae in many cases. But asthe fellos

\O Examples Effece of  Foctrge an ,‘,rq,tp:?{zéﬂ_,_@tﬁ’i;_..C,’ff:?_’-‘.f,fm??é’é. cose/ft of bii

runs _;Acwn' In fable  below , given a /\1/0 cese of F 2725 ) howrs and a i

cchech ey be
penetraiien yute  for & DUE oy (3 (:{D_ )s cohile the  insiaptarcous

AL e mght cmpece ,,téﬁé,,,,zﬁée,,miﬂﬂ;yc,‘zz,_ vhe bit runs  and for. hjécéz‘/onwnm retes

j
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. 17 n Aoaineerneg (I 2% ]
: yaiA 37 = L/LV '

+

.y 9300.1—2?0( O+ 133 :
Bl o [ £)e 3t #/F = — I

4

,55&(3)“-‘__[2%-, e 3Fce B/ FE e

bii(2) hus puther the Legesr run the mese | Jestpge ncr zhe buphest. averiye

pene frotion yate (¢ was neertheles  the medt  ecencrweal .

g /7.3 1  Cose allegarons . .. . o

The cererall (;:;r‘/flt— 07: a ber yun /'J”éy‘a@( te r’//z Jtim cf f/uﬁ (£
Vanable costs L im terms of  cose por fecrio B

—ijj_[ Ctized 1 4 [ Cuariable ] S S

D s> 4D

i ? / Ci ,(: 10 7\2—}
where z € fired ]z— bt * (7 (0
Py ») AD

m Cuvwabie ] = Cng>*T - ' ,' ’ o
‘ZA ; [Cj A= ~ft - /) e

I I
. V7 hi; C?i}(U;hdabaﬁa’J 2‘,/,"0?5', cwhere cb[i—‘ S C’f}";'t ¢ are  censrant Jn/lvc/ a’c,/oz% /./’
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where N, N2 ﬁfe..,_f?ﬁf?f_ﬂ“_é’f?_@i_‘_’,/_, Bt constart wéjf/‘?»@zz?{..\_ -

{
t

ZE _ { m/p) are CO/ny/uona/znj }Dcnd‘fwﬁ ”7—”+,.,,. e

P2
-~ T -

o . {j\j }l)//’*——/VJ/'“CJV(f"L (N"W’IWP)/Z'}* U;j/}
34 / 150 A S AT , /5

: "ZO(:“—‘); Ag ! rl«( --C?——) = Q= 0.27 . . _,wg).dz-szjjj/,j ’_/:JL/« .9’5{4..&,1@44/, JJ).N. :
25 2 —_—

[ For bt wealt so00e by o
e PO O e gt SO f/ s (ag) . 0. &7

for o 35des ? = g = O0.04+5 ('/.Q:r bir we 35000 U;L) awrﬁe
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™.l r s L sy oD P
j L/rumy GNCETNG [ L )T . 17
u \/ ~ .~
(D=2 ) Drill —off Jzsts: . ol s stuchenge T s -

el The Dl ofF fegr ey frse propesed by Lubuskl (1959), allows u3 o

. ,.Q,/ﬂ,if;f:f{_d___._té.ci___rfr/.éﬁ!ﬂ;/?‘/‘? Hw  RoP  and  bir weight  over depth inteyymfs wsing

|l Vng _Cambmation o wesght and porary peed.

_de. (. élif_é”_‘i‘j/?t 5. Rotary Speed )
—_— dT- . . . . . -
Thiy fesr invelves ﬂjﬁ,of/zrg. Q. ,7{2@,@/???’_‘"1‘5’?50,/ ‘mﬂ,ﬂmum,btﬁwi’/jit s #hen ﬂtﬁf/j

the_brake ond mondormg the decrease s biv weght 0s o funcom of sme

ond constant wtary spec.

- Dunng o nll-cff test ,ehe Sdnll Jtnng srreiches a5 b wﬂy/ﬁ decieases mmd

|l _hovk Log_a/ crea ses | ] he amount of  sereich 1 fzum/ Zo 3

c. 95, s
LZ[__ET’JX AV‘/ e e . (0 73),))‘0()' M‘w@bﬂ/&[r)t( W}LJ/ J/—
X
w/h‘ﬁ’é_,.

(/L»/m ’gvv’ f«w) /L//w; M " reol g p st —
L Lg»yfé of dnll pipe " J,/,\., iyl _j)/(j/j/w\/‘/,./y-
VE__L_:E‘E.ZS,’?O//J_%(, 20¢ _,3_?%10{_# Pa_) _for Jm/i (i ¥i Joss
A Cress - secnanal area oF Hnll f?llbe
e oW ,Ch'.ag,c: i Bit ,my/’zf

This equation can be vepresentes/ as:  dp . [ fﬁfﬁ] 27
=t ExA oT

[:/ /o[cr?ﬁ‘lﬁf ://;—u VJ’“%;{/M on Lﬁzj koj /oa/_)r P W(z cv‘m g AL&[}’I a -.J’fr&t«»(?Az— Zxr)z:f ..

i

})a/v,t? a J-/@F@ E;ZL((/L'( to 1/315 Wﬁfj“ e/(/‘-”"”é”’f 7—/11.7 ﬁjubtﬂ/’/?j WL z0 L’I.Sln

r}: case ;Z;r Jo;ft fcrrrmm (w/ufoéb éwa/uzxvfa‘/f/u” ‘“/b“ ”M/Jv)

©

l:zmvyﬁ/é 7 he f//z'w g Formation was pecoreded Fm/c/w//~07f]f Ferf,

G Detepane the 5 & wej/ut- cxlaanenr anc/ mmv jfch_ cz/oamfha‘

Nz loe RPpM , ‘ vz 130 REm Nz 100 Rpp Nz 130 RPM
w16 fime {prar ot (s (b ; A0 (fijm, 0t
o). me frmn) () Vl(/f”) ot Was = f?/””) dt_(’[/m")
(A Feooo 0o o Feoco a4 Goeed .23 251
£gooo 0:35 35 &5600 32 E4coo 22.3 25.1

Www.petroman.ir


www.petroman.ir
www.petroman.ir

2000 32 goceo 2ol . 23.F%

1251 w0 58000 34 56000 1.3 236

. Dgpee o 2:35 % S¢es 35 5roee . (161 ... _ 200)

o R . '
50000 } : .

g:712 ¢« S%ew  F2 BRees  _ F.3 B

__3%es0 LD _

30000

five-gpot test g, )T el Sll-off et 5T

100 4 LT - . - T
e e AGOFL WIS L o bl

b e
dp Vo FELR

i 10 1ee

‘deqﬁg_r{fn_/zg_gf_‘@ eIt ,_;,O/f/"’f/’ p750 fr , L

Drill_pipe ;2300 f1of 5 Y 9.5 1o/ { ?P_,‘ajr,._z,ic_’.!i/_;_.w }

Bit type oned size: 12 Vg 5 SUH(LADC Code 215) | _

Ao, 15 Fefhr , we 5ceco iy, prs Te0 RPM e
A7 v

. Teor . Doza :  Characteriincs Time 50000 /bf = w5000 /Df, in 105 zec, i

Tnitnal Tese é(/r’,jkt Fooco /bf ) . L

 Tede was yun AE Nz 100 REM and Nz (30 RPM. Qo

So Jutién : L : _ . -
: 9 . — 2 2 . H
de 7 QJDZ’)( iy A /7(3 — 4. 276 ) 2 5.2%5 n L“
. T : o BT

_ = . — >
AT ExA or . (

L T "
D ( ¢ 95 x 9300 \( Fooc - Jooe Vo 4p Z(m’i,? o f

50210545 275 b AT ;} --a/fw—w~ By JECnS :

/oﬁl‘é )/{ :

s Ny Ge :

cl) ( AR R . - . . |

) / ( NZ )_; L —:?__6_{6 = /“17 ( ///U'n) S W”U”“—/ 1
Lig [2” 7//5 /) L o S ]

- 0.55 RYT) R 7
/-.(U (73’0/7%} o ‘H wote (bmm ) 5(71 o

]

Loy ( 250/ 0. PRI
(15 Dj( / ’} _ 1, 68 or Qo o _N,.‘. A . — I ;7 J]
’ ’ - - P NASE RSN \
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~..-fl. e : : GNF [ )
LrA AT Eninecirg {2 T { 1 FI 7
vy J [V N 7

V[c[c/fr ‘/ Chevvpy

develeped o vanigion of she _cell-off pesr  phit vielves
_zhe fellowng  pro cecure .

(1) Select a tesr epth  phor s reasenably certam. to be oy o gndform shle

 Section .

(2) Dvill for Sewme  tiwme ar tHhe Curvent bt wediht  to  espablizh the b

bo t1om— hole ,;mtz‘cm.,. .

(B Weth condinins  spblispes] | Lock the brate Laned  recers/ the chavac rensnc
frme VC’QU(;’CC?/. Zo.. C/“//"’ffo 70 4 © f the Currént Ali"_ »z’/b’é\lﬂ'ﬁ.
{4 ) Zncrease the bee Wﬁj/i to it (Mﬁ’a/ test Value of wt [east 2o e above

7 PN . . , / , . L.
i the current bir va\zﬁlr. D/ j‘”'-‘ﬁ c’fncb(«jl/]m M.Uz}”ggﬁ,_,_,ﬁ/"f/ﬁ/} 2o establith a

new  bottem —hole Ftutc“crn,.“,‘/ﬂ/?«;j tomie i3 cfga(»/ 10 ona  increvent oF o hara—

Ctevidtcs tome fov  cadh 10 U meredse  gw bir umy/it. (“";7’ }'mka,"j the bet

wg,j/;f /yam Fcego /é%‘ Io goveo /1574 rc.’fﬂ"rc’ntj o Zo¥, a);crcz?.ftf, [75 t/c’ c/fa!r_
CQceemisnic,  fume recorale </ in ,j;f;f)j L tvas TUE mminutes 4 LVE w[’lt/a/ dn'//_ &L Jpeco

/'571:‘ fer four mmuzes )

Hoew o Wordd 00l also Lises tn Drill Brp Classifier. (Prblished Annualy, )

o .CQQL'_,,‘./?_C".{,‘G(I_‘_A/_/E’A/_ feer:

A q{f’”o“’iif/w‘d tn an 51&70/3/8 Acf;re,,maﬂ,tmum Rep do not a/wn/vj resedt
o menemun ,Cﬁ{r,d‘”‘/'[tiy. T he fqattzj'f,anc/, biv jfe parameters that  resedt
From vonpuy ,w@/\m and Retary Jﬁc‘f‘c:/ st be  subsoitareed  into the cort
| pu feT cqustin o preide a tpue pclcation oF optimum  conciiin

-~ _ . I - _ L.
The last (tem —cmr por drdfed et - 15 the most emportant Cnieren sor

carabl .'j/uff/u Ar //,»;\j s ameter s,
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Y Pt —Ewrmeamra {201 PS5y
4 4 >4

J/’/ow 70 0 btvur aze

| Bourgoync and Teung ( 192%) sugeit cvalsating objeved _cleckies in penctration

(denncal  conditin.

| —(0.475) @
|| Deveding Fgn. (2) by (V). = 13 -e (0. 475) Az

thot wag tested o the previess. example  wey 2% fH/hr. The previus bet wiy
of the same Jize  and type and__was 3)}44&/ 7.7, & fter a/ﬁ'//wj oy the same
Fermation mm:/oj tdenniial  and constant bt a_ugfj({;é) rotary J/:rcco_/, ﬁ/’er/;"C,

mud prepertics , The. ROP of Current bit ewas 13 F¢/hr, Jwe _before /Da//mj
Aetermmne ;’catﬁ wear gongtoant Oz

i ’ 1.6 0.55 ('“H)a;
Jolwmin 0 o o Kxw T x N xe -

L JIr o “ v - '-7.5 .85 ..
_anﬁﬁv( Kote ()’Jd(;u ber S H;_»‘o) = ng'ﬁ//?f = K x N (U
. . 0. 85 _(0. 5F5)4
N K 27 A 2 A TR

. :>. ) Wakl; Oi

Fer the condition deserbed we may express  our cfn'//:"\zﬂ rate egn. Aas :

1.6 0.85 0.F (- H) ;oo - ) “ ) = )
e . Kaw xnN o x & ' )’)d’é’"”u(‘“lolf’f%”ﬂlvw b pl -

We did not mention  the Of/;tz'm;mr 1}{/ and N, hut we show i the Fest  pthe fimdi-

oain of flunderag

. fl"/‘
ROP

(5) Constraint on Bir wegﬁz" ans! F/oanc/eﬂ}j o

Lt 5 imnterestng

\,

0 note that the ,/prcwﬂu' c:')cam/p/c the oloﬁmmw R A not

cleuy ;‘und;ff Condditzons QZ;'Am,axcr‘n%m bur WujA/ﬁ ﬁkzd/ fufd»j jlpsc‘a/. Lostead +he
bit F/zmnc/;rcr}j /nc/ua/}r‘j tne f?;(;f&m"é CutﬁU )'fm,af/a,/ &;noj L-/;/iljz’i’ﬂ—f?'.:j the Lt 6n

bt wai/k"/vf and retary J/aeeJ,

I A
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'fu)/‘ o080 )

/H)'JYMlLC : R must nef oo’crg//ff./‘m . ouwr ai/a_c/ﬁnizﬂ __5/57‘67)9 aét'lt}ﬁ to Clean f/ﬁc’

hole and conditions #he mudl. also. .+ roust not be hjh 43 to make Kick Jctcctzmdf/f;

. : . ' Cu/(t
Hole Devigtion :  Excess bet wc«j/\,ﬁ may Camse a/f'j Legs or other cyosked hole Lo

fr&é/é’mf (_Sch’na/zizj more m5>ﬂ¢y) . It can be /r)req—;nz‘ca/ 57 AM/,'Z} ly[a‘ BHH.; \

(' MJ/fjj stebil ZCT,}:,,, . ‘[,Crook_go/ Hole FProblems . Dog Leq s Rey Seatl, Bt Gosse Wear !

0 Bua .Slacaﬁmman: : o o e

Bit. rrmnuféﬂéﬂ”dw a/fa’jn f/du’/ﬁfac/uff D rin. wzz%w) Certtun _mnjgu/f étt W@Az

_anel _rotary speed. (€5, 1000- 5000 pas or Fool20 KPM) ...

Cosr _;34—;'/1.;Z_g;zlé._@ﬁmzfé'o.f c o E/ e CerClrR(#47)
. 4D
We bnow thet F/FE o ! L, but the fammiteziin 15 bt Lfe. (G/D = [t LIEC’)
| ReP
Les ner [M/Dmhtm\t hew 7 a5t we can a’n/[,;;t‘ IJ f'rw/DM”m»Zf /)ow /\puj W:z‘/é z‘ne

mest r’m[wlc/ncs.j e can oAl . P

J The moire o are n the hele cith a Jz/'z(f/c bt then yeu . can z’n('ﬂéﬁl_ZC/AAffC Céjt,

A ‘w!m// Concept ﬂf(“”alrrz At’t‘ el /j— Clnc/ rotar J“L‘Zch/ as fAC”\ Ve’/ﬁ»fc’ o z"/?ﬁl
1 Concept regeelny bt g Y 7
o MU O/ﬂ//i)y cosrs s the b/r ,Lﬂ .Lt Hees  jiele Jcod te  reseonezc AOF’

5

K

with /wj/; waop :._,gn,g/ /ujn N,Lff/ye resedt 03 /i,".“féfm&/i'ﬁfe ber WeEAr , ety z"rz/p fme
’ M
or lost gomes. . e ;

(6) Bii Life o } , i

The Lifeef a ye /_/_/j cutter _éf,_'r;.._f/g/zcirﬂ.f/é on two  paremeeny . (1) teo th cear.

e e (2R Eg’(!kn;j ewear
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N f s g
LYy i aee i 2
(VAR o

A}
]

-

F

. B o a _ “ A
Cuteer Life  divecely _affeces  RoP a3 showns b2 K (w) ® N‘e .(H). i

- Haz c{T

Aa_the  term incestes( e ) teoth wear i

=TT
o, ~ , _ y €osry ,
& graclul process . By Sentwasts beansg. fosfure resalts fyen. fasjue  andoccurs

/ : i ; i L4 .
_ much more braptly a3 sudences] by zhe chractercings ergung 4P of bet.
o || While beanag JaFe Hoes net _durectly  effect _Rep,.ir can bryg 4 Stdden end

7\/51.75‘ /u,ffc E3ttrbtes a/c/'bcjnc,/i On ;fgtc’y;pmfj) wﬁa‘ﬁiey t—/;e _faotA f)}f,.“‘,/?ﬁ!“?fj fm‘/wzz}
. ,mm-‘___n./ké/éé//_; 0 Occur forsE. e

A3 & yesult 5 &_yule o thumb , D/U‘_‘zlﬂ' Foclire 15 phe dfc:'o/?éj Faramcfc¢'5in o

. ,Jof’Z‘ s non - abvassire 7‘;?1'7.%?’"_14,*%/@?’? ,éif,,,éfe{ffcr 'f.?i/’DL’?z?'?Cf Livele wear. Tn
~ hardl absassive {ormanins , on the other Choedd, the btt teecth fewd fo teearcat
L befere ghe beanmig oo
I ee:1 . Toorh pear e o
. | D:n’//ejj L parameEys that  affect wedr gheluds L Retary :/oc:cv"
B " Bee Weghe
- . S o , 7oozh  wear rete (9/_/1
e

Muﬁol"ﬂ:j j/vzea/ o

| The rate o tvegh wear fora (Qf,%f_’]_?_’l!z/i?/:_,ZC,_‘Z?/;, bit increases weih mmn@m_

}}/', Vdj,/}bz/c.‘:nt_fu/‘ A/ rA_g‘ f&//owé:%j” fgqmmi[ Ycuﬂj , 19¢ 7}

2
_‘léz PN+ Q@ N N
dr

Yonere - . o ;

F;AQ N em/’ﬁrvéfé‘d/_v LoNIraAnt 3 » 543’5:/ o) b,f_{p/oc o

NI Rotary ,5/76?6/& e , .

H

. H . . . . oo
The vareof  tooth wem iveases _ngn= bwedrly warh  increa s 9 P gL

 This mcredre s elug to_ ihe scusy chipping and eventual teorh Aertvucuin
ety e ;
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il — - M - ot
Ol Engrmeermm (2T ( P-AD )
~ v —7 <

7‘4/51‘ OcCcur a,bduf somn€ -;nm:zn;q,,‘(m wc.c')/vl" Wil ks fxprz 53 t/}c rcoz‘é___c_uca) O‘f Wf e
74 & v

relaninshp as follows o dhe L
dt  —DWw4Dp

where © D, and Dz re Constants bosed en bt size , We bet ,wey/n‘

Tooth Wear Raze :. o L : o
The vate OF whith wear occurs /s pro poraenal to  the cross- sectimal orea that the
tooth /Dy_ti)’f?htj to the Formation.. because tooch cear 3 n@zﬁfz[y H/D)/rﬂrru:a/fcz n 5/747051

i

n Cres3- séc _ﬁf”z@/ area 0.7[ f/?f .f?.c,_f/?o L -

/C‘L*“Z}‘\‘j SurfAcE mcreascs aS wear Cawles the  tooth /ij/;t to decrease. T/';e;cﬁré:,j}:;
« g_,.w-’ o>y ‘

the rote of wear decreases as. the tocth ‘561—5 dull , Hence

Yt-unn ('196"1‘) capresyes A5 a__’/l_ L 1
J F a7 1+ ¢ H :

54)/75)/5 N

. i / o ' ; - C/ . / v
C7 P Coaystant , LATged o1 't'i;‘OT'/) j‘/\é\fld S hE 7’/(/'/')(:- n]" A&'V Ziﬂ L’L\y(/C' on FNE -fe A

and the deyree of pear treanng wre<d in

H: fracwen o f écorh .bgﬁflt Fhet has been woorn away . S S

(_orné’u’)c_’a 6/‘cfecf.f c‘f Y rav J[”'ch;_-/‘ s bir wu‘yk/&‘ 5 chtj ,fm; shown thot:

3

4/7:0007)(/775’ PN+@N X 7 7 | '
B IS b S {~bw+b2) {1+ c, M) e e

where ;

-
Hf [J ar z)om_u»wfnegg,,COMJnm?‘ 7</ T/;d vafn FOrrnid1077 .

the abrassweness censtant (,‘)74) (5 an troicator of Lovmosrom characrerisncs a;'

1

they relare to tooth wear. An Ag vnlee bl 0w g mSheate Loce ahbrascientss.
ana/ SLLDjjt’J[J‘ bfmmj tear én the bzz‘J fcu/uré mé ehaniym.
A /}f my:jw OF 5-.10 mdicates /uj/é abra sive tenclencies andd _s%gﬂejts that t‘cf'A,

wear. L5 fnmau /Pm/ure mLcAzru_?m nete é—/m-t n f/]e values b/w 4 -5 arz net o(eajon;_lzk;

o the Faslure made. b./-/ z,mtj)mtg abeve egn. [Lmuz-d 07f ndfjmziun are Last andd 5 ?
nurza/ Lm:r ij ‘t?éé 61t—/ 2 AC'}?CC .
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Teeo (—'D,W-/—Da)

XfH;+(—éle;2)7
< ]

Ar

(el

z2

s

I'A)DC‘ (j‘n,'f’

(Pv+@nNZ)T

ths occures 1y vim/ o

/ T R
b0 Ol Y ) I
ol g AR

where g 2 ol Wesr foscuon of teoch hughe

<

joco (- D,w+ D2]

AL PN+ ANT)

.(7+

C
7))

feogh wear paraymelend For B Cene )”(—‘f/( birs

N
CI T v/y;u',’l‘/__,) Aot

. B
v Lnsoy # toasd)

-7 to 1-2

- %
0.870 x10"

. o
G.£53 »xi0
-4
0.582 x(0
0 ‘B‘IZX(‘?%,,__

0.243 x1¢
~

A.0.2(8 xic

a
0. 215 x10

Maﬂ/u‘ (3 cxpre ssecl in _7".09'/1’]‘5-

!
|
i
|
|
|
|

. . r -
Bie  Jze _pparameters 7or ghree — Cone bet

The values for D and Dp apply where bt

|
|
B

"
|

(KVF:Q lwi‘) values based on o destraceon we of  Toco //5}13/[}7

Bet 0D (in)

{/l)ffl‘ff Younj‘ > 7969)

Jf@vcf'/' fm'/}/tY: Corrc;’/oonc/d ‘o C'amv/;/c# zoear (e /’—/{27) > 7‘-/,( I1me LF w/ué/{

D2

6.250

S TS50

7745
&.625
7.625

9 75
10. 75
72.25
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= -4 > F el - M s frmY P
—Dri i —Ergrazerrg 12 T PS5
v v 7t

, ,,,.,,.U.E?eﬂ.m/p.éii.. e

~N

£ samoze che /—?br“{ﬂbfn‘-f?w?{ consiant ond oleterrmine the mose Aée_/)imfo ‘a/f_é{/' b‘t )

Il Bet _weght: 7The rese o bearng wear cncreazes rapidly and  pon-tnearly icith,

. ,ff,cu‘/ium, 2 guen 4‘//’4:5,,«,7,5.’,/“/!!.‘:/‘;‘.:"_)‘ data .’:.”",”1 ,ﬁﬁz‘_@;éa; bir run . Assume constart bt fj/%{

| Fermation_preperties , cperating. Conclitrons andd. retanng s From both the carrent

andd_the previeus run.

WLE .1‘.0‘?"5'_’/7. Foslure 135 #he ,da&rmw@j Aollure Crtercon , estimate _+he fame 8T-

WA/CA tt occures.

Rotary Speed: ¢ RPM ., wob . weccolby  Brr o 275 v, TADE code 219,

th;cv_m'lj Howrs s T2, Teoth Crade: Te (H =0 #5)

Solvtrom 40
Selutto o /,,f - , _
Ao (pwrbz) [ He= (%Ljfﬁfi)J e

(F‘N’-f-(ll\/s)‘/_

065 Ape €8 100AF 5 (torth wear dizurs Furgt) I N

Doz 6. +%

D,=

‘o

P=1.5

_7— » ) s R .
Qe 065300 For the Conditions descebed , tooth tcear s the o ccermining
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Chapter 5

Fundamentals of Fluid Flow

This chapter aims to give a brief introducticn to the
fundamentals of fluid flow in pipes and annuli. The
discussion will be limited to Bingham plastic and
power-law models, these models being the most widely
used in the drlling industry. Full details of the
derivation of the various equations are given to help

the reader appreciate the limitations of these
equations.
This chapter will cover the following topics:
Fluid flow
Viscosity

Types of flow
Criteria for type of flow
Types of fluid
Viscometers
Derivation of laminar flow equations
Bingham plastic model
Power-law model
Turbulent flow
Flow through nozzles

FLUID FLOW

A fluid flowing along a conduit of any cross-section
has a stationary layer adjacent to the conduit wall.
The velocity of this layer is zero and the velocities of
adjacent layers increase progressively until 2 maxi-
mum velocity is attained at the centre of the conduit,
as shown in Figure 5.1.

This progression from zero velocity at the pipe wall
to maximum velocity at the centre of the conduit
results in the sliding of layers past one another; a high-
velocity layer slides past its adjacent low-velocity

Stationcry 'eyer with zerc velocity

/
T
1
1 Msximum Ciracticn
1 velocity of flow
Pessure ] - Pressyre
{a! £4)

Fig. 5.1. Fluid flow through a pipe.

layer, and so on. Fluid flow is, therefore, a result of this
sliding action and, in order to maintain this fow. a
continuous supply of energy is required. For example.
a pump is required to lift water from a deep well 1o a
surface tank.

The sliding action of fluid layers is accompanied by
shear stress (or frictional drag) which is highly depend-
ent on the velocity and viscosity of the Auid.

VisCosITY

Viscosity is a property which controls the magnitude
of the'shear stress that develops when one layer of
fluid slides over another. Viscosity is, therefore. a
measure of the strength of the internal resistance
offered by the cchesive forces between the fluid
molecules when motion is induced. Viscosity is also
dependent on the type and the temperature of fuid.
Temperature largely affects the intermolecular dis-
tances. For liquids the distance between the molecules
is increased with increasing temperature, which re-
duces the magnitude of the cohesive forees and, in
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turn, the fluid viscosity. For gases the increased
temperature causes the vibrational forces of the
molecules to increase and the cohesive forces to
decrease. In practice, the vibrational forces of gas
exceed the cohesive forces, which resuits in increased
viscosity with increasing temperature.

For a drilling mud composed of water and solids
the viscosity is controlled by quantity, size and shape
of solids.

The viscosity of fluids may be related to measurable
parameters by considering the deformation of an
elemental cube as shown in Figure 5.2. The cube is
subjected to a force, F, applied parallel to the surface
labelled 1, having a cross-sectional area A. The result-
ing shear stress, t, is given by

F

. T = — (

v )

1)

This shear stress results in deformation of the fluid
layer from a cubic shape (Figure 5.2a) to a rhombic
shape, as shown in Figure 5.2(b). This deformation is
analogous to the elongation or strain in elastic solids.
Fluid deformation is referred to as shear strain and is
described by the ratio between the velocity difference
between the top and bottom of the deformed cube and
the height of the cube.

Hence,
shear strain y= w—z
dr
av _,
= 03" . 2
e s (5.2)

Experimental evidence indicates that 7 is related to
v either linearly or non-linearly. Fluids exhibiting a
linear relationship between 7 and ; are referred to as
Newtonian fluids and, for this type, viscosity, g, is
expressed as

T=py (53)
Substitution of Equations (5.1) and (5.2) in Equation
(5.3) gives
F 14
Ak ( dr ) (5.4)

AY

The negative sign is included to indicate that velocity
decreases away from the centre as the distance, dr,
increases, to allow for the fact that a stationary layer
exists at the pipe wall. The reader should note that the
term ‘viscosity’ in Equations (5.3) and (5.4) and the rest
of the book refers to dynamic viscosity.

OILWELL DRILLING ENGINEERING

v+dr

%

Fig. 5.2. Elemental cube of fluid: () before shear; (b) after
shear.

(a)

Units of viscosity

1n both Imperial and metric units viscosity is normally
expressed in units of poise (P) or centipoise (¢P).
The consistent units of viscosity in the Imperial
system are
Ibs Ibm

—of ——
ft* fts

In metric units, from Equation (5.4).

(kg m/s’)s kg

, \ T m  ms
g x 103 10¢g

“Cemx10%s cms

ms

By definition,

1P=1-8_
cm S
and 1 P = 100 cP. Hence,
k
1cP=10"3-£
ms
Also,
Ib
1 ¢P = 2.0886 x 10"5—n—f-
Or
1b
1¢P=6719 x 107422
fts
Hence
Ib
1 P=2089 x 1073

ft*
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FUNDAMENTALS OF FLUID FLOW

and

]
s 47536cp
ft*

TYPES OF FLOW

Generally speaking, two types of flow can be
recognised: laminar flow and turbulent flow.

Laminar flow

In laminar flow the flow pattern is smooth, with fuid
layers travelling in straight lines parallel to the con-
duit axis. The velocity of each layer increases towards
the middle of the stream until some maximum velocity
is reached.

In laminar flow shear resistance is caused by the
sliding action only and is independent of the rough-
ness of the pipe. Laminar flow develops at low veloc-
ities and there is only one component of fluid velocity:
a longitudinal component.

A special type of laminar flow with a flat centre
portion is called a plug flow (Figure 5.3). In the flat
portion there is no shear of fluid layers, and this is the
rcason that they are moving at the same velocity. [t
should be observed that plug flow occurs only with
vield stress materials.

In oil-well drilling plug flow occurs at low velocities
and when the mud thickness (viscosity) is large.

Turbulent flow

In turbulent flow the flow pattern is random in both
time and space. The chaotic and disordered motion of
fluid particles in turbulent flow results in two compo-
nents of velocity: a longitudinal and a transverse

N i Moximum
velocity T
—V=0 _ 3
{a) (b)

Fig. 5.3. (a) Laminar flow; (b) plug flow,

Final velocity srofite

T —
Particle () ) —_—
W0hon

Fig. 5.4. Turbulent flow.

component. The longitudinal velocity attempts to
make the fluid flow parallel to the conduit axis, while
the transverse component attempts to move the fluid
in a direction normal to the pipe axis.

The motion of particles in a direction normal to the
longitudinal direction generates another shear resis-
tance in addition to the laminar shear resistance. As
previously discussed, the laminar shear resistance
develops as a result of the sliding of one laver over
another. In a fully developed turbulent flow the shear
resistance due to turbulence can be many times the
laminar shear resistance.

Despite turbulence, the final velocity profile tends
to be a uniform one (Figure 5.4); this is largely
attributed to the mixing of fuid particles which leads
to interchange of momentum between high-velocity
and low-velocity particles, which gives rise to a
fairly flat profile. -

Even in turbulent flow, particle fluctuation near the
conduit wall dies out and the flow pattern in this
region is essentially laminar. This region is normally
called the laminar sublayer, and its thickness depends
on the degree of turbulence. The relationship between
the thickness of this laminar sublayer and the degree
of turbulence is an inverse one.

In cil-well drilling turbulent fAlow is to be avoided as
far as possible, since turbulence can cause severe hole
erosion. Pressure losses also increase with degree of
turbulence. However, in cementing turbulence is de-
liberately initiated to help to displace the mud cake

“from the walls of the hole, thus allowing the cement to

contact the fresh surfaces of the formation. This wil
then result in a better cement job, as will be discussed
in Chapter 11.

CRITERIA FOR TYPE OF FLOW

From the previous discussion it js apparent that in
taminar flow shear resistance is dependent solely on
the sliding action of layers. In turbulent flow the
additional turbulent shear resistance is dependent on

-the magnitude of the transversc velocity. Thus, it is

convenient to use fluid velocity as a criterion for
determining the type of flow. Two other fluid pro-
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perties, namely viscosity and density, can also be used
in conjunction with velocity and conduit diameter to
determine the type of flow. These parameters are
grouped to form a dimensionless number called the
Reynolds number, (Re):

DV
(Re)= £

(5.5)

where D =conduit diameter; ¥ =fluid velocity;
p = fluid density; and p = fluid viscosity. |

It has been experimentally established that at a
certain critical value of (Re) the flow pattern changes
from laminar to turbulent. The magnitude of this
critical value depends on many factors, including pipe
wall roughness, viscosity of fluid and proximity of
vibration. In most applications, however, fully turbu-
lent flow develops ar (Re) values of greater than 3000.
For (Re) values of less than 2000, the flow is always
laminar. In the transitional flow, where Re is between
2000 and 3000, the flow is often described as ‘plug
flow. In plug flow a central portion exists where
shear resistance is zero (as shown in Figure 5.3},

Reynolds number using field units

OILWELL DRILLING ENGINEERING

Constant

) 1t ft  min\/lbm 748 cal
mx—J{ — x— | — x —3=
12in/\min  60s/\ gal 1t

b
<2.0886 x 1073 —S>

cP x

ft.lbm

silb ;

TYPES OF FLUID

=497.4092

3 (5.5b)
"5/

Je s -

[ 5e)

gus
Newtonian fluid

A Newtonian fluid is defined by a straight-line relation-
ship between 7 and 7 with a slope equal to the dynamic

viscosity of the fluid, ie. T = uy. In this type of fluid,
viscosity is constant and is only influenced b changes
e B I e =€ 2y Change;
in

temperatur€ and pressuré (as shown in Figure 5.3).
Examples include o1l and water.

,5)
L e

T1lez 0450k
7%f z 0. \yo‘f'dm

2 9.80¢

=1

Non-Newtonian fluid ( Orilling mad and copm.t

A non-Newtonian fluid is a fluid that does not show a

Parameter Merric unit Imperial unit
Diameter mm in
Velocity m/s ft/min
Density kg/ lbm/gal
Viscosity cP cP
Meztric units;
DV
(Re) = —2
u

i x Im m kgxlOOOI
10°mm /\ s | m?

Constant = ( 103 Ka/m s)
cP x
cP
1000 DV,
(Re) = —— 2P (5.52)

Imperial units:

l/
(Re) = 2__p_
u

linear relationship between 7 and ¥, 1.e. u is not a
constant. The viscosity of this type of fluid is propor-
fional To the magnitude of shear stress or the duration
of shear. Examples include drilling mud and cement

In general three major types of non-Newtonian fluid
can be recognised.

Bingham plastic fluid (time-independent)

In a Bingham plastic fluid, deformation takes place
Y D St R T =
after a minimum value of shear stress is exceeded. This
minimum value is referred to as the yield stress or

————>»— Increcsing temperature

Y Aus
-

A~}

Sheor strain {¢)
¥
[}

Shear strain (y)

Fig. 5.5. Newtonian fluid.

S/M.P;rt;gj‘)
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FUNDAMENTALS OF FLUID FLOW

:

t

ESlope = Plastic Viscosity { PV)
! .

s

Sheor stress (v}

Yield stress {YP)

Shear stran (y)

Fig. 5.6. Bingham plastic flow.

‘yield point’ (YP) (Figure 5.6). Beyond YP the relation-
ship between 1 and 7 is linear, with a constant value of
viscosity known as plastic viscosity (PV). Plastic vis-
cosity is, again, dependent on temperature and

pressure.

Hence, for a Bingham plastic fluid,
t=YP +(PV)y

or
t=YP+ (PV)< d")
dr

The yield point or yield stress is normally measured
in 1b/100 ft* using a viscometer, as detailed in Chapter
6. Tn metric units the yield point is expressed in N/m>.

Power-law fluid (time-independent)

In a power-law fluid t and y are related by the
following expression:

f:K(‘/‘)n Lo /_
V(f"j"/f!”/’ )'LLJ

’] » - L)
( ) d‘ «r (5.7)
dr

where n = flow behaviour index, which varies between
0 and 1; and k = consistency index. A power-law fluid

or
\/Caﬂ} Asf'fn% ——

o/: f‘/u.:

~

is shown graphically in Figure 5.7.
It should be noted that when n = 1, Equation (5.7)
reduces to

1=Ky

where K = g, and the relationship reduces to that of a

Newtonian fluid. The value ofo

the_degree of non-Newtonian behaviour, and & refers
to the consistency of the fluid. Large values of k mean

that the fluid is very thick. ~—~

0[’/‘}’&/) 2)/}9[)//0;/

(56) 2%, /Jm

poeer ko (ocngi)
-
13
'
2
3
S
L
P4
)
Shaar stramn (y)
-
(=
[+
-3
Slope=n
Iy
intercept = &
\
Log y

Fig. 5.7. Pcwer-law fluid: (a) power-law relationship on a
linear scale; (b) pcwer-law relationship on a log- |og
scale.

\/‘”) V/uaflamc /

—- 71 Rhespechic

~ (l) Th\ﬁlot'afﬂc

TS e L

Bingham plastic and power- law ﬂunds are referred to
as time- mdjendcnt fluids, in which the magnitude of
v:scosg is not aflected by the duration of shear. A
time-dependent fluid is one whose apparent viscosity
at a fixed value of shear rate and temperature changes
with_the duration of shear. Two types of time-
dependent fluids can be recognised:

/(l) A _thixotropic fluid exhibits a decrease in shear

stress with duration of shear at constant shearing rate.
A thixotropic fluid gels when it is static but returns to
the liquid state upon agitation. Examples of thixo-
tropic fluids include paint, grease and solutions of

olymers.

(2) A rheopectic fluid exhibits an increase in shear
stress with duration of shear at a given shearing rate

and constant temperature. True rheopectic fluids are
rare. Gypsum and bentonite suspensions are

VISCOMETERS

The important rheological properties of fluids are

normally measured with a viscometer (or a rheo-

‘meter). The rotational type is typically designed to

Www.petroman.ir
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rotate at two different speeds, namely 600 and 300
rpm, or at six speeds of 3, 6, 100, 200, 300 and 600 rpm.

OILWELL DRILLING ENGINEERING

V(3) Particles moving within a cylindrical shell of 2 finite
thickness travel parallel to the pipe axis with the same

Most field instruments have two speeds only: 300 and

velocity. Particles contained within the shell adjacent

600 rpm.

The apparatus is so_designed that the plastic
viscosity is simply given by the difference between the
shear stress at 600 rpm and 300 rpm. Thus,

PV =9600 Y300

where 844, = dial reading at 600 rpm; and 6,4, = dial
reading at 300 rpm.
v/ From the Bingham plastic model,

. 1=YP+(PV)y (5.6)
At 300 rpm, t=6;50 and y=7;00. Therefore,
Equation (5.6) becomes

0300 = YP + (PV)y300
or

(PV)7300 = 0300~ YP {5.6a)
Similarly, at 600 rpm, Equation (5.6) becomes

(PV¥)7600 = 600 — YP {5.6b)
a!'nd

’ (PY)27300 = B600 — YP (3.6¢)

where 27360 =7400. Dividing Equation (5.6¢) by
Equation (5.6a) yields

2 _ 6600 - YP
" 8300~ YP

or

T P i,
If"' YP = 29300 - 9600 )
YRG0 PY 59

(‘VOIe: PV = 9600 - 9300.)

DERIVATION OF LAMINAR FLOW

EQUATIONS
7=F(Y) — .
Vool (Blngham plastic modsD

Fluid flow equations for pipes are normally derived
using the following assumptions:

V(1) Fluid velocity at the pipe wall is zero. This
assumption effectively means that there is no slippage
at the pipe wall.

V(2) The magnitude of viscosity is independent of time

or duration of shear. In other words, the fluid consi-

dered is a time-independent one and shear siress is a

function of shear strain only.

to the pipe wall will have zero velocity. The velocity of i

particles in adjacent shells increases progressively

towards the centre, until a maximum value is attained

by particles contained within the central shell.
|

Consider a concentric cylindrical shell of radius r and
length L, as shown in Figure 5.8. During steady state
flow of fluid, i.e. when the fluid is not acceleraling, the :
following forces act on the shell: (a) differential pres- [
sure, (P, — P,), which causes the fluid to move with a .
steady speed of V; and (b) shear stress, resulting from
the sliding action of particles within the shell over
particles immediately outside this surface. The shear
stress, 7, opposes the forward motion of the fluid
particles within the shell, and for steady state flow an
equilibrium between the forces exists such that

forward force = opposing force

(P,—P,) end area = 7(surface area of shell) :
But
g surface area of shell = (2ar)L
Therefore, - .
(Py—=Prr?=2rrL x 1 ’ f
or

|
' Apr N ;

where Ap is the frictional pressure loss (P, — P,) or the
pressure drop.

Distribution of shear stress Equation (5.9) can be used ;
10 determine the shear stress distribution during fluid i
flow. At the pipe wall

r=D/2and t=1,
where 1, is the pipe wall shear stress. By use of these
values, Equation (5.9) becomes

b
_ApDp2 ‘
eI
P.( ;'74— ( re Io/zil E )
PN | I ) e SR — 0 o
3 Te

Fig. 5.8. Pipe flow.
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FUNDAMENTALS OF FLUID FLOW

or

. = ApD 59
w = 4L ( . a)
From Equations (5.9) and (5.9a) we obtain shear stress
at any point in terms of 1, and r as follows:
2r
T=—1,
D
where r is the radial distance from the centre of the
pipe. Hence, from Equation (5.9b),

(5.9b)

atr=0t=

The shear stress distribution is shown in Figure 5.8.

Laminar_pipe_flow equation) The laminar fluid flow
equation is developed by writing the Bingham plastic
model, substituting Equation (5.9) into this model and
integrating the resulting equation.

The Bingham plastic model states that

dv
Jt=YP+(PV)| - =
T +{PV) p (5.6)
Substitution of Equation (5.9) in Equation (5.6) gives

Apr dv
——=YP +(PV)| — —
/ 2L * 7( dr)

<

Integrating with respect to r yields

Apr ‘ dv
——dr=| YPdr- | (PV)—
\J2L r J. r j( V)drdr

2

Ap r*
— —=YPr—PV:-V . .
T r +C (5.10)
At the pipe boundary
V=0,r=R
where R is the radius of the pipe. Therefore,
ApR* i
C= Al -YP'R (5.10a)

Substituting for C in Equation (5.10) yields

Ap ApR? v
. ——rt= r— V T —_
i’ YP-r—(PV) -.-( Al YPR

or.

Ap .. YP .
= RP—r)+ —(r—R .
4L(PV)( ro)+ PV (r—R) (5.10b)
Since it is more convenient to express flow equa-
tions in terms of volume flow rate, Q, rather than
velocity, Equation (5.10b) is further simplified.

Using

|4

dQ=Vdd=V2nrdr

91

and the value of ¥V from Equation (5.10b), we obtain

R
Q=j V2ardr

=2n Ap
1 4L{PV)
_ mdp ., mYP)
T 8L(PV) 3(PV)

(N.B. The reader should note that the above result 1s
only an approximate solution. The corract result is

R3

obtained by splitting the integral into two regions:
() t<YP, and (2) > YP. The final result should
include a (YP)* term. In practice, the approximate
solution was found to provide acceptable results))

But average velocity
nApR* " YPIR?

e Q_ _ SL(PV) XPV)
A <R’
_ ApR*  YPR
TSLPV) 3(PV)

Rearrangi

ng,
SL(PV)V 8L(YP)

Equation {5.11) is in consistent units and-must be
converted to oil field units. The conversion 1s carried
out as follows.

vInperial units

First term
8L(PV)V
20886 x107°1bs ft min
8Mt)jcPx —0m————5 }{ — x —
B ( )<C 8 cP fe~ )(mm * 60s>
B in2

167088 x 10-5<

by 1
60 in?) 3590927

(1) Ib ft=
_— X —
SL(YP) 100 ft* ~ 144in-
Second term = =
3R 3in ft
3i
= 256P

. e S A o Yo el o i K
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Hence, Equation (5.11) becomes

RN _LPV)P  LYP)
Ve 2> S5 00007 + 2250 P

where D = 2R.

(5.12)

Metric units

SL(PV)V_ 8(m)(cP) m/s

First term = O T
m-h———‘
) EEETIC mm?
f—-»Butf"/—T
L 1posce 10 PG-S
(NSRS,
B Therefore,
. 1073 kg/
8(m) <cP x ——C—Pg-E) m/s
first term = mm?*(1 m*/10° mm?)
= §000 N/m*
8L(YP) 8(m){0.479 N/m?
Second term = L,( : )= (m)( /m’)
3R 3 mm x Im
! 10° mm

It should be noted that the yield point of a drilling
mud is measured in the field using a viscometer. The
instrument gives the value of yield point directly in
1b/100 ft* calculated as the difference between twice
the reading at 300 rpm and the reading at 600 rpm (see
Chapter 6). As there is no metric version of the
viscometer to date, yield point is still measured in
15/100 ft? and later converted to N/m2. The conver-
sion factor from Ib/100 ft2 to N/m? is 0.479.

Therefore, the constant of the second term

. also known as the Hagen-Poiseuille equation.

OILWELL DRILLING ENGINEERING

or
2 Vo2 ‘P
_ 2LPV)¥ + S5L(Y )k

A
P D? D

Pa (5.13b)

Critical velocity in pipe flow

Equations (5.12) and (5.13) are only applicable to
laminar flow. In the previous sections it was indicated
that laminar flow occurs at (Re) £2000.and turbulént
How at (Re)>3000. Hence, an exprassion for the
critical velocity can be obtained by letting (Re)= 3000,
“"Asdiscussed previously, a Newtonian fluid is one in
which YP = 0. Thus, substituting YP = 0 in Equation
(5.13) gives ,

32000 Ly, P
br=—p—

N/m?/
—

where g, is the effective viscosity. Equation (5.14) 15

TATValue for effective viscosity (i) may be used in
Equation (5.14) so that the magnitude of Equation
(5.14) is numerically equal to that of Equation (5.13).
Thus,

32000Lp V. 3200L(PV)V  2554LYP

D? D? =5
Therefore,
2554 /D
=PV — P 5.15
#e=PV+ 35550 (V) Y (513)

Als

(5.15a)

8 x 0.479 And for turbulent flow Re = 3000. Hence, Equation
=% 105 1277 x 10* N/m? (5.15a) becomes
0V.D
Hence, Equation (5.11) becomes: 3000 = 1990%:Dp (5.16)
He
8000L(PV) 1277L(YP) ,
AP:( RZ + R N/m? where V. is the critical velocity at which turbulence
takes place.
Since diameter D = 2R, the above equation simplifies Substituting g, from Equation (5.15) in Equaticn
to o T T L e (5.16), we obtain
2 V7 25541(YP
;"Ap: 3 OOODL;(PV) + II;( )N/mz (5.13)\‘£ 3000 pV.D pV.D (DYP)
. y = =
e ey e U, 2554 - Vc
Pressure is normally expressed in bar (or kPa), and the (PV)+ 35000

above equation becomes

_0.32LPV)V + 0.025 54L(YP)

ap D? D

bar (5.13a)

Simplifying,
1pD VI —(PV)V, - 00798 DYP =0
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Since velocity cannot be negative, only the positive
root of the above equation is useful. Therefore,

D
A PV+\/PV3+4(%-)(0.0798 DYP)

Vc‘,=
% N 12
| PV + /PVi+0.1064pD°YPY
i =15 pD mys ;

A

T~ .
—— T e

(5.17)

Hence, Equation (5.17) can be used as a criterion
for determining whether the flow is laminar or turbu-
lent by simply comparing velocity ¥, with the average
velocity of fluid as determined from V= Q/4.

If V. < 7, flow is turbulent, and if ¥, > P, flow is
laminar and Equation (5.12) or Equation (5.13) is used
to determine pressure drop.

In order to obtain V, in Imperial units, the same
procedure as outlined above is used to simplify
Equation (5.12) to obtain

, e nangIN g
/ (B =PV +400 YP<?> (5.18)
," e LN 1.

ana, for turbulent flow,
pVD

V( Creiead Re ) (Re) = 3000 = 15.46 (5.19)

e

From Equations (5.18) axlq‘g:_lg)__._n\:ye obtain

< ) pD

It should be observed that other forms of Equation
(5.20) have appeared in the literature in which tur-
bulence was assumed to start at Reynolds numbers of
2000 or 2500, viz.

/_/-——’\/\_.._,—\,-——\ L TR N\

{ (Re)=2000

y - LO8PV+108,/PV?+123 pD YP
3 ) pD
(Re) =2500

y o LI3PV+ 113, /PV2+88 oD YP
[ pD

PR

ft/s (5.20a) \

ft/s (S.ZOb)

\/Example 5.1

A drilling mud is pumped at the rate of 200 gal/min
through a drillpipe of 4.5 in internal dizmeter and
400 ft in length. The fluid has a density of 9 Ibm/gal, a
plastic viscosity of 15 cP and a yield point of 10 1b/100

e e
2182 5D YP
_ITPV+ 9T /PVISBI,DTVR (5‘20)\

ft*. Determine the type of flow and the magnitude of
the pressure drop through the drillpipe.

Solution

Using Equation (5.20), determine the critical velocity
of the fluid, V:

97T x 15497, /(13 +8.2% 9 x (4.3 x 10

V
¢ 9x45
"' =330.9 ft/min
Average velocity ¥V = ~Q—
crag ClOC y = 1
or
. 245
V= ,Q ft/ min
. D-
245 % 2
po 233230 o fmin
@.5)

Since V>V, flow is laminar, and Equation (5.12) is
applicable: _
' _LPV)x¥ LYP
= 5000007 225D

400 x [5x2419  400x 10
T 90000 x (457 235 x (4.5)
=0.80 +3.95 \

Ap =438 psi

}

Several versions of annular equations for laminar flow
have appeared in the literature, each producing a
different value of pressure drop for the same volume
flow rate and fluid propertics. In oil well drilling,
laminar annular pressure losses are small, represent-
ing less than 10% of total pressure losses, and are
normally incorporated within the turbulent losses!. In
oil well drilling, annular flow is encountered when
mud fAows through the annulus between the dnllpipe
(or drill collars) and casing (or hole).” ™~ T

Without significant loss of accuracy, the annular
geometry may be represented by a narrow siot be-
tween two infinite plates, as shown in Figure 5.9.
Under steady state flows, the forces acting on the
narrow slot

Ap W x E =2t,(L x E)

A B ’
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— At
W
5 E6
LN
| u__L_rlv/ ‘ .

Fig. 5.8. Fluid in a narrow slot: (a) flow in a slot; (b) cubic element within the slot. W = vertical distance separating
plates; L = length of plate {infinite}; E = width of piate.

where Ap =P, - P:,r = shear stress at the pipe wall; where C is a constant. At the boundary y=7Y and
E =width of ph[e L =length of platz; and W=vert- v =0. Therefore,

ical distance between plates A
If the distance between the centre of this cube and C (l) Y - YPY (5.22a)
the extreme boundary is taken as Y, then 2L
=2Y Substituting Equation (5.22a) in Equation (5.22) and
Hence rearranging yields ‘
Ap2Y ApY o BP a2 YP < 5
= =t = +—(y— 5.22b
=S L ey Py o G2
At any dxstance ¥ from. the centre, this equation may But
be modified to 'give shear stress, as follows: dQ = volume flow rate = v+ dA .
] Ap+y , where A =slot area = WE = E(2Y) (sce Figure 5.9); f
[ T=TL G21) g4=E@- dy). Substituting the value of v from Equa- P

tion (5.22b) in the expression for d@ we obtain
The Bingham plastic model states that

Y Ap YP l
: =yi . plastic viscosi 0= Y= y?) 4 ——(y— )P EQ2-dy :
shear stress = yield str:.ssh-r plastic viscosity Q L {2L(PV)( )+ ) 0 Y)} (2-dy) ‘
X rate of snear R
Ap , 3 YP/y? Y

o [2L(pv)(Y P+ 5 (? )yﬂo 2E ?
—du 2 l
z=YP+Pv<-—‘> (56 . B (VY YP(Y o) -

dy 2L(PV) 3 PV\ 2

Substituting Equation (5.21) into Equation (5.6) yields Ap 2 AN vl

L(PV) TPV

4py _vp +(PV)( d")
L dy

Integrating with respect to y,
28p Y3 — XE y2>
E

and average velocity is given by

O

14

J%—ydy:f (YP)dy—J‘ (PV)dv
3L(PV) PV

Ap <
(2 )y —YPy PVie+C (5.22) SVE

<
TN

|
%
|
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Therefore,
ApY?
JL{PV)

YPY
2APY)

: W 1/D,—D
Solving for Ap and using Y= —2—=§< h7 p>

- (9,,;D,>

where D, = hole diameter; D, =
, outside diameter yields

V=

drillpipe (or collar)

48L(PV)V
T (Dy-D o (Dy—D,)
3 ‘/Imperxal units Equation (3.23) can be converted 10 field

- units (in order to express Ap in units of psi) by the
following method.

~ 6L(YP)

First term =

_ 43 () (cP )

- h
in-

! y ft min
—— x —
. min  60s

, : Constant of first torm = 3X 20386 _ 1 Ib
onstant oL ArStIerm = == 10° 59 848.7 in-

20886 x 107 1bs
cP(t?

= %0000 ™"

6L{YP) 6xft( b
(Dy—=D,)  in \100ft
= ———— — = —— psi

<& y 12 m)
f 2
144 in°
14 400in*> 200

100 x in ft
Hence, Equation (5.23) becomes,

y L(PV)V L¥P)
P= 80 000(D, — 200(D; —

Metric units’

Second term =

43 m <cP X

First term =

1 m
mm* X

= 48 000 N/m?

gs
6 0.479 N/m?
Second term = m x{ fjm’)
m
0 mm
= 2874 N/m?
Hence, Equation (5.23) becomes
48000L(PV)V 7874L YP
g’ 8000L(PV) { )N/m (5.25)
(Dh_Dp) (D _D ),47’”'/ Ynctrlc umf
or D S
T T N — e —_ . A
43L(PV 2.374L(YP !
\A— UL ’(D)kpa (5.26)
L D —D) (Du=Dg) = -~
or T
AL(PWVYV 0287L(YP
_048UPWIY | QOITLVE) o 529)
(Dy—D,) (Dy—D,)

Determine the annular pressure | lossu using the fol-
lowing data:

length of drill pipe = 9000 ft ' |

drill pipe =0OD/ID: 51n/4.276 in
hole diameter =85in
PV =20cP
yield point = 201b/100 ft*
flow rate =300 gpm
mud density =10 ppg
Solution

Equation (5.24)

LW L(YP)
~ 60000(D, — D,)* * 200(D, — D,)
_ 2430 24.5 x 300
V_.
0i=D7) TS L = 155.6 ft/min

(Note: The critical velocity is 402 ft/min, indicating
that the flow is laminar.)

9000 x 20 x 1556 9600 x 20
60 000(8.5 — 5)2  200(8.5 - 5)

=38.1 + 257.1 = 295.2 psi

Critical velocity in annular flow

Using the same argument as given above (page 97)
Equation (5.25) can be used to describe Nc.wtoman

Ap =

i 4 ST ke
QT B PO N TS
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fluid by letting YP = 0. Therefore,

43 000 Ly v 8600 f/
ap= N (sag) :
(Dh - Dp) !
where y, is the effective viscosity of the fluid. CIP I :
A value of u, may be used in Equation (5.28) so that . 300 ; f
this equation is numerically equal to Equation (5.25). g /(\ E :
Hence, i Sope )\ ! !
48000 Ly.e 48000 L(PV) ¢ L 2874 L(YP) log & | E
(Dy=D)*  (Dy—D,)* " (D,-D,) ! N 5

v 2874 D, YP n 300rpm 60C rpm

p.=PV+ m —l:/‘—- (5.28b) log y

where D, =d, ~ D
By use of (Re)

Fig. 5.10. Viscometer readings plotted on a log -log v
graph.

1000 +D
——#L—S (Re) = 3000 for turbu:
lent flow and replacmz v by V.. Equation (5.28b)

\ bccomes L~ " measured by a viscometer at 300 rpm and 600 rpm, as
N shown in Figure 5.10.
[:PV 2874 DC(YP):I slope (1) 10g 8300 — log K
n=—-——---—————- .
’ /QS o v P 108 y300

Taking positive roots only,' we obtain: he viscometer is so designed that the shear strain

at 300 rpm is equivalent to ‘511 s~ !, Therefore,

PV + \/PV +4P (o 059)D,(YP) l0g 800 — log K
Vo= n=————
° 2pD=/3 . S
A 0300 - :
PV PV2+0.079pD3(YP = - (5.32)
V.= 1.5[ tV +D PP )} mis (5.29) (511) \
pD,

Also,
In Impcnal units critical velocxty may be deter-

—log 8
mined by using the above procedure to arrive at . 108 8500 — 10g 300

e e e

‘ n
e 102 Y600 — 108 Y300
/\/""\ - £~
97 PV +97./PV? + 6.2 pD*(YP -
V= +91./1 D+ pD:( )m where(§yoy = 1022 51 A
pY
- p ] 9600) (6600>
D,-D log( lo
NOIE.' /1‘ = Pv + 300 YPLh——'\ﬂ/ n= 0300 _ g 6300

Do T e & log 1022 —log 511 log <1022)

Power-law moadel ) 511

The power-law model states that

) .
=K@y Ln =3.321og ( 0?22) (5.33)

—

or

T e

S IR a2 T W 400

or (5.31) - '
Pipe flow
logr:logK+nlogy

The power-law model equation can be rewritten as .
Hence, a graph of]og T against log y is a straight line

with a slope n and intercept of log K. Such a graph can ' =K ( "d")n (5.34)

be constructed by plotting the values of shear stress dr
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Shear stress, 1, in terms of Ap, r and L is also given by
_Apr
T L

Substituting Equation (5.9) in Equation (5.34) yields

(5)-+(5)
&)

Ap 1/n -
(————ZLK) ()" dr = —du

Integrating with respect to r gives

o A)

(5.9)

. Ap /
SIK *m" =~v+C- (5.34a)
=)
where C js a constant.

At boundary r=R and =0
Ap lin R{(n*l),’n]

. C=

' (2LK> uEl

n

Hence, Equation (5.34a) becomes

Ap 1in rx(nH)/n] ! Ap‘] l:’nR[(n+l),’"]
<2LK> .y =““’<2u<> ntl

n n
Ap n
R((n*l)/ﬂl -
(21_1() n+1 por
Using

-”dA=J {(zu() (n+1)(RW”M

w pln® 1y/n) } 2nrdr

Rln+ n/nlf_l_
ZLK n+ 1 2

A3+ Dia) TR

T+
n ]

or

r((n+ 1),‘n])

2n

87
Note: J‘ Pl = ACR+1ym) g
AZaryn+
ETTIAY
+1
n
= n rI(JH“ L)in}
L 3n+1 J
0= Ap \'"/ n Rln*1imip2 "
2LK n+1 2 3In+t
R[(}Il‘l)rn]) o
Average velocity, 7, is given by
p=2._
A
{{a = 1)/a}
= !1 X R RY - - ks R[(3n-l):’n])
2LK n+1 2 In+1 j .
nR* n =
m K(Po.s )

Rearranging gives

Pa
m
_But R=D/2, where D is thc diameter of the pipe.
Therefore, (op)°?

4LK In+ I\ V]
Ap=——1{2 - 3
Field units of Equation Y5.35)

Imperial units

By 1b fi? i
- ( X 144in1>(s )

sy \ 1002
1
K= psi (s 1)
14400
Therefore,
1 .
4ft x 40Opsxs"
Ap=LK
P n
n 12in
ft/min)— ¥V
7(3n+1)( min) s
4 in x f D
m
121in
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where y = (—dv)'dy. Therefore,

2 Ap\'" .. —dv
where 7 is in ft/min and Ap is in psi. k) 7T dv

Metric units In SI units the various terms of Equation Integrating with respect to y gives
(5.35) have the following unitss K=Pa-s" L =m,

D =m, ¥ = m/s. Hence, Equation (5.35) gives the pres- (ﬂ)m yle o =r+C
sure drop in Pa (N/m?) directly. LK n+1
In oil well drilling the units of length and diameter n
are given in metres and millimetres, respectively, while :
the consistency index K is determined from viscometer Where Cis a constant. N
readings. The units of K as determined from this Boundary conditions giver =0at y = Y.
apparatus are in |b-s"/100 ft* and must, therefore, be Ap N/ n
converted to Ns*/m? or Pa - s™. Hence, the power-law C= (H) ( 1 ) Yl tinl
equations in this book will be modified to suit field e
- requiremenlszin order to produce the units of pressure  Therefore,
in bars, N/m* or kPa. .
S:linz’e / . L’:(fi,)l ( :1){)/(("--1)/::)_X{(n*]),/n]}
" ks
. _ B0 b . 7
= - ;s Using Q@ =vdA and the value of r from the above
(311)"100 fi* equation yields
where 8,4, is measured in 1b/100 ft2; therefore, to Y (/Ap\in/ g
convert the value of K to N/m? - s" multiply by a factor Q= ( {(_p) ( ) {ylnmtinl
of 0.479. . / Jo LK n+1

Hence the metric field version of Equation (35) is: 1
g — e m3L E(2-dy) .
N : S
4m x0479 —s"
m

Ap= LK where E = width of plate (see Figure 5.9).
m D t/n
mm X ———— Ap n
10° mm 0= <___> < ){:Y{(n*-l)!nly
LK n+1
3n+1 m/s | ‘ y
x| 2 : mm X 1 mm _<2n’;l>},[(:n+n,fn]} 2E
: 0
i\n&’ - Ap=1916KL[2000<

D

530 (22N e nm| PHL o0
LK n+1 2n+1)

Ap=19.16 x 10—3%{2000(%: 1)%}" bar (5.37a) Average velocity, V, is given by

M m—— o~

: : e AN IR W Y R P
In Equations (5.37) and (5.37a) K is measured in _ 0 LK n+1 Y I+ 1
1b s7/100 2. V=74-= SVE

/Gl :

Equation (21) states that Ap= KL| (2n+1 _17_ "
Y n Y
Referring to Figure 5.9,
Substituting Equation (5.21) in Equation (5.31), we _w_ D,-D, _1 _
obtain Y= 5= 1/2 2 = 4(Dh D,)
Apy (~dv> 4KL [ (2n+1) ¥
t=—~=K@O)'=K| — Ap= 4 5.
T ) m P b,-D, Do (5.38)
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Equation (5.38) is in consistent units and must be 1916 DK | | n+\e
converted to field units. U, = 5000 o 2000 " — (541
/E‘M (5.38) The equation for Reynolds Number in metric units is
Imperial units Constant of Equation (5.38) given by
! o (Re) = 1000 (5.41a
4(m> (psis™)(ft) P )

[4 ft I min 1 " e

= —_ X ——

[ ft min ~ 60s . [ ft and when (Re) =3000 flow is turbulent and v =V,
n n (critical velocity), hence, substituting Equation (5.41)

12in 12in .
| 48 II i in Equation (3.41a), we obtain
= ——psi s"[——:l DV
300 60 s , . 3000 = 1000 P -
Equation {5.38) becomes Fretd Units 1916 DK 2000 s+
4 ) ~ 32000 ¥, | ° n )D
- KL 4/2n+1 Vv
- - 5.39
300(1),;1)9[5( n )Dh— (5:39) = = DV =
; ~ in+ 1"
where Ap is in psi. 0.179 v [3000( p )E]
v Metric units 0.179K Jrz-m
4 xmx0479 (N/m?)s" VC:[ - J
Ap= - p
‘ . 5 In L [n/(2 = m}
mm (1000 mm) X [L‘;)_O(_m 1)] m/s {5.42)
n
2n+1 m/s " . . .
4 - Imperial units By the same procedures as for metric
n mmx —2 units, critical velocity in Imperial units may be shown
1000 mm tobe e
e — . R P O
1916w 103 KL ; ST metnic); 7, [5.32 x 1041<]“1<- mi e
= P \ = T~
[ (0, ~ D) Fild y P
¢
\

L6 (3n 4 1) oz - N
S, I - E
\\\ X [—D ( ™ )] ft/min  (5.43) -

\ . T g BT
e e kA ot

Ap = 16.16 x 10_3[ 4000 <2n+1)7]" bar (5.40) From equations (39) and (28) and the Reynolds
wiL NUD-D, n Number equation, the critical velocities for annular

l Dw- D flow can be determined as detailed for pipe flow:
Critical"velocities for power-law model| N )
Metric system

r “\/@

\

S 4000 [2n+1N\_ |
{ V| N/m?
\.\)\( ,:Du - D‘,( n ) ] /m

or

0.119K Jtiz=mi
Metric units In Equation (5.14) it was shown that for a Ve= [ ]
) Newtonian fluid (YP = 0), pressure loss, Ap, is given P
by - 4000 (2n+ 1\ Jre-m
ap= 32000 Ly, P N/m? x [Dh — D,( . )} m/s (5.44)
b Y Imverial wni
mperial units
' An effective viscosity, p,, may be substituted in "”;""7‘4—---%—»—--‘-“..h.“?_—;”
Equation (5.14) such that Equation {5.14) is numeri- V= [3-878(10 )K] ' T
cally equal to Equation (5.37), i.e. € P . .
32000 Lo KL In+1\ov I 2.4 2n+ 1\ ez -m . Y
('—DT—'>H,—I9I6 D [2000( " )D] %[thD"( T )J ft/min (5.4/5)//_.,
v_..‘__"_«__.’,wt,._v.«—&,A..__,,-N“,_/-""
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The derivation of Equations (5.44) and (5.45) is left
as an exercise for the reader.

TURBULENT FLOW

In the previous sections analytical techniques were
used to describe laminar fiuid flow and to derive
expressions for pressure losses in pipes and annuli.
Owing to the chaotic nature of fluid particle move-
ment in turbulent flow, it is extremely difficult to
arrive at an exact analytical method for determining
pressure losses. A large number of workers in this field
have arrived at the conclusion that pressure losses in
turbulent flow are best determined from charts or by
using the following equation:

2fLpV? .
D

Ap=

The friction factor, f

Solution of Equation (5.46) becomes straightforward
once the value of the friction factor, f, is determined.
In laminar flow the basic equation relating Ap to L, He,
V and D is given by Equauon {5.11), when PV =y,
and YP =0, as

32 LV
D?

where D = 2R. Equating Equations (5.46) and (5.47)
yields

Ap= N/m? (5.47)

2fLpV? _ 32Lp ¥V
D ~ D}
_ 16y,
B ptD

16———
ptD

He

or

16
Re

where (Re) = puD/p,. In other words, for Jaminar flow
the friction factor is inversely proportional to the
Reynolds number only.

It was shown earlier that in turbulent flow the
velocity profile is approximately uniform across the
pipe cross-section and only layers adjacent to the pipe

(5.48)

OILWELL DRILLING ENGINEERING

wall will feel the effects of wall roughness. If the pipe
roughnsss is of smail magnitude, such that the pipe
protuberances penetrate a small part of the laminar
sublayer, then the friction factor is independent of pipe
roughness. As the length of the protuberances in-
creases, the whole of the laminar sublayer and adjacent
layers begin to feel the effects of pipe wall roughness.
The pipe wall roughness, ¢, 1s measured by the rough-
ness height or protuberance length, and is expressed as
a dimensionless quantity by dividing ¢ by the pipe
diameter.

In drilling engineering it would be extremely dif-
ficult to routinely measure pipe wall roughness while
the pipe is in service. owing to the hostile environment
in which the equipment is used and to the practical
difficulties in carrying out this measurement. Because
of these difficuities and the need to arrive at simple
and practical equations for determining turbulent
pressure losses, the following relationships can be used
to determine the friction factor, f.

gﬁﬁj;&g_uatioasmlumbcrger (1984):
e (T 20057(Re)™0:2

(5.49)

Prawxon
(T =410 [(R F08) | (550
(A7 =408 [R9J71305) 1550
Equation (5.49) is accurate up to (Re) = 10°, which

is more than sufficient for practical drilling engineer-
ing problems. Equation (5.50) is somewhat difficult to
solve and normally only provides marginally accurate
results for (Re) larger than 10°.

For a fuller treatment of turbulent flow the reader is
advised to consult the textbook by Skelland'.

The turbulent flow equation will first be derived in

consistent units and then converted to field units for

the appropriate system.
Recall
- pVD -
(Re) = —= (5.5)
Jr

Combining Equations (5.5) and (5.49) yields
D
f= 0057(" : )

Substituting Equation {5.51) in Equation (5.46} yields

(5.51)

pr O.Zval
7
Ap = 2(0.05 )< p > >

Simplifying further,

0.8,1.8,0.2
Lo v w” (5.52)

Ap=(2x 0057
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The following substitution will be made in the
above equation:

Q=VA,V=-Q~=£-
A EDZ
4
or
4 S 53
Y= —
= (5.53)

Also, turhulent viscosity, u, is normally taken to be.

Laual to PV/3 3 Making substitutions for v and ¢ in
Equation (5.52) yields

4 1.8
p=(2x 0.057)<;> (3.2)0:2
LPO.SQLS(PV)O.."

Equation (5.54) is in consistent units and must be
converted to field units.

Field units for Equation (5.54)

(5.54)

Mertric units
n

. 0.8
o pos[ ke (10001

| m’

-1 m’ min \!8

raf b min

0 <min * 10001 6os>

o\0:2
10"3123
x p®? \ cP x >
-¢P

L pes _m 4.8
| _ =D <mleOO*—0m>

Hence,

4 1.8
p=0 x0.057)< ) (3.2)7%2L (m)

: 4 1.8
constant = 2 x (0.057) (;) (32792

X (IOOO)(O.B"’ 1.8+4.8) X (60)—1.3
x (1073)0-2
=5546778
\dimensions = (m)" (kg)*B(m)~2*(m)**(s)~ 8(kg)*?

X (m)—0.2(5)~0.2(m) -4.8

k 1 [k
-8 =—2< gm) = N/m? (or Pa)

101
Hence,
0.8A~1.8 PvO.ZL
p=5546 778”—Q—Df—_s—)—— N'm?
0.8 1.8 ,O.IL
Ap=s552 @ HL, (5.55)

DJ.S

Imperial units In Imperal units Equation (5.54)
becomes

89 x 103 pO.B QLB (pv)o.: L
p= D8
Units of Equation (5.56) are: p=ppg, O =gpm,
PV=c¢cP, L=ft.D=in.
For annular flow, Equations (3.53) and {3.56)
should be modified as follows.
From Equations (5.46) and (5.51).

(5.56)

(D ~ D)\ ™% Lpy?
L\p=o,114<ﬁb__9)) P
U / Dh—Dp
O.SVI.S O.IL
—oqef LW L (5.57)

D,— D12

Substituting the following cquations in Equation
{5.57):

v Sy
U= 133—7 (4 = turbulent fluid viscosity)

4 0 4 0
n(D; —D;)  n(Dy~D)D, + D,)

T

4 1.8 . ,
Ap=0.114<—> (3.9)702p%3(pyye2 gt

1.3
X [ l ] X 1
(Dh_Dp)(Dh-*_Dp) (Dh—Dp)
Therefore, -

4 1.8
Ap = 0.114(;) (3.2)702

pO.B(P V)O,ZQI.SL
(Dh - Dp)l(Dh + Dp)l's

— x L

{5.58)

Using metric field units and simphlying gives

p048Q1.8(pL.)0.2L

Ap=1535
P20, =D,y + DT

(5.59)

(Ap is in bars))
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In Imperial field units

891 x 10-Sp0.SQ1.8(pl\)0.2
(Dy—D,)*(Dy + D)

Ap= psi  (5.60)

FLOW THROUGH NOZZLES

Tri-cone bits are normally equipped with two or
three nozzles to direct the drilling fluid at high velocity
to the bottom of hole in order to lift the cuttings up the
hole and also to clean the teeth of the bit. Owing to the
small area of a nozzle, fiuid velocity through the
nozzle is normally high and the flow pattern is always
turbulent.

Figure 5.11 gives a cross-section of a typical nozzle.
Thus, a nozzle can be approximated as an orifice
enabling Bernoulli's.equation to be applied at points 1
and 2 of Figure S5.11:

1, | S,
(Px + ipvi> = (P: + ;pcs)
point 1 “ point 2

1, ,
\,b (pr—p2)= ;O(UE ~ 1)

When A, < A,,vi»v] and the above equation
simplifies to

Ap= ;pv%
where Ap = p, — p,
A
= |2 (5.61)
p

Equation (5.61) does not consider frictional loss in
the nozzle and a correction factor known as the
coefficient of discharge, Cg, is normally introduced to
take account of this frictional loss. Hence,

-
r,=C, -“—‘:’—’ (5.62)

e

2 Ay

P2 o2 4,

Fig. 5.11.  Fluid flow through a nozzle.

OILWELL DRILLING ENGINEERING

The value of C4 2093, and Equation (5.62) becomes

1A A
V=095 [=2 <1344 [22 (563
v P VP

where ¥, = nozzle velocity or jet velocity.
Rearranging Equation (5.63) 1o express Ap in terms
of ¥, and p, Equation (5.64) is obtained:

Vixp .
=1 5.64
AP =T50s (564
Equation (5.63) in Imperial units
( b 144 in2>
Ap e
V. (fi/s) = 1,344 L
e ' lbm  7.48 gal
X —_—
N ’ eal fit?
ft’ /A
V,=5.897 [f}x — x32{ 22
vV fi s“\ p
A
V, =33.3383 /E fi/s (5.65)
/ v
where Ap is in 1bfjin® and p is in Ibm/gal), or
' pv: . .
=i 5.66
Ap =3P (5.66)
Eguation (5.63) in metric units
10° N/m?
bar(—b;—'_ril—->
V. =134 S S Y 5.67
n= 13 kayiooory e O
1\ m?
V. <1344 |22
p
or
2
Ap = =" bar (5.68)

180.6

Nozzle area

A tri-cone bit is normally equipped with three nozzles
and the objective of the hydraulic programme is to
determine the total area and size of nozzles. Using
Q=VA,

Ar=<- (5.69)

n

where Ay =total area of nozzles.
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Field units of Equation (5.69)

Imperial units

gal ft3 min
Qi (7.48 g;ﬂ)(m) (144 in2>

L
As{in®) = V.(fts) RE

in® (5.70)
where Q is in gal/min and V¥, in ft/s. For three nozzles
7:
Ar=34=3_42
T 4
or
44‘{'['
3n

where d is size of nozzle in inches,

Normally, a nozzle size is expressed in multiples of
37 of an inch; an open nozzle is given size 32 or 1in
(24.5 mm). Thus, Equation (3.71) can be modified to
give nozzle sizes in multiples of 55 as follows:

d= (5.71)

dy=32 \/%‘-11 (5.72)

Merric units
(oo )
min 10001 ~ 60s
Va(my/s)

(lO‘s mm2>
X | ——
e

10000,

T= %oy, °m

where Ay is area of three nozzles. Also,

fa4;

As manufacturers specify nozzle sizes in multiples of 5
of an inch, Equation (5.73) should first be converted to
inches and then multiplied by 32 to obtain multiples of
32. Thus,

Ar(mm?) =

1 [a4;

-1

=§5.—4 3n

where | in = 25.4 mm, nozzle size, dy =d x 32 and

4
dy=12508 (22T (5.74)
Iz

d

163

Units of A in Equation (5.74) are still mm? but the size
of nozzle is expressed in multiples of & in.

Example 5.3

Determine the nozzle sizes in multiples of 32 to be
used in a three-cone bit when 500 gpm of mud is
circulated at a pressure drop of 1000 psi through the
bit. The mud density is 10 ppg.

Solution
From Equation (5.66),

A oz
TIE
or
v =333585 |28
v P
1000
~ 333585 [—~
3 10

V,=1333.58 ft/s (101.7 m/s)

'From Equation (5.70),

40320 032 x500
T Y, T 73338

\

=0.4796 in* (309.4 mm?)
From Equation (5.72),

dy =32 /4—AI
3n

dy =14.441n(353.8 mm)

Nozzle sizes come only in int2ger values of 35 in.
The above result indicates that two nozzles of size 14
and one of size 15 should be used. This can be checked
as follows:

14
Ay =2 xarea ofﬁ nozzle + area ofg— nozzle

_ 7/ 14\ +7r 15\?
I VR D) 4\ 32
A =0.3007 + 0.1726

=0.4733 in® (approximately equal to 0.4796)

If two 15/32 nozzles were used instead of one, then
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the total area A; becomes: This is greater than 0.4796 in? calculated from Equa-
N 2 tion (5.72). Therefore, two size 14 and onessize 15 should
‘ n(15 n/14
; Ar=2x —| = —{ = be used.
T 4\32) " 4\32
=0.4954 in?
References
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Problem

that the effective viscosity in field units for an annular flow obeying a power-law model is given by
RUAGAAIE A cidial =28

) n
. p.=200K(D, — Dp)[: 08 <_n +! >] V"~ ! (Imperial units)
D,) n

(Dy —
and
4000 (2n+ 1)\ [
=0.04K(D,—-D ot i i
u. =0.04K(D, p)[(Dh_Dp)( - )] {metric units)

f
. : /
/

!
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Chapter 7

Rig Hydraulics

INTRODUCTION

Proper utilisation of hydraulic energy at the drill bit
and the determination of pressure losses at the various
parts of the drill string are some of the topics which
could be discussed under the heading, ‘Rig Hydrau-
lics™: Several models exist for the calculation ,of pres-
sure losses in pipes and annuli. Each model is based on
a set of assumptions which tannot be completely
fulfilled in any drilling situation.
This chapter will cover the following topics:

Pressure losses

- Surface connection losses

Pipe and annular losses

Pressure drop across bit

Optimisation of bit hydraulics

Surface pump pressure

Hydraulic criteria

Comparison of BHHP and IF criteria
Nozzle selection '

Optimum flow rate

Field method of optimising bit hydraulics
A practical check on the efficiency of the bit hydraulics
pragramme

PRESSURE LOSSES

\
Consider the schematic drawing in Figure 7.1, where
the various parts of the drill string, drill bit and surface
connections are included. Owing to frictional forces,
the cigculating system will lose energy when fluid is
pumped from point (1) to point (2) and back to point
(3) in the mud tank. Therefore, the first objective of rig

Point Py

Point(3)
.l Return line
Mud tank Sort
rfoce
7 T
Oriit pipe
Py
Pa Py Orill collors
8 t— Drilt bit
Point{2) p

Fig. 7.1, Schematic drawing of the circulating system.
Points (1) and (3) are assumed to be at the same level.

hydraulics is to calculate pressure losses resulting from
frictional forces in each part of the circulating system.
Such pressure losses in the various parts of the
circulating system can conveniently be discussed
under four headings: (1) surface connection losses; (2)
pipe losses; (3) annular losses; and (4) losses across bit.
These pressure losses depend upon the type of fluid
used and the type of flow in the circulating system.
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SURFACE CONNECTION LOSSES (P,)

Pressure losses ‘“W@E (Py) are those
taking place in standgxg rotary hose, swivel and
kelly. The task of estimating surface pressure losses is
complicated by the fact that such losses are dependent
on the dimensions and geometries of surface connec-
tions. These dimensions can vary with time, owing to
continuous wear of surfaces by the drilling ﬁuxds The
following general equation may be used to evaluate

pressure losscs 1n surface connections:
P, = Ep>3Q 4(PV)02 p (7.1)

P, = Ep®8Q"8(PV)°2 bar (7.1a)

- where p =mud weight (Ibm/gal, or kg/I}; O = volume
flow rate (gpm, or I/min); E = a constant depending on
type of surface equipment used; and PV = plastic
viscosity {cP).

In practice, there are only four types of surface
equipment; each type is characterised by the dimen-
sions ofstandpxpe kelly, rotary hose and swivel. Table
7.1 summarises the four types of surface equipment.

The values of the constant E in Equations (7.1) and
(7.1a) are given in Table 7.2,

-PIPE AND ANNULAR LOSSES

Pipe losses take place inside the drillpipe and drill
collars, and are designated in Figure 7.1 as P, and P;,
respectively. Annular losses take place around the drill
collars and drillpipe, and are designated as P, and P,
in Figure 7.1. The magnitudes of P,, P,, P, and Py
depend on: (a) dimensions of drillpipe (or drill collars),
e.g. inside and outside diameter and length; (b) mud
rheological properties, which include mud weight
plastic viscosity and yield point; and (c) ty type of ﬂow
which may be laminar, plug or turbulent.

It should be noted that the actual behaviour of
drilling fluids downhole is not accurately known and

CILWELL DRILLING ENGINEERING

TABLE 7.2 Values of the constant £

Surface equipment Value of E
type
Imperial units Metric units
1 25x 107 8.8 x107*
2 96x107* 33x107¢
3 53x107* 1.8x107¢
4 42x107" 14 x107¢

fluid properties measured at the surface usually as-
sume different values at bottom hole conditions.
Several models exist for the calculation of pressure
losses, each producing different values for the same
existing conditions.

Only two models will be used here: the Bingham
plastic model and the power-law model. In Chapter 5
all the necessary cquatxons were derived and Tables
7.3 and 7.4 summarise these equations.

PRESSURE/ DROP ACROSS BIT

The objective of anv hydraulics prooramme is_to

. opumlsc pressure drop across the bit such that max-

imum c]eanmg of bottom hole is achieved.

Fora glvcn length of drill string (drillpipe and drill
collars) and given mud properties, pressure losses Py,
P,, Py, P, and P, will remain constant. However, the
pressure loss across the bit is greatly influenced by the
sizes of nozzles used, and the latter determine the
amount of hydraulic horsepower available at the bit.
The smaller the nozzle the-greater the pressure drop
and the greater the nozzle ve]ocity. In some situations
where the rock is soft to medium in hardness, the main
ob_}ectlvc is to prov1dc maximum_ clcanmg and not

maximum jetting action. In_t}ys case a hlgh_ﬂT)w rate is
requlred with bigger nozzles. These points are discus-
sed later under ‘Optimisation of Bit Hydraulics’ (page

141).

TABLE7.1 Four types of surface equipment
Surface equipment Standpipe Rotary hose Swivel Kelly
type
Length 1D Length D Length 10 Length D
() (in) ) (in) (" (in) (ft) {in)
‘ 1 40 3.0 40 2.0 4 2.0 40 2.25
2 40 35 55 2.5 5 2.5 40 3.25
3 45 4.0 55 3.0 5 25 40 3.25
4 45 4.0 58 3.0 6 3.0 40 4.00
/
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TABLE7.3 Summary of equations (Imperial units)

Bingham plastic modet

Power-law model

VPips flow
(1) Determine average velacity:
- 2450
V= ——0= tYmin
D‘ 1
/ 97PV+97./(PV)T +8 2507 YP
{2) V.= 5 /min
P

{3) It V> v, flow is turbulent: usa
8.91x107%p% 3t 4 (pyy0.2y

= o)

M V<V, flow is laminar: use

P

psi

I/Annular flow
(1) Determine average velocity:

7 2450
& =00}
(2) Determine V, from

fmin

f———
v = 3PV +97 PV + 6.2501%P

¢ PO, f
where D, = B, - 0D,, (or 0O, |

i

ft/min

(3a) 1t U> V, flow is turbulent: use
o 8.91 x 107 7p%8 Q1 2 pyy01y
{O= 00’ (0, + opy'*
where OD is the outside diameter of drilt pipe or drill

collars.
{3b} f V< V, flow is laminar: use

psi

p LpPvy A
=——— + —__psi
80 00007 * 200D, ”°

whare D, is the annular distance and V is the averaga
velocity (ft/min).

s~ .

# Pressura loss across bit
(1) From previous calculations, determine pressure drop
acrass the bit, using

Pu=Pnuu-p-"(Pu+Pu+ Pup + Pog)
{2) Determine nozzle velocity {t/s) from

P,
V,=33.36 [
p

{3) Determine total area of norzles from

A= 0.32-? in?

(4) Determine nozzle sizes in multiples of 32 from

ol )

‘/96°o=2PV+YP9m°=PV+ 14

(1) Determine 7 and K:
PV= 8400 ~ 0300

YP = 28350 = G400

ST
.//ﬁ“fﬂ/—e;:o\ 8500
/n=33210g( 2220 | = Zi0a
N 8300 ) _(511)'

5.8-2i?0;$k V3-nf 6 304 g Jt2=m
@ V=] —u—o BT e fUmin
p .

- 245Q
V= = tumin
(31t V> V, Hlow is turbulent; use:
8.91(107%)p% 20! 3(py)0-2
= 5 psi
f V< V,, flow is taminar: use:

1.6V (3n+
Vo [1876n+ 0T KL osi
D 4n 3000

P

(1) Determine n and K as above
[3 575(10‘)/(]'*”"'
P

24 [(2p+ 1\ ri-w
x [*——Dh - OD, (—sn_)]- min
24.50
(3) 1t V> V,, flow is turbulent; use
po 8810107 %0 F Qe (py)2 L
(0, - 00 (D, + OD)*8

It V< V,. flow is laminar; use

p= 247 (2n+1) KL "
(0,-00) 3n | 30(0,-05"

(2) v, =

3

V=

psi

Equations are similar to these of the Bingham plastic
model.

Field units in Imperial units:
00 = outside diameter (in)
D =inside diameter (in)

L =tlength (f1)

p ™ density lbm/gal {ppg)
V = velocity (f/s)

PV = viscosity (cP)

YP = yield point (1b1/100 #?)
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TABLE7.4 Summary of hydraulics equations: metric units

Bingham plastic model Power-law model

Pipe flow

(1) Determine average velocity, V (1) Cetermine n and K from

V=212(0/0°) mis % P
n=332m
Qin Umin; Din mm., o G300 (5117,

0

{2) Determine critical velocity, V,: (2) Determine average velocity, V. and critical velocity, V..

PV + /(PV) + 0.1084p D% YP frem

V=15 V(PY) £ mis
o0 =21 2(3)',7\/5
(3a) If V> V,, flow is turbisient; use &
55.50"1 0" (PV)*2L and
P= ————m—e— —— bar - 2ma
D** V= [o.ng} i [
=

(3b) f V< V,, llow is laminar; use P

4 32x107ILPY Y 255YP x 1072
p= 5 + bars
0 D/L o

2000/3n + 1)\ }m(x -
——( ) m/s
n

/

3a) 1t V> vV, flow is turbulent; use
55.50° £ 0" HPV)OIL
= "y
DA.B

ar

{30} it V< V,, flow is faminar; use

1916 x 107K,
p= . L

D

Annular llow

2000!7(3[) + 1>]—
——— bars
o) 4n

(1) Determine average velocity (1) Determine n and K as above.
245 (2) Determine average velocity, V. and critical velocity, V., e
V= o——mis | from
5~ 05, o
(2) Determine critical velocity, V, <D; — OD;)
V=15 PV +,/(PV)* + 0.079p0; YP 0.119K 2= 4000 2n+ 1\ P
i B 0, V.= ) m/s
¢ P (D, - 0OD,) n
where D, = D, = 00, (3a) ¥ 7> V,, flow is turbulent; use_

{3a) It V> V,, flow is turbulent; use
55.50° 80" 4(PV)° 1L

55.50080" 3(PV)03

bars

P . " bars } = (0, — OD,))(D. - OD,)”

(D, - 00,)%0,+ 0D,)' 8 !
(30} I V, < V, flow is taminar; use

(3b) I} V< V,, flow is laminar; use

18.9x 10" KL

S4B x07NPVY 287X 107 L YP
(0,- 0D, (0,~ 00,

bars (D, - 00,)

Pressure loss across bit

4000V (2n+ 1)]‘
bars

(0,—-00,) n

(1} From previous calculations. determine the available Equations are similar to those of the Bingham plastic

pressure drop across the bit as follows: madel.
Pon™ Prsoapoe = (Pap Fac* Prgp + Prac)
(2) Determine nozzle velocity from
V,=13.4 ﬁ m/s
P
(3) Delermine total area of nozzles from

100 3
A= — —mm
L]

(4) Determine nozzle sizes in multiples of 32 from

4A
Oy = 12598 [—
3n

(No!e{y = (PV)/3.2)1or !q[!y Qerygl_gqur‘IUEpp»{ept\[lﬁqy.)

Field units:

OO0 = outside diameter -

D =inside diameter {(mm)

L, =length (m)

rs = density (kg/l)

V = velocity (m/s)

PV = viscosity (cP)

YP = yield point (Ibl/100 #)? (as obtained from a viscometer)
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To determine the pressure drop across the bit, add
the total pressure drops across the system, ie. P, + P,
+ P+ P+ Py, to give a total value of P_ {(described
as the system pressure loss). Then determine the
pressure rating of the pump used. If this pump is to be
operated at, say, 80-90% of its rated value, then the
pressure drop across the bit is simply pump pressure
minus P,

The equations necessary for the calculation of jet
velocity, pressure drop across bit and nozzle sizes are
given in Tables 7.3 and 7.4.

Example 7.1)
Using the Bingham plastic and power-law models,
determine the various pressure drops, nozzle velocity
and nozzle sizes for a section of 12.25 in (311 mm) hole.
Two pumps are used to provide 700 gpm (2650 l/min).

Data:

plastic velocity —=12¢P

yield point =121b/100 ft2 ’
=(0.479 x 12) N/m? ’/

mud weight = 8.824.1b/gal (1.057 kg/M

drillpipe ID =4.276 in (108.6 mm)

oD =51in (127 mm)

length . = 6480 ft (1975 m)

drill collarsID = 2.875in (73 mm)

oD =8in (203 mm)

length =620t (189 m)

Last casing was 133 in (340 mm) with an ID of

12.565 in (319 mm). 133 in casing was set at 2550 ft
(777 m). The two pumps are to be operated at a
maximum standpipe pressure of 2200 psi (151.7 bar).
Assume a surface equipment type of 4.

- Solution

The solution to this example will be presented in
Imperial units, with a summary of the Bingham plastic
solution in metric units.

1. Bingham plastic model

Surface losses From Equation (7.1), pressure losses in
surface equipment P, are given by

Py = Ep*2Q! 5PV

137

From Table 7.2, the value of the constant E for type 4
is 4.2 x 107%; hence, Equation (7.1) becomes

Py =42x107%p%8018py)o-2

=4.2 x 107 %(8.824)°-8(700)"-%(12)°-2

= 52 psi
Pipe losses
Pressure losses inside drillpipe ' /
2450 24.5x 700

D*  (4276)

=937.97 ft/min

Average velocity V =

Critical velocity

y _9TPV+ 97./(PV)> +82pD* YP

oD ft/min
9T x124+97/(12)2 + 8.2 % 8.824 x (4.276) x 12

8.824 x 4276
=356 ft/min

Since 7> V,, flow is turbulent and pressuré drop
inside drill pipe is calculated from:

5 891 x IO-SPO.SQLS(PV)O.ZL

P,

D*3 ,
_ 8.91 x 107%(8.824)°8700!-8 1292 x 6480
- (4.276)*8
= 669.9 psi
(=670 psi

Pressure losses inside drill collars Following the same-
procedure as for drillpipe 6sses, we obtain

24.5 x 700

V=" - 20749 ft/mi

08757 2074.9 ft/min
y 27X 12497, /(12)°+8.2x 8.824 x (2.875) x 12
¢ 8.824 x 2.875

V. =373 ft/min

Since V> V¥, flow is turbulent and pressure loss
inside drill collars P, is determined from /
_891x 10”"‘(8.824)0‘3(700)“’(12)"‘2 x 620

Ps (2.875)*8

Lo
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Annular pressure losses A rough sketch always helps in
simplifying the problem. From Figure 7.2 it can be
seen that part of the drillpipe is inside the casing and
the rest is inside open hole. Hence, pressure loss
calculations around the drillpipe must be splitinto (a)
losses around the drillpipe inside the casing and (b)
losses around the drillpipe in open hole.

Pressure losses around drillpipe
Cased hole section

24.50 24.5 x 700

V= 2 Fla <z
el b, :‘(IR:)‘—(Ode)‘ (12.565)2 ~ (5)*
=129.1 ft/min

where the subscripts ‘c’ and ‘dp’ refer to casing and
drill pipe, respectively.

97 x 12+ 97
V- X /(12 4+ 6.2 x (12.565 - 5)? x 8.824 x 12
< 8.824 x (12.565—5)

=299.6 ft/min

Since ¥V < ¥, flow is laminar and the pressure loss
around the drillpipe in the cased hole section is
determined from: ‘

B LPV)P . L(YP)
* 60 00(ID, —OD,.)? " 200(1D, — OD,,)
where L=2550 ft and ¥ is in ft/min.

(2550 12x 12901 | 2550 x 12
760 000(12.565~ 5)2 T 200{12.565 — 5)
= 11542022 =21.4
P, ~21 psi
2550 ft b
‘6480 ft
6201t
- T™OoO it

Fig. 7.2. lllustration of annular pressure loss calculation.

OILWELL DRILLING ENGINEERING

Open hole section
P 24.5 x 700
(N}ﬁ_,@ \ ©. (1225 —(5)*
=137 ft/min

V, = 300.4 ft/min

i

Since V<V, flow is laminar and the pressure loss
around the drillpipe in the open-hole section is deter-
mined from

. 3930% 12 x 137 L3930 x12
® 60 000(1225 = 5)7 T 200(12.25 —3)
= 35 psi ’
(where L=6480— 2550 =3930 ft, and L= length of
drillpipe in the open-hole section).

Hence, total pressure drop around drillpipe is the
sum of P, and P,. Thus,

Py=P, +P,=21+35=56 psi

Pressure losses around drill collars

24.5 X 700 bl .
(2257— @ = 1993 fmin

V=

97 x 12+ 97
yo_ X JU2)? 462 x (8824)(12.25—8)2 x 12
¢ 8.824 x (12.25 - 8)
= 314\ﬂ/min

Since V<V, flow is laminar and pressure loss
around drill collars is calculated from:

p . 620x12x199.3 L 620x12
*7 60 000(12.25 — 8)" _ 200(12.25 - §)
=137¢875=10psi ) ¥

Pressure drop across bit Total pressure loss in circulat-
2 ATOP ACTOSS Ol
Ing system, except bit

=Py + P+ Py+ P, + P,
=52+670+431 + 10 + 56
= 1219 psi

Therefore, pressure drop available for bit (P,,)

pum vresuye = 2200~ 1219 = 981 psi

P..

Nozzle velocity = 33.36 }_;
[ 981

=33.36 5894

=351.7fi/s
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Total area of nozzles,

0320
Ar=—2%
T,

_ 0.32 x 700
3517
=0.6369 in>

Nozzle size (in multiples of )

e
AN = 16.64

Hence, select two nozzles of size 17 and one of size
16. The total area of these nozzles is 0.6397 in?, which
is slightly larger than the calculated area of 0.6368 in2,
(See also Example 5.3, page 103))

7 Summary of Bingham plastic calculations in metric units

Py =349 bar
Py=4622bar
P3=29.77 bar
Py =0.68 bar -
Py =3.74 bar

Py =151.7~(P, + P, + P, + P+ Ps)=678 bar
Ar=410.32 mm?
Nozzle sizes: two 17s and one 16,
(2 Povirian ol
Surface losses
P=42x107%p%8Q! 8(Py)0-2 = 5 psi
Pipe losses
Pressure losses inside drillpipe (P,)
0600 =2(PV)+ YP=2(12) + 12 = 36
B3p0=PV+YP=12+12=24
n=332log (gﬁﬂ) =10.5846 ~ 0.585

300

300
= 5 =0.6263 0626
K=G0 n"

‘V.— 582(104)K T2 =mIC ) 6 /35 1 1\ iz =y
5 p D 4n

where D = ID of drillpipe and 2 =density of mud.

139

5.82 x 10* x 0.626 Jt/2-0.585)
V,=
: [ 8.824 J

[1.6 x (3 x0.585 + 1)](0‘555/(2—0‘535)1
X
4.276 x 4 x 0.585
=(4128.88)%7°7(0.4405)0-413
=(360.08) x (0.713)
= 256.7 ft/min

2450  24.5x 700

it

D? (4.276)?

=937.97 ft/min

Since V>V, flow is _turbulent and pressure Joss
inside drill pipe, P,, is calculated by use of the
turbulent flow equation given in Table 7.3:

p. = 391(107%)(8.824)°8(700)* 3(12)°-3(6430)
2 (4.276)*8

=670 psi

i

Pressure losses inside drill collars (P,) As before, find
V., and 7

V. =301 ft/min

g 2450 245 x 700
~D* T (2373

= 2074.9 ft/min
Since V>V, flow is turbulent, Hence, pressure
Iosse_s inside drill collars, P;, are

P 8.91(10'5)(8.824)"‘3(700)‘'8(12)0'2 X (620)
3= (2875)‘8

Py =431 psi

Annular losses Because casing has been set, annular
losses will have to be determined in the open hole
section and cased hole section (see Figure 7.2).

Pressure losses around drillpipe |

Cased hole section Values of n and K were calculated
above:

n=0.585and K = 0.626 *
L = length of cased section = 2550 ft

Annular distance =ID, — OD = inside diameter of
133 casing — outside diameter of drillpipe = 12.565
—5=17565in
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- Fig. 7.3. Hydraulics data of Example 2. Maximum surface press\ure (Pg) = 2500 psi.

[3.878 x 10°K }““2'"”
Vo= | ——
p
. 24 2n4 | -
(ID,—0ODgy)\ 3n
=193 ft/min {]&3 T':;nn}
- 5 .

D: - (Ode)2

Since V< V,, flow is laminar and pressure losses
around the drillpipe in the cased hole section are given

by:
KL

Open hole section Length of drillpipe in open hole
section = 6480 — 2550 = 3930 ft

Annular distance = hole diameter

— OD of drillpipe
=1225-5=725in
_ 24.50 24.5 x 700 N
P= = ' = 137§
—(ODg)! ~ (225 — (3 ~ [ fpm

V. =196 fpm ( 185 Ft/on )

Since V<V, flow is laminar and pressure loss

P - 24V (2n+1) "
*7 LUD,—-OD,)\ 3n

_ [ 2.4 x 129 (117 + 1) 7°5850.626 x 2550
L

12.565 — 5} 3 x 0.585 300 x 7.565
= 6.98 psi
27 psi

30D, — OD, )

around drillpipe in open hole is

| 24 x 137 (L17+ 1) %*#50.626 x 3930
* 71 (1225-53x 0.585 300 x 7.25

= 11.9 psi & 12 psi

Therefore, total pressure loss around drillpipe is
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given by
Py=P +P,
=7+ 12=19 psi
Pressure losses around drill collars
V. =231 ft/min

a 24.5 x 700
(12257 = (8)

245xQ

[7 =
D* - ODZ

7 = 199 fpm

Since ¥ < V,, flow is laminar:

_ [ 2.4 x 199 (117 + 1)]0'585 0.626 x 620
(

* T (1225-8)3% 0585 300(12.25-3)
= 5.46 psi
= 5 psi

Pressure drop across bit Pressure losses inside and
around the drillpipe and drill collars remain constant
so long as: (a) mud properties remain unchanged; and
(b) physical dimensions are unchanged. Therefore,
total pressure losses through the system except bit

=P +Py;+ P+ P, + P
=524+670+431 +19+5
= 1177 psi

Therefore,

pressure drop across bit = pump pressure — 1178
=2200—-1177
= 1023 psi

Using the same procedure as presented for the
Bingham plastic solution, we obtain

nozzle velocity = V, = 359 ft/s
total nozzle area, Ay = 0.6239 in2

nozzle size (in multiples of 35) = 16.47. Hence, select
two 16s and one 17.

The total arca of the nozzles is 0.6144 in?, which is
slightly less than 0.6239 in?. If two 17s and one 16 were
selected, then the total flow area would be 0.6397 in?,
which is slightly larger than the calculated area of
0.6239 inZ In practice, one opts for the smaller size so
that sufficient pressure drop is expended across the bit
to give optimum hydraulics.

Calculations in metric units for the power-law
model are left as an exercise for the reader.

141

3. Comparison of the two models

From the above results, it is obvious that the two
models produce different nozzle sizes: the Bingham
plastic model produced two 17s and one 16, whereas
the power-law model produced two 16s and one 17.1n
practice, this difference is not considered serious, and

» 1f the mud pumps are capable of producing more than

2200 psi, then it is likely that three nozzles of size 16
will be chosen. o
~ The readérshould note also that the turbulent fow
equations presented here use a_turbulent viscosity
term equal to (PV)/3.2 and not the plastic viscosity. If
the'plastic viscosity term is used instead, then pressure
losses will be 26% higher than those calculated by our
turbulent flow equation. It is lhg:"qg;hp‘;’_s,_;;pcxji;p_‘cg
that the use of the turbulent viscosity term (i.e.
(PV)/32) provides pressure loss values_that are in
agreement with fleld results. T 7T T

OPTIMISATION OF BIT HYDRAULICS

All hydraulics programmes start by calculating pres-
sur¢ drops in the various parts of the circulating
sys;’em. Pressure losses in surface connections, inside
and around the drllpipe, inside and around dril]
collars, are calculated, and the total is taken as the
pressure loss in the circulating system, excluding the
bit. This pressure loss is normally given the symbol P..

Several hydraulics slide rules are available from bit
manufacturers for calculating P.. The slide rule is not
suitable for calculating annular pressure losses, owing
to: (a) the fact that annular pressure losses are norm.
ally small.and may be beyond the scale of the slide
rule; and (b) the fact that annular pressures are
frequently laminar in nature and most slide rules use
turbulent flow models,

A recent paper published in World 0il! offers a
quick method of calculating system pressure losses. A
10% factor is incocporated into the drill string pres-
sure losses to account for annular pressure losses. For
shallow wells this method is quite satisfactory; how-
ever, for deep wells the annular pressure losses must be
determined by using either the power-law model or
the Bingham plastic model equations,

SURFACE PRESSURE‘

The system pressure losses, P, having been deter-
mined the question is how much pressure drop can be
tolerated at the bit (P,,). The value of P, is controlled
entirely by the maximum allowable surface pump
Sressiire " o wanle
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Most rigs have limits on maximum surface press-

ure, espécially when hlgh volume rates — in excess of
500 gpm (1893 1/min) — are used. In this case, , twWo
pumips are used to provide this high quantity of flow.
On’land rigs typical limits on surface pressure are in
the range 2500-3000 psi for well depths of around
12000 ft. For deep wells, heavy-duty pumps are used
which can have pressure ratings up to 5000 psi.
Hence, for most drilling operations, there is a limit
on surface pump pressure, and the criteria for optimis-
ing bit hydraulics must incorporate this limitation.

HYDRAULIC CRITERIA

There exist two criteria for optimising bit hydraulics:
(1) maximum bit hydrauhc horsepower (BHHP) and
(2) maximum impact force (IF). Each criterion vwlds
different values of bit pressure drop and, in turn,
different nozzle sizes. The engineer is faced with tRe
task of deciding which criterion he is to choose.
Moreover, in most drilling operations the circulation
rate has already been fixed, to provide adcquate
annular velocity. This leaves only one variable o
optimise: the pressure drop across the bit, P,,. We
shall examine the two criteria in detail and offer a
quick method for optimising bit hydraulics.

Maximum bit hydraulic horsepower

The pressure loss across the bit is simply the difference
between the standpipe pressure and P.. However, for
optimum hydraulics the bit _pressure drop must be a
certain fraction of the maximim dvailable “surface
oressure. For a given volume flow rate optimum
hydraulics is obtained when the bit hydraulic horse-
power assumes a certain percentage of the available
surface horsepower.

Surface hydraulic horsepower (HHP,) is the sum of
hydraulic horsepower at bit (BHHP) and hydraulic
horsepower in the circulating system (HHP,). Mathe-
matically this can be expressed as:

HHP, = BHHP + HHP,
or )
BHHP = HHP, — HHP, (7.2)

In the case of limited surface pressure, the max-
imum pressure drop across the bit, as a function of
available surface pressure, gives the maximum hy-
draulic horsepower at the bit for an optimum value of
flow rate. In other words, the first term in equation
(7.2) must be maximised for maximum BHHP. Equa-
tion (7.2) can be written as follows:

OILWELL DRILLING ENGINEERING

PO P.O
BHHP = 1714 1714

(7.2a)

where P, = maximum available surface pressure—also
the standplpe pressure as read on the surface gauge
(psif; P,’=pressure loss in the circulating system (psi);
and Q = volume flow rate {gpm).

The pressure drop in the circulating system, P_. can
be related to Q as I

P.=KQ"] (7.3)

where K =a constant; and n=index representing

degree of turbulence in the circulating system.

‘Combining Equations {7.2a) and (7.3) gives

PQ  KQ™!
1714 1714

Differentiating Equation (7.4) with respect to Q and
setting dBHHP/dQ = 0 gives

P,=(n+ 1)KQ"

BHHP = (7.4

or
P.=(n+ 1)P, : (7.5)
Also
P.=P,— Py, (7.6)

Substituting Equation (7.6) in Equation (7.5) and
simplifying gives

n

—_ (7.7
n '*7.1

!‘fg Py = s

In the literature several values of n have been
proposed, all of which fall in the range 1.8-1.86.
Hence, when n = 1.86, Equation (7.7) gives Py, =0.65
P,. In other words, for optimum hydraulics, the

pressure drop across the bit should be 65% of the total

available surface pressure.

The actual value of n can be determined in the
field by running the mud pump at seweral speeds
and reading the resultmg pressures. A graph of
P(=P,— P,) against Q is then drawn. The slope of
this graph is taken as the index_ n

Maximum impact force

"‘\
In the case of limited surface pressure Robms\o_n)

showed that, for maximum impact force, the pressure
drop across the bit (Py;,) is given by _

—— T
(Pria = T (1.9

where n = slope of P _vs. ©; and P, = maximum
avaxlab]e surface prcssure
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RIG HYDRAULICS

Derivation of Equation (7.8} is left as an exercise for
the reader (see Problem 1 at the end of this chapter).
The bit impact force (IF) can be shown to be a
/ function of Q and Pb,( ‘according 16 the followmg
[ equation:

P R i

NZT N .

iIF= /o u 5‘; ""7 Fe-r2"(19)
where p = mud weight (ppg). P Tz 7]

Comparison of BHHP and IF cnterla

The ratio R, of pressure drop across bit, as given by
the BHHP criterion, and that as given by the IF
criterion (Equations 7.7 and 7.8) is

n n

R n + 1 s n + 2 3
or |
(R= ‘ )
) R n+1l (7.10)

Equation (7.10) shows that the pressure drop across
the bit, as determined by the maximum BHHP cn-
terion, is always larger than that given by the maximum
IF method. For laminar flow,n=1and R -assumes its
maximum value of 1.5. "Actual ﬁe]d values of 1 are
larger than 1. Results of Table 7.5, which has been
“constructed for values of n between 1 and 2, indicate
that R decreases parabolically with increasing value of
n, but can never assume unity. In other words, P, is

always larger than P,,,.

NOZZLE SELECTION

Smaller nozzle sizes are always obtained when the
maximum BHHP method is used, as it gives. larger
values of P,,,l ‘than those given by thc maximum [F

melhod The following equations may be used to

TABLE 7.5 Ratio Pyy/Puyy

N as a function of index n

n+2

n R=
n+1

1.0 1.50

1.2 1.45

15 1.40

1.8 1.36

2.0 1.33

143
determine total flow area and nonlc si‘zcs:
I T—00096Q —m (7.11)
Py
dy=32 \/? (7.12)
where A; = total flow area (in?); and dy = nozzle size

in multiples of $5 in.

OPTIMUM FLOW RATE

Optimum flow rate is obtained using the optimum
value of P, n and maximum surface pressure, P,. For
example, using the maximum BHHP criterion, P, is
determined from T

n

P =P,— Py =P, — —
c ] bit s n+1

P

s

}; = -;204,

(7.13)

TS
The value ofn is equal to the slope of the P.-Q graph.
‘The optxmum value of flow rate, Q. is obtamcd from
the mtersecuon of the P value (as determined by
Equation 7.13) and the P~ graph (see example 7.2).

FIELD METHOD OF OPTIMISING BIT
HYDRAULICS A

The index n can only be determined on site and is
largely controlled by downhole conditions. The follow-
ing method for determmmg n was suggested by
Robinson? and is summarised here briefly.

/( 1) Prior to POH current bit for next bit change, run

the pump at four or five different speeds and record

the resulting standpipe pressures.

2 ) From current nozzle sizes and mud wcxght deter-

mine pressure losses across the bit for each value of

flow rate, using Equation (7. 11) or a hydraulics slide

rule.

¥ (3) Subtract Py, from standpipe pressure to obtain P,.

/(4) Plot a graph of P, against Q on log-log graph
paper and determine the slope of this graph, which is
the index n in Equations (7.7), (7.8) and (7.13).

+(5) For the next bit run, Equation (7.7) or (7. 8) is used
to determine P, that will produce maximum bit
hydraulic horsepower. Nozzle sizes are then sclected
by use of this value of Py;,.

J(2

For a particular rig and field the index n will not
vary w1dely if the same dnllmg parameters are used

O LA pa o e
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For standardisation purposes it is recommended that
the above test be run at three depths for each bit run.
The average value of n for each bit run can then be
used for designing optimum hydraulics.

LExample 772_*)
Prior to changing of bit in a 124 in hole, the standpipe
pressures listed in Table 7.6 were recorded at different
flow rates with the present bit still on bottom. Present
hole depth is 6528 ft and the next bit is expected to
drill down to 8000 ft. Other relevant data are:

present nozzle sizes = three 1§

mud weight =8.7 ppg
(65 pcf)
current flow rate (=600 gpm °

maximum allowable surface pressure = 2500 psi

Determine the optimum hydraulic parameters for
the next bit run, using BHHP and IF criteria.

Maximum bit hydraulic horsepower criterion
B e SRR e

v/'Frorn Equation (7.11), pressure drop across bit for the
ithree given nozzle sizes (3 16s) is
| e
“a Py = a e )

A} /
where Mmoo e o o
Ap = total area of the three nozzles
n 16\? -
=3xzx (-3—2> =0.5891n
Hence, ‘

Poi=231.179 x 107503 (7.14)

Equation (7.14) can then be used to calculate the
pressure drop across the bit for the given volume flow
rates. Alternatively, an hydraulics slide rule may be
used to calculate Py;,. Once Py, is determined, P, is

TABLE 7.6 Raw data for Example 7.2

Flow rate (gpm) Standpipe pressure (psi)

300 500
400 850
500 1200
600 » 1700
650 1900

OILWELL DRILLING ENGINEERING

TABLE 7.7 Processed data of Example 7.2

Q Standpipe pressure Py P
(gpm) (psi) (psi)  lpsi)
300 500 208 282
400 850 370 480
500 1200 575 625
v 600 1700 830 870
650 1900 980 520

then simply the difference between the st:%dpipc
pressure and P,,. Table 7.7 summarises these results.
Figure 7.3 gives a plot of P_ against Q. The slope of
this graph can be measured directly using a ruler or,
more accurately, by a curve-fitting technique. The
difference is usually small if the best straight line
passing through the majority of points is drawn.
Figure 7.3 gives a value of n equal to 1.47. The
equations necessary for the calculatons of the various
hydraulics parameters are arranged conveniently as
given below: )
surfact (255” f

n
bit = mps/ gressa(© (7.7)

,=0009 |2 @ (7.11)
‘Dbit
i=3 [ (7.12)
: 3x !

REE N 79)
where A4, = total flow area of nozzles (in?); p =mud

weight (ppg); d = nozzle size as a fraction of 32; and
IF =1impact force (Ib).

For the current jlow rate of 600 gpm Using Equations
(7.7), (7.11), (7.12) and (7.9), we obtain

© Py = 1488 psi

A, = 0.4404 in?
d =138 or one 13 and two 14s
IF=11791b

Optimum circulation pressure, P_=2500— 1488
= 1012 psi.

Optimum flow rate

The value of optimum flow rate, Q,,, is obtained from
the intersection of the line P, = 1012 psi and the P, vs.
Q graph. Figure 7.3 gives a Qop of 660 gpm.
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RIG HYDRAULICS

Using Equations (7.11), (7.12) and (7.9), we obtain
nozzle sizes = 14.3 or two lds and one 15
impact force = 1295 1b

Maximum impact force criterion

From Figure 7.3, the slope of the graph is, again, 1.47.

n.
Py = nt2 x P,
1.47
= 2
4742 B%
=1059 psi
Optimum circulation pressure, P, = 2500 — 1059

= [44] psi.
The intersection of P, =
an optimum flow rate (Q,,,) of 840 gpm. Hence,

1441 and Figure 7.2 gives

145

Comparison

The results of Example 7.2 show that the BHHP
criterion gives better hydraulics in terms of small
n6z3le sizes and higher jet velocities. The TF criterion
g1vés™ a slightly higher impact force than does the
BHHP criterion.

A practical check on the efficiency of the bit
hydraulics programme

/(1 Determine pressure drop across bit, Py;,.
¥"(2) Determine bit hydraulic horsepower (BHHP):

Pbix

1714

s BHHp = Do X 8y

2 BHHP = P, x 0 kW

/(3) Divide BHHP obtained above by area of bit to

p
A, =00096 Q Pony determine K, where
4,=07309n | | _ BHHP
u z
d=17.8 or two 18s and one 17 : / _.Id / . /

/( 4) For maximumcleaning, K shoy_lg be between 3 and
HHP/in? (i.e. 3.74-6.94 Watts/mm?).

impact force (IF) = % /pPy =13901b
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Problems

J1 Using the maximum xmpact force criterion, prove that, for the case of limited surface pressure, the pressure‘
drop across the bit, Py, is given by
n
Pbi(=<n+2) x P,

where n = slope of circulation pressure vs. circulation rate; and P, = standpipe pressure.

Hint: (a) Express the impact force, F, in terms of ¥, Q and p, to obtain
(b) Pressure loss across the bit is given by
K 2
Py = 202 ®2)

where K is a constant.
(c) From Equations (P.1) and (P.2) obtain the relationship

F=K,QP3}

where K| is a constant.
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(d) Using P, = Py, + P, and P = K, QP25 and differentiating F with respect to Q. obtain the following

relationship:
n
Pbi‘=<n+2>Ps

2. Using the Bingham plastic model, calculate for the wel] described below: (a) the circulating pressure, P.;
(b) the nozzle sizes; (c) the bottom hole pressure while circulating; and (d) the equivalent circulating density.

depth = 9500 ft (2896 m)

hole diameter =8.51n(215.9 mm)

drillpipe =31n/4.276 in (127 mm/108.6 mm)
; 9000 ft (2743 m)

drill collars =81in/3in(203.2 mm/76.2 mm)

500 {t (1524 m)
mud weight =13 ppg (1.56 kg/1)
. . Ib

yield point 30 100 i

viscosity : =20cP

circulation rate =350 gpm (1325 |/min)

maximum operating pressure of mud pumps = 2500 psi (172 bar)

surface equipment type =4

Answer: ((a) 2469, (b) three 115, (c) 6480, (d) 13.12 ppg)

¢ 3. Repeat the above example using the power-law model.
4. Assume that the circulation pressure, P, is related to flow rate according to the equation P_x Q'8
Determine the optimum circulating pressure, circulation rate, pressure drop across bit and nozzie sizes, using
data from Example, 7.2 and the BHHP and IF criteria.
5. Prior 1o changing the bit in a 121 in hole, the following standpipe pressures were recorded at different flow
rates with the present bit on bottom: .

|

Flow rate (gpm) (I/min)‘ Standpipe pressure (psi} (bar)

252 954 390 269
336 1272 620 427
420 1590 920 634
504 1908 1240 855
630 2385 1840 1269

Present nozzle sizes =fti1»z;qg__l6s )
Present hole depth = 6572 ft (2403 m)
. Next hole depth = 8300 ft (2530 m)
Mud weight = 8.3 ppg (0.995 kg*)
~— Flow rate not to exceed 600 gpm, to limit hole erosion

Determine the optimum nozzle sizes for the given flow rate. Also determine the optimum flow rate that the
BHHP criterion yields.

Al

Answer: Slope = 1.68; nozzles: one 13 and two 14s; Qope = 660 gpm.
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