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7. Formation Pore Pressure

Contents: |
- Introduction |

- Methods of Estimating Pore Prassure |

- Fracture Gradient ‘

References: '
-Applied Drilling Engineering- Adam T. Bourgoyne Jr. et al Chapter 6
-Well Engineering & Construction: Hussain Rabia, Chapters 1 & 2
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The magnitude of the pressure in the pores of a formation, known as the '
formation pore pressure (or simply formation pressure), is an imporant \
consideration in many aspects of well planning and operations.

Applications:

-Mud weight selection (prevent borehole collapsing and influx)

- Casing depth Selection

- Casing design =—=————=3 Well Design
-Well control: risk of blowout

-Prevent Hole problems : lost of circulation, stuck p:pes ROP
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The pressure of the fluid in the pore space (the pore pressure) can be
measured and plotted against depth.
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The pressure in the formations to be drilled is often expressed in terms of a |
pressure gradient. This gradient is derived from a line passing through a |
particular formation pore pressure and a datum point at surface and is known

as the pore pressure gradient
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! Normal pressure gradients correspond to the hydrostatic Co=62.4 P cf el —)
' gradient of a fresh or saline water column
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‘ Most of the fluids found in the pore space of sedimentary formations
' contain a proportion of salt and are known as brines. The dissolved |
| salt content may vary from 0 to over 200,000 ppm. Correspondingly, |
the pore pressure gradient ranges from 0.433 psil/ft (pure water) to |
about 0.50 psi/ft. In most geographical areas the pore pressure
gradient is approximately 0.465 psi/ft (assumes 80,000 ppm salt !
content) and this pressure gradient has been defined as the normal
‘ pressure gradient.
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Normal Pore Pressure when strata are in direct communication (8.94 ppg)

| R

Py, = 0.465 psi/ft

Abnormal Pore Pressure when adjacent strata are not in direct communication

Note All abnormal pressures reguire some means ofisealingfor

tra ressure within the rock body. Otherwise hydrostatic

equmbnum back to a normal gradient would eventually be restored.
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The zone between the normally pressured zone and the overpressured zone is known as
! the transition zone. ~ —
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Pore Pressure Gradients do not
always Iincrease with depth

Depth

Venel

Pore Pressure

& fX'c’.mPle 6,4 2_‘_;_‘?)-0
2 9 EXeycise 6. 5 ?—5_5/0
EX Hnpie-1 . Pore Pressure Protile

a- The following pore pressure information has been supplied for the well you are about
to drill. Plot the following pore pressure/depth information on a P-Z diagram
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b. Calculate the pore pressure gradients in the formations from surface; to 8000 ft; to

8500 ft; and to 9000 ft. Plot the overburden gradient (1 psi/ft) on the above plot.

Determine the mud weight required to drill the hole section: down to 8000ft; down to

8500ft; and down to 9000ft.

: |
. ./ . i | Assume that 2?0 psi overbalance on the for\matlon pore pressure is I'eq1._III'EC| (,]
"‘;d“sj\.ﬂkié_ [y r~l_,,) s averpressne . Joopiials ;s.A._,L...j:,.:»{). [CIERPRY J by
I he pore pressoee gradicnts iy the Tormmitions Trom sueluee die:
' 0 8OO0 AT20080000 = 0463 psih . ?Sl = 7 '
I 0830 GRS I = 1N00 psin 0-433-}3".— ‘ SC" |
' 09300 1 69009500 = 007260 pai 1

Reyuired Mudweigin

‘EEL :1‘f‘fpc’e
i ﬂr |
a SO0 L I PPS - 7. 48 PCP

i STI04 2000 = 3920 i
i A200R0000 =049 psidle = V42 ppe
e BS0O0 11 GO0 + 200 = 7000 psit

TOO RSO0 = ON2 psifit = 1377 ppe —~ g FCﬂ

ar D50 e GUEH + 200 =TI psa 13
TLOOA5(H) = (.73 psiift = 14042 ppe
- B ————
[
i
i
- = - |
!‘-:- I.I-‘ ; - 1 -; i ;- - ‘
i
|
|
, i
! c. If the mudweight used to drill down to 8000ft were used to drill into the
| formation pressures at 8500ft what would be the over/underbalance on
_ the formation pore pressure at this depth?
[ the mudweight ol were 9.42 ppe w ere used o drill at 8300 1 the underbalance
would he:
O8O0 - (8300 N 942 N 0.052) = 2636 psi |
|
: . : ; | i
. Hence the borehole pressure is 2636 psi less than the Tormation pressure. | .
|

14
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| d. Assuming that the correct mudweight is used for drilling at 8500ft but
that the fluid level in the annulus dropped to 500 ft below drillfloor,

' due to inadequate hole fill up during tripping. What would be the effect

‘ on bottom hole pressure at 8500ft ?

(1. when using ON2 psiteor 13,77 ppg) mud For the section at 83001 the fluid
' level in the hole dropped 1o 30001 the botom hole pressure would Gull by:

‘ 500 \ (.82 = 210 psi

Henee the pressure in the borehole would be 210 psi below the Tormation pressure.

‘ 15
|
| .
|
| |
cxampile rore rressure rrofile

‘ e. What type of fluid is contained in the formations below 8500ft?
‘ I he density of the fluid in the Formation between 8300 and 9300 It is:
| .
| 6UK) - 6800 = (.1 psi/lt !
[ L0010 ‘
|

I'he Tuid i the formations below 8300 [0 is therelore gas.
| 16
| |
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Methods of Estimating Pore Pressure

Direct measurement of formation pressure is expensive and is possible when the
formation has been drilled. (usually are performed to estimate the PI)

Techniques for detecting and estimating abnormal formation
pressure often are classified as :

@ Predictive methods —></Cs (s b o) ys f'J/‘\J,_'L- O

®~ Methods applicable while drilling (Detection Techniques)

18
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Geophysical measurements are generally used to identify geological conditions
which might indicate the potential for overpressures such as salt domes which
may have associated overpressured zones.

Estimates of formation pressures made before drilling are based primarily:

®- Correlation available data from nearby wells (development wells)

@- Seismic Surveys (wildcats) (ol msw 5

-Non Pay Zones: (indirect measurements)

- Offset well histories may contain information on mud weights used,
problems with stuck pipe, lost circulation or kicks.
- Common Sense

- Pay Zones : (Direct Measurements)

-Known Qil, Gas & Water Pressure at a specific datum
depth

-DST, Wire-line Surveying, Production Engineering data
base

Py, Py, P, GOC, WOC, 7,,7,,7.

WWW.petroman.ir

19

20



www.petroman.ir
www.petroman.ir

¢ PETROMAN

21

22

WWW.petroman.ir


www.petroman.ir
www.petroman.ir

6 PETROMAN| i S e -

I

I

Mechanisms which generate the abnormal pore pressures can be quite
complex and vary from region to region. However, the most common
mechanism for generating overpressures is called under-compaction.

C‘-ampﬁchon f}’e“(_'j ;

rme———— e

~ If formation pressures are normal, the porosity-dependent parameter should el .y,

have an easily recognised trend because of the decreased porosny with

increased depth of burial and compaction.  ~»»\:& (el @ ((campach) 'y \5“_}' L

A de arture from the normal pressure trend S'@[‘ﬁ's a pr gPle transition zone.

=il ‘—-p Transibefsler ¢ oro e novimal Lo

rDetectlon of the depth at which this departure occurs is critical because casing
must be set in the well before excessively pressured permeable zones can be

drilled safely. —>  \=| et f/h(a(cfhff“ff)\_g\.@_}bﬂ Tiehiss i &
JJ"""' “J‘LL_‘)}JIJ-)C-C\S’:::)f'_L O?.?

23

DT /ONOrmM4dal riessufec

- Best fits most naturally occurring abnormal pressures

During deposition, sediments are compacted by the overburden load and
are subjected to greater temperatures with increasing burial depth.

Porosity is reduced as water is forced out.

Hydrostatic equilibrium within the compacted layers is retained as long as
the expelled water is free to escape

- If water cannot escape, abnormal pressures occur

The average porosity in sediments, generally decreases with increasing
depth - due to the increasing overburden. This results in an increasing bulk
density with increasing depth, and increasing rock strength

|

|

campoche’ ", &~ Goal: To Develop a relationship between ‘
thes7g porosity and bulk density %4 |
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- The vertical pressure at any point in the earth is known as the overburden
pressure or geostatic pressure.

- The overburden pressure at any point is a function of the mass of rock and

I id above the point of interest.

In order to calculate the overburden pressure at any point, the average density

i of the material (rock and fluids) above the point of interest must be determined.
The average density of the rock and fluid in the pore space is known as the

bulk density of the rock.

~

e
2y = "()0 p/)¢ “\“"“'“””L’Lj““ﬂ'ﬂgw I
::D |
Pg = density of rock matrix e L\Mu\ Jw ‘J\; o Mu L. ;:)

|
} p,= bulk density of porous sedlment
! p, = density of fluid in pore space

: @= porosity !

| 18 <« hf

| ﬁ b —"(';*_, 2 B
| K= _f‘g fi' = _____.Jt—-r"'-ﬁ-'_v_-. _'L_}“_ =
Overburden Pressures |
|
|

Typical Densities of Rocks and Fluids

Matrix Density

Litholozy (@ee)

Namdstone 263

Limestone
Dalomie
vohydrie
Halie

| Gapsuim
ol

Fresh Water
Salt Water
thl

.87
REEAY

5 Since the matrix material (rock type), porosity, and fluid content vary with depth, the bulk
density will also vary with depth. The overburden pressure at any point is therefore the
integral of the bulk density from surface down to the point of interest

&
(_,0}) S_, -) .u.'lg_",l‘ f-’__;

1. Density Qgisuremant/uf rock sanBIes using shale density”
techniques |u\ e (ses, \ LS A <wlhinstise

WE A M e L \g cutter \ Gl
2. Measurements of rock in situ. Using density logs to directly
measure the electron density and the bulk density of the rock
around the borehole, or from core samples atfsurface.

(.'J'('l G . - .” =

3. Measurements of Porosity. - ‘—}Ji Ll
Neutron Porosity Logs
« Nuclear Magnetic Resonance studies of cuttings
= Sonic Logs

4. Offset Tables -—>=

. Foblecs deuy v

26
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The specific gravity of the rock matrix may vary from 2.1
(sandstone) to 2.4 (limestone). Therefore, using an average of 2.3
and converting to units of psi/ft, it can be seen that the overburden
pressure gradient exerted by a typical rock, with zero porosity
would be:

2.3x0.433 psi/ ft =0.9959 =1 psi/ ft —» ctecbwrksi.

Pa’:-,.ss‘n/@

-
—J'*‘J_-_{*JJI-)[-L’,-:I.‘:/_,)v
' -LC_'_, Li \slaZ \,’2:\;[5/:
i SG ;o-—43’3 _%‘L
F
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|
|
. |
|
Compactinn Effact
w W 4 d e 1 b | S L
'\ _-cy“_ |
g Pore water expands with increasing burial '
R R A depth and increased temperature, while the
pore space is reduced by increasing
{ geostatic load. Thus, normal formation |
[ pressure can be maintained only if a path I
J | of sufficient permeability exists to allow !
! formation water to escape readily.
CeimgURIES " NG
EDINENTE ~vdivk / ‘.' \ _
4 \ Ogp= 0 *P e ‘
, O P
(\ "0 /' 0, matrix Stress ~——> 25 L'*w leo
b ¥ s = : ANl |2 W
P p: the pore fluid pressure —= (Mal> ‘-wJ i ! )
- tGERATE WATCH ——— :, if
) :.(--K/ v If the expelled water is not free to escape, abnormal I
<Q o i s jl‘/ --..-.._,_
" | = pressures may result '-"‘“‘"C‘ i
L2scaP€ ;\a\c ] .
: . - 28 '
> o (>\:“ P s ;/" ‘-“\f’ ook g

I > f:gn L | \Sh B
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The vertical overburden stress resulting from geostatic load at a sediment depth, D,
for sediments having an average bulk density, p,, is given by:

D
L \ pp3dD.

i |
where g is the gravitational constant.

3 '\;JIM%(SL;

p,=p,—(p,—p)9P L LLy,

- -
““‘_}JLC“)L Z};

29

The average porosity in sediments, generally decreases
with increasing depth -due to the increasing overburden. |
A,Lb..u .l{ _)H’LIJ.E:L»p \)}\_)*-'Jcl\ djrv/;”r‘

This results in an increasing bulk density with increasing
depth, and increasing rock strength

1) Plot e, Vs. Depth on similog graph.
2) Construct a plot of bulk density vs. depth
3) Calculate overburden stress vs. depth.

30
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| In an area of significant drilling activity, the NN | ke, TR Lms !
change in bulk density with depth usually is 200" I

| determined by conventional well logging 4000 \Q\ 1

| methods. The effect of depth on average bul £ - \ Sob o |

i density for sediments in the Texas and Ey N\ r

! Louisiana gulf coast areas is shown in Fig ol ETEe P2 ]

I 'é 10000 LOF_ALL DaTA mms\,‘ ;\‘ 3 P
The change in bulk density with burial 5 12000 I'\\ \ Z G& Gebal
depth is related primarily to the change s _ \‘\i. (Jolsod 27 < ‘.M{ﬂ/
in sediment porosity with compaction. 5 14090 Y '\ 0 el B
Grain densities of the common minerals * 16000 By > L
found in sedimentary deposits do not vary e L |
greatly and usually can be assumed [t |3

; constant at a representative average value. e & o o o a'; 24 :

[ This is also true for pore fluid density. BULK DENSITY, 8, (g/cm®) i

! P R UM, gl cosets e 1 Sty g dhs i

| 31

In many areas, it is convenient to use the exponential relationship relating change in
average sediment porosity to depth of burial when calculating the overburden stress, aab, |
} resulting from geostatic load at a given depth. To use this approach; the average bulk '
| density data are expressed first in terms of average porasity.

—> "t\ P o

Py =R =[x
P e s’mé r_g,l-,b\:)L_c‘, !
= 3¢ .
» Vot g 2 Py —Pp 29 ‘
| B C:'j‘ (‘:}LIOJ)J:_.._,.-_J(_._J
‘ This equation allows average bulk density data read from well logs to be expressed
| easily in terms of average porosity for any assumed grain density and fluid density. If

these average porosity values are plotted vs. depth on semi-log paper, a good

i straight-line trend usually is obtained. The equation of this line is given by:

py ¢=®”e-.ﬁt’)l\
N

k\‘_au.‘izi;)w)'\;:_‘_j Q‘.)‘ Sy uv!'ri-f.njen f.a —f' L;"“ 5 _),__,..—:_;g':

‘ where @_ is the surface porosi_t-y, K is the porosity decline constant, and D, is A |
|

the depth below the surface of the sediments. The constants @, and K can be

‘ determined graphically or by the least-square method. 4
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Determine values for surface porosity, @, and porosity decline constant, K,
for the U.S. qulf coast area. Use the average bulk density data shown in Fig.
6.3 , an average grain density of 2.60 g/cm3, and an average pore fluid
density of 1.074 g/cm3.

Erevcse 6.1 295,-
6.2

EE]

=S ERE I T e -

= -
el ) -
_HAiITINNIEe S/ 1d 3
;.k_ QI 10", wWd IR LINS

The porosity calculations are summarized in Table 6.2.

TABLE 6.2—AVERAGE SEDIMENT POROSITY

|
The bulk density given in Col. 2 was read COMPUTATION FOR U.S. GULF COAST AREA
from Fig. 6.3 at the depth given in Col. |. The i) @ 2
porosity values given in Col. 3 were Sedment  Buk  Average
computed using an average grain density of Thatow. Caisy. oMM
2.60 and a fluid density of 1.074 g/cm? in Eq. @) (gemh  (rac)
6.3b 2 195 0.43
. 1,000 202 2.8
2000 206 035
3,000 2 232
| 2.60-p, 2.60-p, 4,000 3 oz
| o= - o
! 2.60-1.074 1.526 Tom ez oz
8,000 223 020
3,000 23 218
10,000 235 218
11,000 237 215
The computed porosities are plotted in Fig. 6.4 12,000 258 3.14
- afe 12 o
¢ bs) \ J7 I el ; ; .y / 15,000 243 an
2 | > Llgla )y &y Qe Uloui : 2 wom a0
A T = D\ L , 18.000 246 0092
Cl__sdune \,‘A\.E'L.) \_5%¢ C) ,J_,\ \L-w.{ LSL-"T _:_L ;3:% g:; gm 34
"—GJ_‘)\{}' ‘."\-'T-' 5
. I‘_. 2,18 0 \LEWO) k.f.r-'.m—;%
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oot | \__, - L ;} o . 4;
0 308 a a u'o-u) 10
i A surface porosity, @, of 0.41 is indicated on I ) | F‘ ]
the trend line at zero depth. A porosity of 2000 —— i
. 0.075 is read from the trend line at a depth [ 1T
| of 20,000 ft. Thus, the porosity decline — ;Z .
l constant is el ",
; D, 0.31 P - j Ji
I\ N l"(rm?' 3 -~ i
S 2220000085 fi ! & oo ——— - 4.." .
! D, 20,000 5 [Towavessen 7]
: =|4.m + -J ’ I
[ and the average porosity can be Y S 7 ) 11 I -
| computed using o500 ! —E s B
IIJM; . * f] 7
¢=0).41p ~0-0000830, - /g I i o
e,cﬁ POROSITY
Fig. u.l—-mpuleq‘ Average porcsily uwend for U3 gud
' 35
A AN d
muoz bime = g 1~ aa —;v—,\,—éﬂlf\_{‘{c’f
— < L > L £ 6/ d‘ &
P i, 'J .I"']u’\{J [;ﬂé r 2 gargg b_’L?L) ﬂ"KO‘ AM S ) - «-,,—:? ATder (¢
: A esfnsen ‘ Gt i LS S
2o lelas) TG Plathista Ve s s Bvsy D
Shar ¥ o las) TaabOR ) A~ Sl B
| : y I R o TS L | ST . 1T Gy AT 7 PN
} \4' erical Dverpurden siress - ONsSnore i
| ) Vg
Recalling: For onshore T by =.&’! [petl=0)—pyoldD. m"PL"

| : W~
In offshore areas, this Eq. must be integrated in two parts. From the surface to
the ocean bottom, the seawater density, p_, is equal to 8.5 Ib_/gal and the

porasie R 1, j:LL Exereise 6.4
.J‘)l »
b :‘f,’i I Y \'.vdu gﬁ)fﬁ |
4]

W
| m\ o, =tn—npe,e D :
D'Il' |
Integration of this equation and substitution of Ds (D-D,,), the |
depth below the surface of the sediments, vields
(p,—pplgd, (| ~¢ KD, |

Tob =P I{D" +pg.‘\'D\ =
36 |
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| PITOSLEIE WIS \__,‘,,1 (}1— . emi -l.:':)
‘ Decrease in 71
1. Measure the porosity indicator ( e.g. Pl
i density) in normally pressured, clean [ Tw“‘;_’[_
[ shales to establish a normal trend Va : ;:
, en the indicator suggests porosity f} L X g
values that are higher than the trend, A - ‘:
then abnormal pressures are J. ;J ] q i“
suspected to be present. . = ’ d
3. The magnitude of the deviation from o ﬁ:j:m h wl
the normal trend line is used to Compochuncs , 5 o _35}/»‘-\:.)}

quantify the abnormal pressure.

@f? “ mafnz 5%;,

2929 (b)Y erivation
355573 abnormal

q‘ﬁ\ mb?!@ J"/ (2 Pressne 37
o T f A
v U >t .’/J "-41_9 ./b\.n.; s
. overbarolen L>€m/.)nca."\j _:}-"J

Yormala

o .),‘\ '\_\m_
I \—' &fc

This approach is based on the assumption that similar formation
having the same value of the porosity-dependent variable are
under the same effective matrix stress g,

Thus the matrix stress g, of the abnormally pressured formation
at depth D 1s the same as matrix stress state g, of a more
shallow normally pressured formation at depth D, which gives the
same measured value of the porosity dependent parameter,

b(_s»lt’;-’.'/)z

Vo sdeas ¢ 977 9an= TonPn  poresiby Ve« D&
&'thk}u s l?b"%l“h' . = -1
= B = A - odzas >
0, is evaluated at D, e © by C s
e s ,
. maty ;D. y R iMsinad gf’cxj;an}
e pore pressure at depth D: csass
P=040,
(s2a2\5

LSL__‘\

')/Lw_:-,_x‘_; f.(a;)’ L"“'}UJJ
'L__S‘)\"*k’ \\._ALS‘)\\D‘(U})' _-a‘jt\__;-t_‘s‘___m\ Ng

N

POROSITY DEPENDENT PARAMETER (X)
3

0| —= | =00 = —0b

Xq
#

.' F:

T l g 2
L] ol
e s 2l e 2 2

| 35

f / {gagsmon § b
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FORMATIONS

~
-
t ABNOHMAL PRESSURE

I

b. Abnormally Pressured Formations

38
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POROSITY DEPENDENT PARAMETER (X}
An ¥

H [

| s
es,;w'w.ﬂ'en}' & Oy [=— = (I)'-:.’ é“
=0 O(efﬁ‘ : / Ig;g‘::"’"
]"e' a-”b_pzo-”bn..pn : r\
o . _l ¥ B | |~
P =Pnt (0000 et 9=
Z = BT .
FN? L} 2 2 < > /!
RS normal S )l 7
P o Pﬂ,’fsnri’ k‘ et ; 4
%r&xd.-},wnf’ L l

£t

Estimate the pore pressure at 10,200' if the equivalent depth is 9,100". The
normal pore pressure gradient is 0.433 psi/ft. The overburden gradient is 1.0

psi/ft. _ i s L _ Qa .
) mpochia 44051 AT A

2y Ya theery «'f)h < kj Ve \F)

At 9,100, p, =0.433 *9,100 =3,940 psig

At 9,100, Uobfl'oo *9,100 =9,100 psig

At 10,200, g, =1.00*10,200 = 10,200 psig

P=P n+ o.ubdo'ubn) /
=3,940 +(10,200 -—9,500]-‘*‘5040\5}9

www.petroman.ir
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Porosity dependent parameter

= Empirical correlations /

= More accurate than approach 1 /

= Need considerable data /

depth
I~

= uses (X/X,)or (X-X,) to predict

the magnitude of the abnormal

Sl

pressure *

A | o r 2 . .
,\ri)lju r’l_ﬁ_!f-\.—‘“'—b?x__)"_é)\{hﬂl_f ry 7

To estimate formation pore pressurc from seismic
data, thc average acoustic velocily as a [unction of depth
must be determined. A geophysicist who specializes in
compuler-assisted analysis of seismic data usually per-
forms this for the drilling engineer. For convenience. the
rcciprocal of velocity, or interval transir time, generally
(s displayed. o e T
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g? E-F2 1=t(l—0)+1,0.

—r

The observed interval transit time t is a porosity dependent parameter that

varies with porosity, @ according to:
TABLE 6.3—REPRESENTATIVE INTERVAL TRANSIT

TIMES FOR COMMON MATRIX MATERIALS

AND PORE FLUIDS

Matrix
Transit
Time
Matrix Malenal [10 7% 3/H) e A, b
. : 3 * Dolomite Ad
o thg interval tranlsn_ tlmg in the rock rqamx Caloite pos
t, : the interval transit time in the pore fluid Limesiona B
Anhydrite 50
Granile a0
Gypsum 23 |
Quartz 56 |
Shabs 8210 167
Salt 67
Sandstone 531059
Para Fluid |
Water {distiliad) 218
100,000 ppm NaCl 208
200,000 ppm NaCl 189
ol 240 |
Methane 626"
Air o*

“Valid anly near 14 7 psia and B0°F

balk 10
Under normal compaction, density increases 2
with depth. For this reason the interval velocity

also increases with depth, so travel time =0
el w000
To find a mathematical model of the normal compaction 5 oo
trend for interval transit time can be developed by z
substituting the exponential porosity expression defined 4 mco
previously into the above Eq.:
0000
d=¢,e 4P
12000
14000

t Il
[n[ _ i ] =—KD
Dullg —lmg) D,y — )

éxesrcise 6.3 295

D
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13
INTERVAL TRANSIT TIME (1054
20 30 W os0 10g 200
I | I l |
L
\ )| Ul
| l L
i3y M
300 L GE0OWE 4 BOUTITE
L —
—r z —1 1
|
Ll
Fig. B0 Tty uarns o and Nim W a0 vl sosil e
d irom semme dals N Lppes -
Tiend ol me U 5 guil Coasl ama
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The average interval transit time data shown Cuerciie §.iY “;415/,,
A (423
Table were computed from seismic records of TABLE .4 AVERAGE INTENVAL THANSIT TIE DATA
) ) . COMPUTED FROM SEISMIC RECORDS OBTAINED 1M
normally pressured sediments occurring in the T STREND OF GULY CORST ARERI MIoCENE
Upper Miocene trend of the Louisiana gulf coast. Coptrisonas 000 v
These sediments are known to consist mainly of R
. 2,500 w1 3, 500 14
sands and shales. Using these data and the values 35004500 :;%
of Kand g, computed previously for the U.S. qulf sonrim i
‘ coast area in Example 2, compute apparent S50t o
o " . 10,500 10 11,500 m:l
average matrix travel times for each depth interval nswwide 8
given and curve ﬁt the resultlng.vglues as a Exercise 8. 9 _).9
function of porosity. A water salinity of
approximately 90,000 ppm is required to give a !
pressure gradient of 0.465 psi/ft. '
45
| Solution
The values of @o and K" determined for the U.S. gulf coast area in Example 2 were
0.41 and 0.000085 ft -1 , respectively. From Table 6.3, a value of 209 is indicated
for interval transit time in 90,000-ppm brine. Inserting these constants in Eqs. 6.4
and 6.7 gives
—
P =0.41e - NHNXSSD and b =* 20 } ‘
() i
For the first data entry in Table 6.4, the mean interval depth is 2,000 ft and the observed _
travel time is 153 ps/ft. Using these values for D and t yields !
é—'(‘.-llt.* ELANANESC? iRl ‘—(}.34‘3 and lm.. s 153_1"9"“' _?-';f:l = |1 T fr |
| -0.346
46
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TABLE 6.5—EXAMPLE CALCULATION OF APPARENT
MATRIX TRANSIT TIME FRCM SEISMIC DATA

C

< ROP (correlations)
»  Qualitative measurements:

| ¢
.
Les J’-e €= "QJ (D .;._,t\_,-b)(— Gas cut mud ——=
Lidor Flowline temp. — 5,
Pit levels (kicks)
Direct flow check
/
{ NIt 24 (Jh & ‘
\5 ‘ -

NSO
\_¢"P> ol

B \5\\ \()uu" N \@n“b“\
LS oy 5 S
Qe '

Estimation of Formation pressure while drilling:

- Hole condﬂmns—#u‘“qt L;n_,usx;) .J\_g\‘ Lui

2001- T T T e e—Y
';'[" AVERAGE VA(LES GF @ AN "mg | 1 |
| T ] Apparsm = FOR 100G FT DEPTH INTERWALS
Intera Mty P | | |
Average Averags ansar Tranau & 15 | ] - 4 |
Uepth  Ferasity Time I'ma z- | I |
ikt (%) U0 st (100 e == | I |
2000 0M6 153 122 BS \ |
3000 038 140 we s'.‘ o |_‘ ____|
4,000 =2 132 1o n] (=] [ .
5000 0768 126 o€ i | !
5,000 0246 111 HE £ . - Tmgt 93 #1680 | I
TOUD 0226 120 94 2 w0 ! [
5000 D208 112 82 : z : > [
3.000 9191 106 a2 - s.wshr. i s;;:n SHALZ AND SANDSTONE |
12.000 0175 102 79 % | SEE TamE | !
1,000 .61 103 82 < 5 | | 1 |
12,000 048 a3 73 e - .
13,000 0,136 96 78 g - e 93 — L |
POROSITY, 3 |
A plot of matnx transit time vs. porosity is shown in F
~ 4 ig. B.11=Helabonsing  Delwesn  <aitx  ranst ame ang
Fig. 6.11. From this plot, note that for the predominant 2otosily computed for sediments 0 o e
Wiccone trand al the U.S. guil zoaat area
shale lithology of the 1S pull const anen, the average
| MAtERE tansil e can e estoaed by
|
Fr, = 50+ 1RO,
e wrl this expressun lor f and 208 fur 1 i By 6.7
Bives
te <30+ 3390 — 1800 47
\___./ o~ ‘1)
ﬂ‘ .)‘UQ M(j \R'B' 1 PO(C Prgr,ﬂch)J—,l‘L——M# Gl_)' ‘QH’\HJ b"l.)u—_)_j
]
lL__,_.-.M! .9’ (}‘9 r‘_, u h A
Detact Techniaues
I:'ek e 1.':}:' -...'vf-‘-:.!.'.]tﬁh....ﬁ

= "
. > Ls‘_;l-l-uter'&}?-(}‘{"’;-v u“&)_)b_,l_:(
i‘. J.»JJ..__;-'LF_,«J U}L‘JJLO') —"_J L"L.) |I
Uﬂ““"%.&.ﬂ;
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| The use of the ROP to detect transition and therefore overpressured zones is a
simple concept, but difficult to apply in practice.

‘ The theory behind using drilling parameters to detect over pressured zones is
based on the fact that:

= Compaction of formations increases with depth. ROP will
! therefore, all other things being constant, decrease wnﬁ_deplh

« In the transition zone the rock will be more porous (less
| compacted) than that in a normally compacted formation and this '
| will result in an increase in ROP. Also, as drilling proceeds, the

differential pressure between the mud hydrostatic and formation

pore pressure in the transition zone will reduce, resulting in a

‘much greater ROP e ("
2 ReP e ol L 5 (prre presed e GG et iy hoaribion w2lrose

)J.‘ _s.‘J

49

SHARP BIT
“«—— RO

)1\4-’:

ACTUAL TOP OF TRANSITION ZDNE Shik: =9

- . - ) P . B u L')’?‘ Shﬁlc .A_)LM-J") 50
‘)ui ' »’_’J— \{/-‘v-—'l\._pb\‘b r-_‘-:j)-, Q/'l’ {jﬁgjj‘:"\:" 't-:-'J" LY o S""\""D dl‘:“ P "“-&'\g‘-’: Pﬁfe PQ;,‘W |

I b b e (o l_\/ﬁop ¢ | l)('b?«\_)ﬁ"_,,u J;JJQ_“ g »
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|
ﬁ".P‘" . The rate of penetration is affected by numerous parameters:
l" - ~ Weight On Bit (WOB) —:'»'J“*Lru w5 Rop <« wop G lal b

L | weB - RPM 1_7'*"?’[ )
‘<"‘;‘- by b o s &~ bit type TRPM - l
f—"’f;‘u\)dy-*fﬂ:b:whb ~ bit wear 2 I(L—-—-')j tl'_’““ [ th"“ ")s -—f‘” i

s cled >hus ~ hydraulic efficiency T o{ A y > |
| ~ degree of overbalance — Lot —’“-f:f e PCLs o
! - drilling fluid properties (=2 ‘_sj%' Rof (o) =50 o 72
‘ ~ hydrostatic pressure
[ l -
| - hole size TGl Rep s Gulisll |
i
| A i v |
TAL flef Lls 0o size o alis |
| 51 .
I o — ]
i
7%
i "
o i
1 4 / /
| “d” exponent — r<,1~~rfw~J~—v‘~ *é

Clbﬂ»nlmf a_-v_y‘f‘ =2 l_l(wd st (T ._;_3 oy mﬂ)‘ f”a"'me

The “d" exponent technique for detection of overpressures is
based on a normalised drilling rate equation developed by !
Bingham (1964): '

Al
= aN°® \g

R = penetration rate (ft/hr)
N = rotary speed (rpm)

W = WOB (Ib) ‘

B = bit diameter (in.) |
a = matrix strength constant |

d = formation drillability i i
e = rotary speed exponent |

52
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cromple. 6- F page 24|
exerare 6.20 Pese 2}?!6

- s -3(}“9‘5_"; ; uﬂw
Removing the variables which are dependent on lithology B
and rotary speed:
= the rock which was being drilled did not change (a = 1) |
= the rotary speed exponent (e) was equal to one

| the ré_s_ul_tlng equatlon can only be applied to one | |
E’ | type of lithology and theoretically at a single

\M‘i‘i‘ R R
t
d |Og(£J | ( )/i: m
/4 N w2 G0N

R
—_=| — d=
N \B g 7| Y . 8 M

e—re————

53

- the D exponent attempts to correct the ROP for changes in RPM, weight on bit and
hole size. |
The D exponent is proportional to rock strength and for normally pressured |
formations, the D exponent incremy with depth, reflecting increased rock |
strength with depth. da, |

£
For abnormally pressured shales, the D exponent deviates from the normal trend and
b U b gl o o
actually decreases with depth.

|
| ‘1 ~o v '
=0l e ¢ sl ‘ji’ |
i rEssure l

F) Tansibon Bne [ o] 3|

[

- ——— C)q i &a hr |
e ethes
g;m e > (o(c-,)o - ‘
> \
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the d-exponent equation takes no account of mudweight. Since mudweight
determines the pressure on the bottom of the hole the greater the mudweight =
the greater the chip hold-down effect and therefore the lower the ROP. A
modified d-exponent (dc) which accounts for variations in mudweight has
therefore been derived

M\\

or

MW, _ = "normal” mud weight

MW, = actual mud weight

d_= corrected D Exponent (dimensionless)

NPP= normal pore pressure gradient (ppg)
ECD= equivalent circulating density (ppg)

55

s e e
Fore }jf-"\.}‘-ﬁﬁl.il’ﬁ i 4'_‘.\:111-./11 T ofm

1. exponent - Eaton Method

EUP ole. ("~ <— 1. Record the value of the normal trendline d. (d.,) and observe d_ (dc,) at the

depth of interest. NOTE: use only d_, values from shales. Do not use any
other lithology d. value.

2. Record the overburden gradient from the overburden plot at the depth of

interest. - wTe i by Cbl

3. Use the following formula to calculate pore pressure:

/ n dLO
=] X
[ [ dn_'n J

d_= Observed value of dc at depth of interest

12

Pare Overburden MNormal
pressure stress Pore
gradient gradient pressure
psi/ft psi/ft gradient
psifft

d_,= Normal trendline value of dc at depth of interest

56
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08 Pore pressure calculation fre
} - 1 -

BXpOne Ratio Method

The ratio method is much simpler and does not require values of
overburden. To calculate pore pressure, use the following formula

N T ~
(.__)”l’lh-rn{.z.tt;-‘{xg,;-)._) 3 b, T
il UI /ja:;-

pe B _fd
D D \d

e

d_,= Observed value of dc at depth of interest

d.,= Normal trendline value of dc at depth of interest

57

a. Whilst drilling the 12 1/4" hole section of a well the mudloggers were recording the
data as shown in the table below. Plot the d and dc exponent and determine whether
there are any indications of an overpressured zone.
b. If an overpressured zone exists, what is the depth of the top of the transition zone.
c. Use the Eaton equation to estimate the formation pressure at 8600 ft.
Assume a normal formation pressure of 0.465 psi/ft. an overburden gradient of 1.0
psi/ft and a normal mud weight for this area of 9.5 ppg.

DEPTH ROP RPM woB MUD WEIGHT

) (1tihr) (000 tbs) PPG

7500 125 120 38 9.5

7600 103 120 38 9.5

7700 7 110 38 9.5

7800 66 110 38 9.6

7900 45 110 35 98

H#000 a 110 T 9.4

8100 40 110 35 9.4

B200) 42 110 3 9.9

8300 41 100 33 10.0

H400 44 100 ag 10.25

8500 34 100 8 10.25

8600 33 100 40 I

8700 3z 1 42 11

58
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- Dore Gresslre Houlat Sonic Log

The sonic log measures the transit time (t) for a compressional sonic wave to travel through the
formation from transmitter to receiver. The time to travel through one foot (or one metre) is termed the
Interval Transit Time (ITT). In a shale sequence showing a normal compaction profile (and therefore
normal pressure), the transit time should decrease with depth due to the decreased porosity and
increasing density

Abnormally pressured shales tend to have higher porosity and lower density than normally pressured
shales at the same depth. Hence the ITT values will be higher

L . O L . 7
Sormal Cwmpaction Dren

Line M-ﬂ

Drepth

: Fap OF el BN

b= i herpressires

-
Il

1

60 70 RO 90 100 130 200

Shube lnterval Travel Pime At — 29
- ))1“0*1_,,4 L J T’ ‘51'4 -s-*b;)
pressure calculation- Sonic
By constructing a logarithmic plot of ITT vs linear depth a normal
pressure trendline can be established through clean shales.
Abnormally pressured shales will therefore show an increased ITT
above the normal trendline value at the depth of interest. Pore
pressure can then be calculated at the poi point of interest using the
following Eaton equation:
1
PP O- (O-rn' Ri ) Atu
—_ —_— e — X e
D D D D At,
PP= Pore Pressure (psi)
o,,~ Overburden (psi)
P, =Normal pore pressure (psi)
A, =Normal pore pressure trend line t value at depth of interest
A,, =Observed t value at the depth of interest.
60
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Fracture Gradient =5\ =12

When abnormal formation pressure is encountered, the density of the drilling fluid

must be increased to maintain the wellbore pressure above the formation pore

pressure to prevent the flow of fluids from permeable formations into the well.

However, since the wellbore pressure must be maintained below the pressure that '
will cause fracture in more shallow, relatively weak, exposed formation just below the
casing seat, there is a maximum depth into the abnormally pressured zone to which

the well can be d)ed safely without cementing another casing string in the well.

-5
{_ “'_3\ [(‘-e‘_)’_s“' \_)"‘"L‘“ \)}G’ “’_))5‘13—‘.)‘ )h:_’)j\ Pﬂ.".\Fw’C Zoneg __L’:J

/) = !

@‘Js
() --'ul f_SLcO

-r"‘-—-'———"! ——l "”’3‘-‘1 "—' :'A Lo e \ - p 'I/
\ L 3 J._ (¥ ~5Lr UJJ;». JJ‘(-'_(&EJ,) _L]
£

N o~

],,,t.- 2~ a)‘* % "v'*'Lj :J I

|I 3 i', b |

{ pl2g sl Practae gade @) (9, 35D sle b s < =

By
n—__——tﬂ& ))\_),:—' J"‘,ﬂ A & A -y )
]g }—-‘f \f 3“ _):r (‘jﬂ;(.ﬁ:)anjw"_ygj\‘;_ Jij
——— C_./Jn ) B L__h“j_% L__ I’\_}L." "L‘,"\.',_‘_d

61 .
AR b(.:J (SA"‘ ) 3«.&5 )'_, m_,): \‘5\ \)}‘gc i

s e

pe

Predictive Methods:

- Empirical Correlations (the pore pressure should be
predicted first by one of the correlations)

- Experimental methods
* Leak-off Test |
* Limit Test i
« Formation Breakdown Test |

|, < Verification Methods:

e
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- Fracture Gradient Test: A test carried out to the leak off point and
beyond until the formation around the wellbore fails. The fracture

radient i is e ual to the earth mlnlmum horizontal stre
g q “Sh ,2-5.\ ‘/ » ‘)v»v% Ss;.)/\_-ﬂw)‘:t “'-'“}J'G_/)

_.H“M"

'-‘"“”Lf =

- In order to avoid lost circulation while drilling it is important to know
the variation of fracture gradient with depth.

c L
= ‘_A :

¥ Dechon of Luasi
Princigal stross

Thee Hesulling
Fractumg o the Aocks
¢
— = _n)_:f L‘_,g“t
s == = Gloleela s - 63
GEY 6222 s Slur & o e -
e £ /‘ " ""\ . vist Y g
2 . - —-n-..\_‘\\ \ -
: f"' ‘1:"'9 -(y(;Ej }1 })c' A&" ﬁclt\ D - B
s T ' \
5"““-«"f>a;9 / E) : 5 gj ¥ / ?‘“ > jj J\)Q '1Jé J “-'l_):\ i A J”]&))iﬂ
f*:"-_f\“‘“ 4 é 4 ?.'v Ao X b .| Aok |
”?“C 4\ (=] ‘]_, G L /
Lf'l\l- ) ( / /
| . T\ L""I__‘ U e ~ YlV\;y{/ \‘_J)-?"
Equivalent Mud density
|
| T +— Fracture
| = Gradient
| 3
d
| - |
| 5 D) pere . e |
- Prestwe. | 2 Frockg (- il | I
g . Dl €q ﬂfa.gf;'.-.qr\ —a \-}, -2 (_'..).-_{“' - |
a |
Pore -~ ‘
Pressure
Gragjent
- i
4 |
Mud !
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The method is based on the premise that fracturing occurs when the applied fluid
pressure exceeds the éﬁm of the minimum effective stress and formation pressure.

The fracture plane is assumed to be always perpendicular to the minimum

principalstress. According to the Hubbert and Willis method, the total injection (or

fracturing) pressure required to keep open and extend a fracture is given by:

. > Frmalign ressare
FG=G"; - P e i

where d', is the effective minimum principal stress (= minimum principal stress minus pore
e e —e

——

pressure)

‘ I 2 -/--- =
_f;u‘_’,j'_, PO Y N 1‘-:—’ /;»'v. fure

In terms of overburden gradient, Poisson’ ratio (v) and formation pressure, the above equation

becomes: — L mondion pressure

LV G, =Py P
il et A

J'.f.\ cfare "j('.'x 4‘;’,”‘— D] [)

Poisson’s ratio is a rock property that describes the behaviour of rock stresses (o))
m one dirvection (least principal stress) when pressure () s applied m another
direction (principal stress),

G,V
G =¥
Luboratory tests on unconsolidated rock have shown that generally:

9
c"I-‘

|
=
£ )

Field tests however show that nmay range [rom 0.25 1o 0.5 at which point the rock
becomes plastic (stresses equal i all directions). Poisson’s ratio varies with depth
and degree ol compaction
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The procedure used to conduct these tests is basically
the same in all cases. The test is conducted
immediately after a casing has been set and cemented.
The only difference between the tests is the point at
which the test is stopped.

EIT: shoe M Fes £ + JeaK- oﬁﬂ fest :

fﬁfn | 5. Close the BOPs (generally the pipe ram) at surface

5'}1“} “f_,_’f(j 1_( - ) < J'})\“)(j f“-*‘*"’_./ “"“" .['5\b Lw@ ==
Pressuve S c ’L
C}.'.)u.j /Is_.._lt,e I<_. {'J}:h
- i'lfl-"-' (o 'f)""'j"l'-’ )
|

e R I G A =P U
_f_)i.g-'j SLUFE(;?:E s s .25:,00 AR TY P o (9\;}'\3 5/ @;

(—JLJ'\-,C;_.',,'S\)’,L-:__‘ |5, g ““"’}l‘| o “c‘;‘"d "‘f“:.f:.‘u g;_d-s

The procedure is as follows:
1. Run and cement the casing string

2. Run in the drill string and drill bit for the next hole
section and drill out of the casing shoe

3. Drill 5 - 10 ft of new formation below the casing
shoe

; 4. Pull the drillbit back into the casing shoe

ALY ew gl

- "OJI 7;;:‘“‘ Jlee s \20 j’d‘.__w,.::-)

'R AT AL L

e, 34 "
e A '\:)]’ (& v ,\;'

Prmg —

(= T

Welhsad

al Deply (FL TYD)

~a—— True Verlic

E 52 ] 67

) S}log Baﬂcj {(-Tf f_ —

(25 (ﬂf‘m-’\bu“v —

6. Apply pressure to the well by pumping a small amount of mud (generally
©-5 «-1/2 bbl) into the well at surface. Stop pumping and record the pressure in the

nh*

well. Pump a second, equal amount of mud into the well and record the

pressure at surface. Continue this operation, stopping after each increment in
volume and recording the corresponding pressure at surface. Plot the volume
of mud pumped and the corresponding pressure at each increment in volume.

(Note: the graph shown in Figure represents the pressure all along the wellbore
at each increment. This shows that the pressure at the formation at leak off is
the sum of the pressure at surface plus the hydrostatic pressure of the mud).

7. When the test is complete, bleed off the pressure at surface, open the BOP

rams and drill ahead
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\))zc — 2 (\__s)The “Leak-off test” is used to determine the pressure at which the
_ )y_’g F‘l‘“f rock in the open hole section of the well just starts to break down (or
Cl & el Cos) “leak off”). In this type of test the operation is terminated when the
(253 )_ \ °~  pressure no longer continues to increase linearly as the mud is pumped .
=77 into the well
SR I L}MJJ »_,4\_5]
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i 1yt o (= \
(£ Limit Test (FIT)

The “Limit Test” or “Formation Integrity test, FIT” is used to determine whether
the rock in the open hole section of the well will withstand a specific,

‘ predetermined pressure. This pressure represents the maximum pressure that the
formation will be exposed to whilst drilling the next wellbore section. The pressure
to volume relationship during this test is shown in Figure below. This test is
effectively a limited version of the leak-off test. .

(B osens 0 p50 200, |
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L gl
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./The maximum mudweight which can be used In the subsequent o [ETIE TR

The “Formation Breakdown Test” is used to determine the pressure at which
the rock in the open hole section of the well completely breaks down. If fluid is
continued to be pumped into the well after leak off and breakdown occurs the
pressure in the wellbore will behave as shown in Figure below.

50

a
@ 500 <
3 L S
S 00 L
T x 0y
o x X ixXx
]
B S U1
;-__-, %
2 x
200
%
00| *
] 1.0 240 3.0 4.0 2l 8.0 71
Vol., bbl
1 "\ &L T =~ wia i
Lo N LIl T al wdivid L e

In a Leak-Off test the formation below the

casing shoe is considered to have started to U
fracture at point C on Figure shown. The
surface pressure at point C is known as the
leak off pressure and can be used to
determine the maximum allowable
pressure on the formation below the shoe.
The maximum allowable pressure at the
shoe can subsequently be used to calculate: a0 A

W

Surlace Prossue, psi

g
B

i Val.. bl
pen hole section wl.. bt

+ The Maximum Allowable Annular Surface Pressure (MAASP)

The maximum allowable pressure on the formation just below the casing
shoe is generally expressed as an equivalent mud gradient (EMG) so
that it can be compared with the mud weight to be used in the subsequent
hole section.

72
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Given the pressure at surface when leak off occurs just below the casing shoe,
the maximum mudweight that can be used at that depth, and below, can be
calculated from

-
5 . Yo
Misamum Mudw e opsidio ;E}lﬂ/é“*/ s

T
jﬂk’ﬁj 1 L}!
Pressure an the shoe when Leak-ofl oceurs — =
= . e —
def-ﬁ‘ shoe

Pressure b surface and hvdrostatic pressure of mud in well

e

True Vertical Depth ol the shoe

Prue Vertical Lepth ol the shoe

Usually a salety factor ol 0.3 ppe (0.026 psifio) is subtracted from the allowable
mudwerght.

exercise 6- 31

While pertorming a leak off test the surface pressure at leak oft was 940 psi. The
casing shoe was ata e vertical depth of 5010 (tand a mud weight ol 10.2 ppa was
used (o conduct the test.

The Maximun bottom hale pressure durimg the leakoll test can be calculated from:

hydrostutic pressure of colom of mud + leak off pressure at surface
= (0052 10.2 8 5010) + 940

> '_?::—F:J_tu:-_.a o le»-}.j
= 3597 psi obL

i)
S —a

the maximum allowable mud weight at tus depth s therelore

=3597/5010

= 0718 psifft = 13.8 ppe
\/\Ilu\\lng asalety lactor of 0.3 ppa.
e e T

The maximum allowable mud werght = 13.8 - 0.5 = 13.3 ppe.
5 N : A P
. f.;r\;\{ I’j‘}“"* o4 ('_“':",\_;"'JL‘ D (D Cs Nsa
—(Max kS, L2y

Pressmr
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Drilling Hydraulics [ .| [..
: A. Hashemi, PhD al® si® ‘
| |

(How rafe) L‘\J-D“’\_)iyuﬁw (v

Ao oM sl s 252 gy hyohinali s RN |
WoB (1 ‘
|

; RPM (v
|

TS LI 2 ]
L.—-«'))e"‘_sf} Wt‘\&ll/b‘(, > ﬂo'./fafk_;) r-.ﬁ_lLe L‘u.il)“ ffuw\’/ .

)L'«‘Lfr‘ IM l-(: KSL—)CA\\\;_J\‘IGL" = MHﬂM‘MS cjﬂ"s""'ﬂ() SC\LI’J;f&aJ Pressure. (1]
2 s Mini IZ:.‘JE'L_ . . losses L% ) 14
Introductlon s ol g o]~
> | e R //
e Moty ml&t'\: bie> s CL*‘-‘ 'i‘_’-:‘_.;t) MeXKols =y J )-‘-6 << Bif I BiF presswe o CJE}{]"
' ‘The magnitude of the resnstance to flow is B
| dependant on a number of variables
|
' *The resistance is expressed in terms of the e _{
amount of pressure required to circulate the E
| fluid around the system: circulating pressure meoe
| of the system

'Sacrificial Pressure Losses : The pressure
required to circulate the fluid through the
drillstring and annulus (do not contribute

: anything to the drilling process but cannot be
avoided ) .

*Bit Pressure Loss: perform a useful function
helps to clean the drilled cuttings from the face of
the bit

—— Dnil Collars ‘

t— Dnll Bu

™ "l }‘}"“"‘ k_(, L-—u],r‘:rt b t > Jc’f — M!} .__M-;\_..\a‘l 5\\_:;;]_/);:43»_'-9 LB*‘\#’
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| Objectives Wiy ue el Ll
z/‘
U”"»t::*“\"ﬂ'/h-- The pressure along the borehole while cn‘culatmg
e e (equivalent circulating density — ECD).

Use\sig s> <« The pressure along the borehole while moving the

r\\.:..ﬂ Fr P

F«JMMJJL.:M‘QEJ

e s o drillstring (s ur e and swab pressures)

* The optimu rculatlnﬂrameters and bit nozzle sizes

sslecubling \}?‘-“’—»"’*-- The cuttings transport capacity of the fluid (hole cleaning)

é KH.:K
PRSI LA Te

"'J"‘_L\,{

WY g |

(lL@)e-- The pressure along the borehole during well control
operations (kick remaoval)

\lc_> <+ Surge and swab pressure dué to drillstring movement
5\;! Swab

\2 e
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b

2 ) 3 .
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Hydraulic Optimization

Optlmlze the pressure Iosses through the
Bit: clean the blt face

. é\f;t"\_;;l‘ Lo ’5“&}5_'/‘1
-—Poor cleaning results in:
/. * Deposit of cuttmg on well bottom
i“ }‘*” s << Making bridge
;) ‘j:ﬂ) "", « Stuck pipes
oo 3 C * Reduction of ROP

>
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|
d-’ S e B truw; 5 ~—
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- Minimize the sacrificial losses in the'>— We ¢

drillstring and annulus
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Hydraulic Power

+ The product of the circulating pressure
losses and the flowrate through the
system is equal to the hydraulic power |
that the mud pumps will have to generate

HHl"i: P.xC

1—-&.—

J owa e hu; sa Pawer” |
A !
1714 |

| P, = Total pressure (psi)
| Q = flow rate (gpm) x D

| | @ | i
AR - XP v 2P, —Z% RHE P DAL,

v
Sacridica( S 957em) Los s
= | 7
— = = == Q o /_{_;i'?_ “:-—-‘_)‘-‘:‘)a:"'\r = G’:J W'Z'q_)‘_(-aﬂ g
g =0 i
: ) / 2 | . -
e @ GV Ma, DL Rebap - rLELR a2 bk e
Hydraulic Optlml:{.atlfon:_\f_) enl el -2l =% b
J)_)“‘{J‘Pdé}k “-—\)A’:’JJ
+ There is, for all combinations of drillstring, nozzle size and |
hole size, an optimum flow rate for which the hydraulic I
power at the bit is maximised l
| ”
P4 AP#
B <—— Pump Horsepower
- " = 7
Plovs )G b Plosln = 2 serbieo )~ G455 e, § AP
Sl — 2 «—— Sysiem Lossas ) =d NS |
“re (it Manimum HHI) ./) § == 2
© Maximum HHPL \
=] oy FN L\, Z‘)P -
. - s 0 uh _—
\.))""‘ \""" ha> “‘“"‘" \ l' :;f ! { Horsepow%;:),) b1 |
_ @ I T -
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|
I \
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s S . |
e min (8o Flow rais {Q)
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Factors for optimization

#- The minimum annular velocity

VD e

) \:_,',,l E . .
#®- The pressure losses: in the drillstring,
across the nozzles & in the annulus

@ Forces acting in annulus

When mud is rising in the annulus, the
cuttings are simultaneousl| affe/cted by
three forces: Cavguls \u 00y

')_ f\')c‘i/
J: o re

Lk
I ey
>EAN=

(SPes ¢ v >

) L,\.J,I ) desd 3
[= =

Gravity: acting downward & tends to fall the
cuttings on the bottom of the well.

The velocity of falling down is called slip
velocity, V, —
Buoyancy force, every time acting upward
A force resulting from Pump Pressure, this

force causes a specific velocity on each part
of the stream.( Annular velocity)

a2 B { 3.:_._,
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Annular velocity

Relative velocity= Annular velocity- slip velocity > 0

V.= AV,
ANNULAR VELOCITY . : .
| 245 _ | ] 1L |
 av(FrMy = 22 P”gfogfm(GPM )
| —_

v D: Well diameter or ID of Casing (in)
~d= OD of DPs or Dcs (in)

A, is proportional to pump output and reciprocal to well diameter

Optlmum annular velocity — |

> J.u»_,a 2y cfhmm- <
Optimum A :
» clean the bit face
« carry the cuttings quickly .
Ploorlie 2 G2 3y uv <—+ avoid heavy hydrostatic head P /J
= f’ﬁL e ‘y * « reduce the lost of circulation risk —= 22,62 (Fell '

L o w‘;“) e 'i:' « reduces the breaking of large cuttings
..Ju. )9’-":;: i —l

C’*Pmdebt(i/;‘i;‘ Ewrl oplimam |
o) U]

=
pJ))S |

]S)u».\l-'_,b > |
)u‘)") -~ ‘J,Jf,} ﬁmjﬁfyiog) IJWLJJ L&Qh\}})ﬂdl‘)wjb i

s ¥
'h,w‘lmw‘m oL

> —
J
fo& ) f/‘)\___)/]ﬂubn J_,\J)\'LCC\_"HV‘_}"J j/lJLc C’/Ll-) M_S
(5_‘2‘_9&, > By r( - L ?Lﬂ o
‘\‘_‘J\) - |
|' .
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Optimum annular velocity

Hole Size (in) | Annular velocity
(FPM)
17 1/2 80
12 % 90 ol siFe. (G le-
Alpne o ,{_5--:-“ .

10 5/8 110 A lf;_/{ﬂg, L] <
8 Ya 120
77/8 130

| 6 140

Optimum annular velocity
|
|
Smith recommended:
/(light Mw)
s (g o 3y . 11800
' Annularvelocity = ———
Mwx D,
Annularvelocity x (D,, —d?)
GPMmin =
24.51

| Mw= PPG

| D,;= Hole diameter (in)

| d= OD of DP
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Optimum annular velocity

--J—/Sl,; ¥ 59—-'—&—“—’ Ae»rw;%b%fﬂ @D—ﬂ-|

[«

'_)',;_V)C_(-Qb \u':)-:LwJ ,’)._.7“"& .\’Z’H'L) |

z..ol + \
l \i\‘ In' OPTINMUM ARKULAR VELOCITY D& WOHMAL RANGE
g.w.\ ,\ OF HOLE SIZES AND MUD WEIGHTS I

MOLE TIAVETER - Ikcucs

Min GPM

Hole Size (in)] Min GPM

)

| 26 1350 —— m. oco <~PMJ0\mL

| 17 1/2 815 lw»(s‘éﬁ’:l/
| 12 1/4 490 'hale_ size os)sly o o |

| 8 3/4 270 U;;;y! 135¢ gl s (o)
| 6 1/8 220 -t

k_)) &QC::-IOQD T‘lfJ |

Y, Annubar velocity
- loble szc e © e 1 en
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The magnitude of the pressure losses

‘ S )

‘ - The geometry of circulating system usuatLy
IS FIXED)

./ *_The flowrate (limited by the maximum power output |
T >,|\>G~"’ by the mudpumps and the maximum pressures WhICh can

sn 105 (D e tolerated d by ;{r\le pgr)npmg system.) — 22005 O: rikion s
o) =y e i @ sfsedsion £ ;
" Laimhdion, A The flow regime in which the fluid is flowing |
’ _‘-Lb!l}\“ ~ (laminar/turbulent) |
A AR !:

)
a7« The rheologlcal propertles of the circulating
quud 25,8 r}: ) o

(nwu )Y P ’(J A R e

((@e,‘-a';_; (. fﬂ) ,J_,_, ;;;.,J (e bJJ‘ MJ/Q/; ;wu

Bernoulli’s equation:

| “at any point of an ideal steady state incompressible
| flow system the sum of the specific kinetic energy,
' the pressure, and the specific potential energy and
' pressure is constant”

or, in mathematical terms:

www.petroman.ir
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Flow regimes — & oo crobs loes

« Laminar Flow (Streamline or Viscous flow) :

— In this type of flow, layers of fluid move in streamlines
or laminar. There is no microscopic or macroscopic
intermixing of the layers.

Pipe Wall

| PilP i AP AT P -TSTF T T T T T TT|

/ Laminae

P T TTITTITOTTITITIITTITIS

Flow regimes

Turbulent Flow:

— In turbulent flow there is an irregular random
movement of fluid in a transverse direction to the
main flow. This irregular, fluctuating motion can be
regarded as superimposed on the mean motion of the
fluid.

AT il i AT AP N TP

S P e o T
— —_—
u\\—'-—__. —

bl SO
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Determination of the laminar/turbulent

Reynolds showed that when circulating Newtonian fluids through
pipes the onset of turbulence was dependant on the following
variables:

* Pipe diameter, d; in VYO s

« Density of fluid,p; Ibm/gal N. — 928prd

* Viscosity of fluid, p; cp. Re u

» Average flow velocity, v; fi/s
If Re< 2000 — Flow is laminar
If 2000<Re<4000 — Transition from laminar to turbulent
If Re>4000 — Flow is turbulent

This is a typical flow inside the drillpipe and drillcollars.

Rehology of drilling fluids

* Rheology is derived from the Greek words rheo,
meaning ﬂc}w and logi, meaning science.
=J»

( \5

the science of the deformation and/or flow of solids,
liquids and gases under applied stress. -

Relationship between Shear Stress vs. Shear Rate?

’\C)\‘&L‘ = I\.SAJ

SOl shess £

—

— ability to provide accurate predictions of the behaviour

of real systems?? Using polymer and invert oil
emulsion muds today
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Application of rehological concepts

In the drilling situation the application of rheological
concepts for drilling fluids are primarily directed
towards: |

: ‘ /. , VOR3-S

a) Suspension —— c'u}r%g_,u‘i-w o1 Al ruts ~ A O Pl

b) Hydraulic calculations >« 5 f\"“L—'—:{%’r _s{;/u}u-‘ W |

c) Hole cleaning and hole erosion_.— \_M, e (Pe e La.\ 2l (s
O - I
| d) Filtrate migration _ G 53ousns oo ulw Qr b =)
| . _""“-\.h_‘._ '
| e) Solids Control > -y ol el
| o)== | g ﬁ(y e 5
é'd :./.)# = o A
Mg e Ay
-4 f-\:—-\._. LCL,_,; o .J O(o""‘q o
L'.P*'} .'.j Ljr
e —r0s ] o
¥ ek PPe (2 79 %one.
N o = e o L

Shear rate

In a moving fluid shear rate can be defined as the rate at
which one layer of fluid is moving by another layer
| divided by the distance between the layers.

v :l == Li\
" L dL
It is the velocity gradient i.e. the ratio of velocity to

distance between layers.

If a moving layer of fluid has a velocity 1cm/sec relative to a static
layer at sepa[amﬁ distance of 1cm then the shear rate between |

1 cm/ sec
these layel"s will be: ‘
tomisec Lo

cm

average 0.5/ sec
1cm I / / ; '_,_;-»’ .
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A

Shear stress

Shear Stress is defined as the force required to move a
given area of the fluid. In a drilling fluid circulating system
this is analogous to the pump pressure.

pesE

/mumn /‘m > A
1 NEWTON (FORCE)

i

Units: Newtons/ m? (# Pascal); dynes/cm?; Iby/in?

viscosity

Viscosity can be described as the resistance to flow and is
defined as the ratio of shear stress to shear rate

shear stress.dynes/cm?

Viscosity= = Poise

shear ratesec-!

A

The higher the viscosity the higher the force required to
move the upper plate relative to the lower plate.
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S
Rehological models

« A mathematical description of the viscous forces present in
a fluid is required for the development of equations which
describe the pressure losses in the drillstring and annulus.

- These forces are represented by the rheological model of
the fluid.

— Models:
*+ Newtonian model

* Non-Newtonian models: Bingham plastic; Power-
law model.

Newtonian models

In these fluids the shear stress is directly proportional to the shear
rate.

g

S
e

Shpe of Lines
Viscosily

Shear Stress. ©

Shaar Hale. o,

When the shear rate is doubled the shear stress is doubled i.e. when
the circulation rate is doubled the pressure required to pump the fluid
is doubled. (at Constant Press & Temp.; in Laminar flow)

Such fluids have a constant viscosity.
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Newtonian fluids

Common Newtonian fluids include:
« Water

* Diesel

« Glycerin

« Clear brines

| Non-Newtonian models

- Fluids that do not obey Newton’s viscous resistance law are
Non-Newtonian

I « Non-Newtonian fluids have viscosities that depend on
- measured shear rates for a given temperature and pressure

- The shear stress to shear rate relationship of these fluids is
not linear and cannot therefore be characterised by a single
value, such as the coefficient of viscosity

e

«v/Almost all drilling fluid viscosifiers provide rate dependent

fluids T #en-Hewdomian « (s hia 0l o o
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Non-Newtonian models

Shear Stress, t

Shear Rate, A

| the shear stress of a non-Newtonian fluid is not directly
proportional to shear rate and this is why their relationship
cannot be described by a single parameter

Apparent viscosity

Fluid Rheology

Apparem
Viscosity

Shear Stress, t

Shear Rate,

Definition:
the shear stress to shear rate relationship measured at a given shear rate

The apparent viscosity is the slope of the line between the origin and the shear
stress and shear rate intercept at any given shear rate.

www.petroman.ir
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| Non-Newtonian fluids

Dilitant Fluid

Psuedo-plastic Fluid ‘
|
|
|

Shear Stress. 1

! Shear Rate, 7.

Non-Newtonian fluids

Dilatant fluid

Pseudo plastic fluid |

-3

> Gt e (oo =a Il =,

Shear Stress. t

3 i B Gl ‘\L- Tﬁ;";e_ﬂ!

I Shear Rate. i |
Non-Newtonian fluids which are shear-rate dependent are called
pseudoplastic if the apparent viscosity decreases with increasing shear rate.

(suspension of starch or mica in water)

dilatant if the apparent viscosity increases with increasing shear rate
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Rehological models
Nen . Vew fonian -

« Bingham Plastic
- Power Law

These models are used to approximate the
pseudoplastic behaviour of drilling fluids and

cement slurries.

Bingham Plastic

+ Models which behave according to the Bingham plastic
model will not flow until the applied shear stress, exceeds a
certain minimum shear stress value known as the yield

——— e e e

point, Y

— e

=

" Slope of Line=
Plastic Viscosity
XL

Y P$
Y

after the yield point has been exceeded, changes in shear stress are directly
proportional to changes in shear rate,
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(&) . .
— -
C -5 !;‘ L: 5“'"'/ ?a'bj" (2:,))"‘{5"*“"/’ Y IJ{. o |

Y, vs. gel strength

! « The Yp defined in the Blj@n,mdel Is in fact an
extrapolation of the linear relationship between
stress and shear rate at medium to high shear
rates and as such describes the dynamic yield of
the fluid. (Y, is time mdependent) /

_/]M““ft \,___,..-\,,,--.c/\-h__‘r _Sn'-—h{hb_:u’:"\}l __5-—*_-:)

,—-—-?

&1

' 2 g ot Ll o ”'L\_j

- The gel strength represents the shear stress to
shear rate behaviour of the fluid at near zero
shearing conditions (time dependent) — . .\=bulse |

Bingham Plastic

/T YP + PV x (y)

where ]AJ £ 300 _;;-A—/—
oA
T - measured shear stress in 16/100 (i }4_ ePV = 0600 — 8300
o — P T
YP = vield point in 1b/100 1= 2} -YP = 0300 — PV
PV = plastic viscosity in ¢P YP = (2 = 8300) - 08600

Y = shear rate in sec !
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OO |
Power law
e The Power Law model assumes that all

fluids are pseudoplastic in nature and are
defined by the following equation:

|
| T=K (Y)n
| where
‘ 5 ; 2 A thl[}
T = Shear stress (dvnes / cm”©) n = _..s.‘s]ng{-—-]
. 8300
é_j,; & K= Consistency Index
\):“I,! e K = B30
fu\;'/ /L 2,0 Y= Shear rate (sec-1) (511"
2 )} 2
-_\__r,x:) n= Power Law Index
!
| Power law
T=K )"

n: Power Law Index: indicates the degree of non-Newtonian behaviour over a
given shear rate range. —> \—_.\ dj:w-i\-)ﬂ:‘, (v ms S s) s 5Y (A0

n=1 — Newtonian

n<t — Non-Newtonian: Pseudo plastic fluid :the viscosity will
decrease with an increase in shear rate

n>1 — Dilatant Fluid

K: Consistency Index:
- is defined as the shear stress at a shear rate of one reciprocal second
- increase in the value of 'K' — increase in the overall hole cleaning

‘ effectiveness of the fluid.

- K —1Ibs/100ft?, dynes-sec or N/cm?.

e,
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! Power law

log SS i

S\OP/

log SR

v

1=

t A

/0 e
.r;») O il

Py
Pan(® . ‘-*f"c""] v

Pressure loss

: A
‘-_g\-_f;z}«_g’)_;f, ‘s «— P,= Pump discharge pressure

C.ju-w/,/ :_u ) &P -P,= Pressure drop in surface EQUI%

eé_—

Dalipfes ~

Dn'ﬂ colle”

- # <« P4-P,= Pressure inside Dc

= PJJM_JJM( ‘4:)\‘-1 (jh/:»_, w0 ,.»JIJaLJ-o
E_-Af"usl)'/lﬂv_J 'ffcﬂ’?f I"\""’ 5 =

SS=k(SR)"
log SS=log k+nlog SR
For two values of SR

(w,, w,in rpm), and two
values of SS *8,, 6,:

—s P> Ll shedtros
' / =
\\:_-/‘:)v".i}.ci u’ —.‘__".\". h‘."

log 8,=log k+ log w1§6n :-CC) _> 4’\/ i (i-_,!j L‘___,

’Fj\.}‘——ﬂ-\-«.ﬁl
!,
|

log B,=log k+ log w,

logﬁ
o 6
log @/
@y

= t3 &

bt hiis
l 1 JD\:J?"L
)‘E—-'/ \C’. s L:_,: I3
e Wy
__"_J s
L) v l
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Pressure loss calculation matrix

R
I Jse sl pee T Lol

Fluid Type Laminar Flow Turbulent Flow
Pipe Annulus Pipe Annulus

Newtonian 2 i 2 2

Bincham Plastic 9 ? 2 2

Power law ? g4 o ?

Which Equation?

—

Critical velocity inside Dp, Dc

Pv++ pv? +12.34d* (Mw)(Yp)
d(Mw)

 =1.08

7] -
I = critical velocity, }5}; :
‘ ’ Pump output (GPM)
Pye=-pastic viscositv. ¢ V' =0.4085 -
Py= pastic viscosity. cp PE

V', =yield point, 1b,/100 fi’

M mud weight PPG V= fluid velocity inside Dp, Dc, fi/sec
d= 1D of pipe, in V.. Laminar fic v
z rs
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Critical velocity inside annulus

Py pv? +9.256(D —d)* (Mw)(¥p)

V. =1.08
(D —d)(Mw)
V = critical velocity inside g
annulus , ££- Pump output (GPM)
| e 1= 0,4085 - 202
Pv= pastic viscosity, cp 4,;} D*-d?
¥ =yield point, 1b/100 fi° o
Mw: mud weight PPG R T /
L:[:OD of pipe, in Ve Turbulent flow

JF. ¢ V=fluid velocity inside annulus, ft/sec
Sec

D; ju.’t?_ Si17e .III\
[ "?l-f _’fidl"k‘fr)

Laminar flow

R.?
Is R, Constant?

Assumptions for AP calculations:

* The drillstring is placed concentrically in the casing or open
hole . o

» The drillstring is not being rotated — =" G 22

» Sections of open hole are circular in shape and of known
diameter

» The drilling fluid is incompressible

* The flow is isothermal
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-~ /__.\__..._
__..»-*C/)))) L_;J;c.(/w

L;’J*G* ol ‘\)[W‘v_)» L'az u'

( \.Tdm.:b ,.9** > U‘f))},)‘)@_bj/ \.j\‘t“\,— "b&_)\-&-f\-o

\_.-'1_3

Laminar flow

. | In Pipes In Annulus
. - ,
| = f v
| _ dp _ WV %l-’i.—.lsm S
| Newtonian dL 1'50(“2 43+dl L'__‘ﬂ
| ln%
! Bingham t_J_F: _ MV N T dpP _ “n L
plastics dL 1._500'&3 225d dL  1000td, d, j° "'{l{lldq d ]
: ap__ kK pf itl_T ap_ K (24'n ”“l'
dL | I#.U()(Jdl I+n} | 0 ()—‘116/ : (]L- ;44 O’O(;ﬂ?d« d }t T+m) (] (1‘:{];.,)
. - - R
|
| Turbulent flow:
|
| In Pipes In Annulus
ﬂ: Fachion fﬂ for
Newtonian _A/Lv (Mw) Api= 4 fLv' (Mw)
2d 2(D-d)
Bingham _ .va: (M“}) - M
plastics - 75 84 25.8(D-d)
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Stanton chart; fanning friction factor |

" 1.0 -

S o fl 1.255
=4log|0.269¢ / d +———_
% Nrev'T |

0.05

0.02

Friction factor, {

Turbulent &/d=

L7 i O N g e —
T L P e 0.004
0.005 - : el e GRS 0.001
52~ <] H-_:::; --------- 0.0004 -
| YOragioe—— . """~ 0.0001 I
. 0.002 X Ulically Sroors
L™
0.001 | 2 | ! ]
102 10° 10 108 108 107

| Reynolds Number. Np,

| Pressure drop: power law

1. Determine n and K from: | n=3.322log (BE] k< 2l &0
| 30 (511)°
bg(fﬁ
T _ 5106,
| og (%) | Lr-rosty

2. Calculate the annular v;elocity in FPM in annulus
PESP sufpuf

_USIXPOGPM)
T D -d in

3. Calculate SR in rpm for each velocity

SR i) = AP '4;"5@9 7
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Pressure drop: power law

4. Calculate the dial reading for each SR:

0 = k(SR)’

5. Determine the flow regime from R_:

v x Mw
© 13.757x 6

? 6. Calculate Ap for each segmel L 24lnyn
375 LO o 2y v, = \rame)
. 1 — a pren — i —
DP- —‘-;—c-"* D"J < If R,<2000; laminar flow do. _ atic U 14000005 -a,)"""
9 1aa,000 0
If R,>2000; turbulent flow @ Iev? oe, fpv?
: /. L«’LMV‘/ W 2 tidend) a.  2sed
Z)leﬁll"'B"';X D-—r‘»{ -
|
‘ i L-{I.: r
- Pressure drop: power law
|
| |
| o {
= £ , SEEs '
.! J; < i 1' 1 t
' 3 =1 N !
| a |
I . e : |
™ ] |
|
‘ = [+3+] é - -k%hﬁ‘::‘: ; - N 1 |
| '3 7 — 4 —F— - i \.\‘""'--..:“'r-""'“--__ 1 ‘
I E ;— \_:_"'"-"“ 1T i‘-‘-— ) - o —-.-‘:_ 1
I "I-; - el | ot i N By ™ By o 11
_- I -' IS SRS A |
| 2 N > THAEL T e
; E . .‘L\ HEH‘-""H.I _‘Hh‘h‘- Ej‘_"'--u
| aool |- = R L ™ — ] JI
i : X e TR A
s— f -
P 3 1) | ] N
: 1 T 1
: | - h
L 11| N
QOO0 e 2 L] B9 3 4y o1l N 4 4
00 1000 1000 100000 1 000,000

REYNOLDS NUMBER, Ng,
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S u m m a ry TADLE 4. 6—SUMMAHT Of FRICTIONAL FRLSSUAL LOSS EDUATIONS®

Wrwtcrnpn M oos Erghae P W P L Wi |
i Mmar e ey P
T o o [
1 Tanaa 7o Py
e
= hd L]
7T Taam, w0 raams, ) @ TAAbg, f -4, ")
Flarw B haroe [
Pasamw P Pt -0
=
i S0
mcike e
| Lum P
Frictions
| Breanirn Lima P (etkmye
- - T i
- 800 & a 1ot I - [——
Anoiut (l-m]-
. ™, . z = . oo
W T, - g o 1Mo, -0 i -e, T —
Tt F g
¥ renonat
Prowsuie Lo Pge
ap. et &, s, Fee?
w "rae o nie a  wmeo
- -
» W -, Amitm, e
S - —t
| [ T o T
|
arrman
o, tevt o, [ -, tout
T TR IR A A
- -
o, AR -, Ayrn
W TamE, e m w mE -

- Drilling Fluid

«—— Bil Nozzle

_ Bottom ol Hole

/
Assumptions: I Care MoZTle jois
1. the change in pressure due to a change in elevation is negligible. T
2. the velocity v, upstream of the nozzle is negligible, compared with the
nozzle velocity v,
3. the frictional pressure loss across the nozzle is negligible. ]

]

|

|

| j

('t_:)/'-’.'.)b—l_’;w Prchon ) 5)«1 ";, g S
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Pressure drop across the bit

|
|
"‘ ‘ X — where,
: ‘ B Apb = Pressure Loss across the nozzle (psi)
e e P = Densityv of the Flud (ppg)
I _ ! vy = velocity of discharge (feet per second)
i Jet y *u._ Botiom of Hols 1_ - CJP,’V'L
| = : A y = ;ﬁ)—
s 8.311x 10 %pg?
v,= W o 4 3M Apb B = ) |
. ' P Cji A,z [ |
| . r L_——k A _.f,f, el t--_"“-\l
| jet y(/a(ﬁ ; -
S ‘({t 1) E;
! P The actual velocity is always smaller than the
| / Bos — velocity computed vsing Eq. 4.30 prnimarily because the
| Vo =CyyJ T a%10 -5 assumption of frictionless flow is not strictly true. To

N

Sy C“‘if“;y 0 & compensate for this difference, a correction factor or
' . £ = . discharge coefficient C,; usually is introduced so that the
¢ =095 modified equation,

A

r if}»:’}-",t’...l-’}‘f"yhl.'bl“'“ ,

| W
7| ~ P i 4 7 D
f{ P' - O oD ;;24 X )0 é Vn- - r;?_

Pressure drop across the bit |

| Example 4.13. A 12.0-1bm/gal drilling fluid is flowing
| through a bi1 containing three *%;-in. nozzles at a rate of
400 gal/min. Calculate the pressure drop across the bit.

Solurion. The total area of the three nozzles iy given by

(1324132 +13%)

A,

4(32)?
=7.67x 1074169 + 169+ 169)
=0 388Y sq in

Using Eq. 4.34, the pressurc drop across the bit is given
by

8.311 % 10 ~5(12)(400)2
(0.95)2(0.38R8Y)?

App=

! =1,169 psi.
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Nozzle size

NOZZLL:

SIZE

18- 18- 1R

IS-1

18:17

16 ]

B |
15-1:

1513 1-

|- 143

[

-

14-13

13-13

e ———

NOZZLE NOZZL NOZZL
AREA i SIZE AREA i
(.75 LR [T
0,72 3-13-13 (1,39
) fat) 212 037

- 1212 (v 35
e 12:12-12 33
e 13:12-11 03]
6l ML T
Q.59 TS 0N
0.57 ) e 020
.54 Lo (2=
na2 1030 1 (23
0.30 10010y 422

U4y 20

047 0oy is 1y
QA3 yux 0.1
043 YRR 1€
-1

o S Votle, jeb o so
Vit 1352 datye 14

/Pressure loss calculations

39 “
1.  Calculate surface pressure losses —> il s )

2. Decide on which model to use: Bingham Plastic or Power Law

.rsl et

AMilipipe » dallaler e wiF 5. s =5) ULal

3

/

3. Calculate pressure loses inside the Dps first then inside DCs as

follows:

- Calculate critical velocity of flow
» Calculate actual average velocity of flow

+ Determine whether flow is laminar or turbulent by comparing average

4. Divide the annulus into an open and cased section

velocity with critical velocity. If average velocity is less than critical velocity
the flow is laminar. If average velocity is greater than critical velocity the
flow is turbulent.

+ Use appropriate equation to calculate pressure drop

L s

L;_,/o.- v Wit

&b sechon (s 22> anmnlw ok

e

O v Bl SRRy

|

Sech™n_sicsly | b G 4 Ule # Tf Al ciller -

o ———

- v

S onEEsS Lyl S s e o
X \ ¢ \
e elall vkl
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Pressure loss calculations

it 5. Calculate annular flow around drillcollars (or BHA) as follows:
e: = Calculate critical velocity of annular flow
= Calculate actual average velocity of flow in the annulus

| » Determine whether flow is laminar or turbulent by comparing average
velocity

| = with critical velocity. If average velocity is less than critical velocity the
| flow is laminar. If average velocity is greater than critical velocity the

| flow is turbulent.

|

= Use appropriate equation to calculate annular pressure drop

6. Repeat step 4 for flow around drillpipe in the open and cased
hole sections.

7. Add the values from step 1 to 5, call this system losses

AP,= pump pressure — AP

|

‘ 8. Determine the pressure drop available for the bit

' 9. Determine nozzle velocity, total flow area and nozzle sizes
|
|

v &0\ 57
AP - ; | - ") '
f'"‘"‘{:' B /3“4 /“*’u_s_;lsv/ [ + Z.\JJ_ Gl N5y 7
presswic G Luw 2N | e EMe
| i | :
: sas s I — . | §org
s SbeRl, Lo | Zee |

Surface Equipments ““%s
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ot gpm  resds L‘“‘ZJ’“’ Al ppeo b ezl swprc A

— i

| Surface equ:pments— method 1:
iy ™€, |l T T L < ol b b L 1.
%'.I—lp y}aft" f‘fg,() XL '(./ o ] -.A--‘_,-\.O'I -W\.Dc\ (_(__J o — - R
o ="
.4(;'7‘) \.x\m‘/ No.1 No.2 KT £
- .:__ K l{ Surface Connections 1D (In) |Length (f)] 1D (In) |Length ()] 1D (In} |Length (ft)] 1D (in) |Length (ft)
2 S 00 T L e
. b Swivel(washpipe & Gooseneck) 2 4 212 5 212 5 3 6
S ""—‘v-“" [Kelly 2174 a0 314 40 31/4 40 4 a0
DP
(2o ,/ ],_, wl 0D (in) Ib/ft Equivalent Length for Surface connections (fi of DP)
312 13.3 437 161
412 16.6 761 479 340
J"h"" : k’; d( 5 19.5 816 579
:_gjf\() 2
A 3D o
1C =
- | = —
\ :
e (ENE ol Ay
. | Ay
\ \ | |
)28 lee | L4
| Ly ool
| L‘ Jf
| !
| .- =

g ID

|
]f Ly Lagh

Surface equipments- method 2 |
mm— [don a—“@‘/’d)é““(-’!e’f)'()

|

/ Combinations
| Surface Connections No.1 No.2 ] % No.4
[ 1D (In) |Lenath ()] 1D (In) |Length ()] 1D (In) [Length ()] 1D (In} |Length (f1)

| Stand Pipe 3 40 3172 40 4 45 4 45
Drilling Hose 2 45 21/2 55 3 55 3 55
Swivel{washpipe & Gooseneck) 2 4 21/2 5 2172 5 3 3
Kelly 2 1/4 40 3 1/4 40 31/4 40 2 a0

Equvalent Length 3.826 in ID 2600 946 610 424
Value of E 25x10-4 96x 105 5.3x10-5 42 % 105

v/ Py=Exp®tx Q'S x PV®3 psi
where
p = mud weight (Ibm/gal)
Q = volume rate (gpm)
E = a constant depending on type of surface equipment used
P\" = plastic viscosity (c¢P)

J
L\
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| Example 1 S=Jdi.

iy
‘ JB{.«%FW» ’ li (e
1 L

: i - Depth : 10,000’ "
! Bit size: 9 7/8" A

| Dps: 9600, 5" OD, 4.276" ID, 19.5#/ft
Dcs: 400', 7 %" OD, 3 &" ID,

‘ Av= 135 FPM

I Mw= 12 ppg

; Pv=43 cps

| *+ Yp=20 Ib/100 ft? P
Bit nozzles: 3x 12—~ =

! Surface Connections: Type 4

|

Callr%nate: (o) @ © @

+ Pressure drap in different segments (surface connections, Inside DP, Inside DC, in bit,
n annulust’:’ﬁ

Z? Jet velocity in FPS —> tl/;/
{

.3+ BHCP,ECD
| 4/- Discharge Pressure —erfbﬂ,ht
5

Pump Hydraulic power

Homework

- Chapter 4: 4, 7, 24, 25, 26, 28, 31, 21, 20,
19, 17, 36, 35, 37, 39

| - Chapter 6: 20 (b, ¢, d, g), 2, 3, 4, 5,6) 7, 8,
9, 31 i
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Sc]c‘ﬁ Ex’an'de 1 b
l)fﬂppc,v = 108 PV = /m (Muf,l(fp;)

2 n /V\n/(c,/j = 5 g7 g (D/,P)
p’;ﬂcu;},,r\/é = 6/- 34 .&(FP}) (F‘P-sy
AL
A...'.:t:; ¥ = %ﬁ/ = Cf 255 D (v{J Mw (})/p)
MW (D

D/¢ b, Ve s b FP;E
p/ptels AL - S.)e FPS
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(@ta‘dr’”wu~r) £V 2 Olel
('7//\ | E_J/z;cnjuil, e
’ Rate of penetration ) LT ”
e _ﬂ) >l

- Efficiency of the drilling rigs (mud pump pressure & ﬂow | f“-v?if-’
rate limits), depth

- Strength and specification of formation — (.,,L,.i &\«u Cres Glo
» Rock strength and compaction
» Porosity, pennealeﬂtxand formation fluid types s
'. * Pore pressure —>j>4/ ?m’.});f Ay = L__.,]J,.._a Pove pressws .JLSL:'L:.
| * Mud Properties  , =
+ Mud weight ~—2> & Lf,gﬁ-— s € 59w 2 ,mv,{ wzg)u U—*‘fr‘i—"
+ Solid percent | - l__d,
‘ + Viscosity, etcf K Wiseotily s 5’°'»'"( i = ‘-“"J% 03 \_)lfl“flﬁ

« Mechanical Parameteré‘“’m o g—tainl) flow L 53sz\ e

| P
" | - Drilling Knowledge and experlence of the drilling crew — ===~ fsl’—*" Gvb
|

+ Bit type el
» Weight on bit
+ RPM
Hydraulic power of the system v A 1 P
+ Annular velocity - J'q,‘,bm U)yv o e v,?'}::‘?’f = -
. + Jet velocity - ' P )

~ o '
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| Mechanical parameters: WOB P
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Mechanical parameters: RPM

4 -).)“"-J\)\;N' ROP
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| /
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ROP & 7 o
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R &
PRy
| 4
| / ‘//
| A
| A
l RPM
/
|

| =
|

¢ RPN el (s

e

. fluid density —s 1PLiceCape ks G e

* viscosity

+ flow regime
annulus size

* annular speed —
particle density —
particle shape —
iy * pipe rotation —
Q) Jo)))s sy < pipe eccentricity
~~> + Hole angle
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SRSV
5.1‘0\»_/4‘ 7

( 1))3:}) ,;J(e Viehan

Mirt, Max T3 e ) \jier
0))-“) LEJ“'/ [‘_{‘)

2 U bl (E S (Folsa

7

)

2 Cr/f’ﬂ}'i) \J!}”‘ff“—:"f_‘

)-'\ @j\.a \o_J M L_-)_, \______v/_: (“‘__j:

}:3‘..73\3\( J) qu_g
Qw \——-t_/' \._..s_,,lth

WWW.petroman.ir


www.petroman.ir
www.petroman.ir

¢ PETROMAN
Ve - _—

Hydraulic optimization
The two major aims of an optimum hydraulics program: .[_c_/is“" sal

: (.. 5 5
+ To clean the hole effectively . ola e (27 58

|

|
+ the hydraulics must be designed so that the annular velocity
never fall below a pre-determined minimum for Ilftmg g,uttlngs

rfj*UMw> JP"" SJJ\>L’¢,W\5_-,];,__\.A J-.. =
To make best use of power available to drill the hole.
*en )rmg that the optimum pressure drop occurs across the bit.
S s 1t )| e ) {3t ! oph- L &
o S/j“""‘”f"" J}})\-u.._;\__./‘-’-' e ;

Since this pressure drop will depend on circulation

rate some careful designing is required to satisfy .
both objectives. J

|
M-ﬁ)—ﬂé\))u /
), ax\oaw
EJL P ]

- 7 e
(0 et |
D> CLW‘ le _j,J}).m,q rijl_s,-.‘ s

Hydraulic optlmizatlon
](/‘:’ )’l;jC’lile’r(_ 2 /VW/) (<"‘C _}g) 9>

|
|
| - Max HHP at the bit
|

« Max hydraulic impact at the bit (jet impact
force)

« Combination of Max HHP & Max jet impact

,,.M{n Sfr’n = v/

le~ o)
FC"'“'f’/ QAVal )ab’é’ = ‘v’/ , S o = iy C e
Y v }_'*;_ufmcv ¢>)Jhmr¢,7c-’~, (_J }M
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el O eN

r;i i) Siends s o
Assumes that the best method of cleaning the hole is to f
concentrate as much fluid energy as possible at the bit., i

\ﬁHP(f):HﬁEfQ - ’-C/’)L —~o > (%o ()l Asa .JT(‘PJ‘I)L e Blhic 5= (sl

8 ?@H P b;!/} - SpTaer (1958): The penetration rate would increase with hydraulic
o horse power until the cuttings were removed as fast as they were

Max HHP atthe bit . =.L;,-;; ;- |
|

| |
| . enerated.
i@ |Bc@ ° |
BxE X = |
|\ FI4 — After this perfect cleaning level was achieved, there should be
17 no further increase in penetration with hydraulic. |

4 Bix® _ , o |
=% 14 > Due to the frictional loss in the drilling string and annulus, ,, . . _ P L B
I7 the horse power developed at the bottom of the hole is — (e (de? Lo ()5
different from the hydraulic power develope_ecf b)f the pu;nE). D9 G f=wsys
"Dy Sy (LB e (g -l o~
> (Bit HHP is not maximised by operating the pump at the — ‘gpm ,-”I'L -

| H - A ¢ I » -3 - ;
| m;x possible horsepower.) L7 G5 gPr- 1) | - N B A
. = / P S ) . . /’..), ¥
T am .;)\Q I:: 2o a) wi__- ~ '-.jL'_,i C""‘H‘.g)-'d’fiff G:—M,‘__,JI \_SL_J (oo Ths e H:‘?'f 2

3 |
v e b 2L gare 1% T b 75 A 252 2 (A HﬂPTL/ﬁ J

e — GlaCyye 3me 0
G?I‘:_!az* Uﬁ?rﬁ 32:_,

| IJ_:Z' = . ; 3~ . o 4
l C-L,ng___}y)e* SF‘”‘ = - 5 {/ — o u o{uﬁm,a[—_;_);_;b &
@5 = 22 g = b = R ‘G"J;"’ Sz
2oL U

Max HHP at the bit

HHP, = input HP x E

E., = mechanical efficiency

HHP, = HHP- HHP %

S };)’k»(’b*"g;,_)ﬁ)
HHP, = total hydraulic horsepower available from the pump

HHP, = hydraulic horsepower expended in the circulation
system (excluding the bit)
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|
\

VY
! - -
i Maximum hydraulic horsepower
4 P;mmpzpbrr+Pc Q’:Hﬂw‘
B dp,, P, 2.86kQ'*
Pv:Cu‘ru."mmg=P.rrrrface+PDf'+ PDC'+ PA‘nr.'.U('+ PAnnUP dQ = 1714 s 17194
P =kQ" n=1.86 (emperically) ]_?”;_4_ 2{3‘;:’:
(P 0-0l \4.:41 &k depends on mud properties and M‘ i P, _ﬁg( _?n\;
Y ¢ PPNEY 1714 1714 " ™
e fo=ko __h, _286F, 286R,
HHP,, = HHP, — HHP. 1714 1714 1714
o o 1 2.86 2.86
{ 286 - —_— =
RO _%0 _£O _Z0 (0 }""(1714 1714)+P“"(|7|4] ¢
1714 1714 1714 1714 1714
1.86
dh, _, B :ﬂ-fm)“].aﬁ
do "o 286 2.86 7
; ; 1714
W ol RooOSSE, 1Y i
R Sk el HHP, =0.65HHP,  ~~_BHp | "3—”
\.,_.-—JJ' f}g;o‘ fhfa_’ R ‘;.-‘—-r.) “L‘L;J_
G‘}‘jfl'lnvw\x
- o [ b
. @pr)
X b
Z wee ol WP 4T S JLe) sl S <
Maxnmum hydraulic horsepower —,
_ ¥ 3Th e, s G %6 G “'J‘»-uu
Klee }L_,, v < 5 Yoo ﬂ%,
’ A B‘“’GQUJI
GPM . P < P HHP; HHP s
300 2800 405 2395 419 490
400 2800 691 2109 ( 492 658
| 484 2800 980 1820 | 514 791 |
500 2800 1047 1753 511 817
} 600 2800 1470 1330 | 465 980
| 700 2800 1958 842 344 1143
| P \
| nr
L) }Lé > P ,D_.Ju—-u L—*»:I‘é)]‘ \5_9 \‘,
o - )"? o -
I < Py=0.65Ppumy & Ph{f"/;-w) HHP
Pc=0.35x2800=980 psi h_—;cfn-.-..l,( bore s 74l k-

P.=kQ! %

980=0.01xQ18 — Q=484 gpm
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L A:NozZle Avep, in*

b }ks’rﬂ' ﬂ““ﬁ’
. . - /ﬂcu( h J«FJ;{' [~ (_.‘;
Maximum hydraulic impact . "7 ©F
2y o,.n‘;-w—-afp e |
bi)

Laboratory and field studies have shown that cross flow beneath the face of the bit is the most |
effective parameter in hole cleaning. Cross flow is maximum when impact force is maximum. ‘

The Jet of fluid exert a force at the bottom of the hole called jet impact force. It is due to the
change in the jet momentum as it hits the bottom

This assumes that the most effective method is to maximise the force with which the fluid hits the
bottomn of the hole

F;=0.01823C 4qvplp,

Drilling Fluid

Fi= Jet impact b .
{=—— Bil Nozzle
Mw= Mud weight, ppg
Q= flow rate, GPM

P,: bit pressure drop, psi

Bottom of Hole
i
ofF, ) MV'/P('GBZ 2

J - Bo4o x An

S — 1

Newts Shoes that in Mex Ryetrewa i
17 Pect Hlea." ﬂx(; fc lpvsinm
velahon ﬂ‘sﬂ Oy af) f?ﬂif,,{ : J

Maximum hydraulic impact

Using calculus to determine the flow rate at which the bit
impact force is a maximum gives

PC:O.-BI };
dF

oot
d_f ={0.009115C,[2pAp ,q—(m+2)-pcg"*! ]]
9 ;

XI(I"AP,P‘?Z _p{.qm-f?)(] 5]=0_

Solving for the root of this equation yiclds =
P.=051P,

204p,4 = (m+2)pcg™ ™1 =0,

P, =0.49P,

pal24p, —(m+2)4p 41=0,

AN 7
or o x? |
; 5;-"@:)4}/ o.B| A
Ap,= 4Py o (4 84) —~ R
(m+2) e o 2,

'l‘_:/})j“fr ;'vijaer gi‘;b ':V'\‘,.‘“ &_ Cf‘/lf_;j)
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| , ) 1
& exs ( G Lj‘L)
|8 et
X
| Maximum hydraullc lmpact Moweimpack Pree
| j ’
! | e 20l G{ g
t - L2 -
; GPM  Pom pD P HHP ;. HHP .o | altn/
300 2800 405 2395 419 490 895 02
M v l — > 400 2800 691 2109 492 658 1098 029
o) 42 25 €[ apa 2800 980 1820 514 791 1246 037 |
o | 500 2800 1047 1753 511 817 1247 0.4 :
ST 593 2800 1428 1372 475 970 1315 0.53
Ul (g0 Gl < o0 2800 1470 1330 465 980 1302 055
(}.f.:.- Mﬂi’(

P.=0.51P, =0.51x2800=1428 psi
P =0.010"" =% O =593 gpm

|
=3

—a
S T (L / '\>/
;)zi’);;df(‘ 0 Il ‘I:_/-‘(‘_JSP L—wﬂ (C)J MJLL,) HHf

/

Comparison

« max. HHP, takes less power from pumps — - “HHP s
sy e g (D)
el

« While taking less power from pumps, it

'«G“-—a-enf—rvjs_;gj;

takes about 100 gpm less, so we would .| . |

b ~J~2
have less reh__al rs |
+ In max HHP account for about 95% of |
Impact force oo b Hovee l__,-wl;’ié |
AT ereli
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Optimum flow rate

0 N
1 I
2 Qu_m = FPF k= T( )+0. R6Z d486 Z D D Y D2 — D?)'t
f o k(F-I-N) (D, - » Dy = Dj) |
b geerty = 35 ! |
For Max. HHP  F=1
| For Max. Impact F=2 Q,, Optimum flow rate, GPM |
: N=1.86 6 P,= Desired surface pump pressure, psi —= Moaux, A oy be
P K CQ} o3 Z=9090 Savhace  Pressue
Mw x Q2 C T=173 |
AR C= Constant for surface Equipment
IOSSBA" L= Length of DPs or Dc, ft |
0.32086 x Q A = Area of Nozzle, in? i
. V= —A_ D= Inside diameter of DPs or DCs, in
' n D, = Hole diameter, in
|l ];' =0.00516x Mwx Q XV, D,= Outside diameter of DPs or DCs
| v=Jet velocity, ft/sec
[
'l I1= Jet impact, Ib
Mw= Mud weight, ppg
[
|
Mw=71 pcf= 9.5 ppg 4
: F’v—4cp,_,_d,l331;},» l
‘ Dc 11"x3",28m —  Jo) )b .
|\5’J B gy x3, 55m ]
8% " x3" 27T m G, , g ]
| v L b = (GeHdhb
.. Dp: 5"x4276 b U’L:.J' L ol
= lm..)),.'z}‘ L—> k%ﬁ > . S-% -
&V - Max Allowable surface presure: 2800 psi f
| . :LF‘"
' - - 1 )
' | Calculate the Optimum flow rate and Nozzle size :
| using: B :
| pu
1)Max HHP I g
: | o
| 2}Impact force | -
ottt SRS = = ] 4
.............. 1500 meld/

metler J"-"{fy E‘CC;W'['! (E#/j

—r A
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N 142
[M] 05674 in’
1827 x 10858
[ Nozzle: 2x16 -15 ] V=0.32086x820/0.5674=460 fp/s
\Slxd_;tﬁ/; 16”7 Mozele ,> o |=0.00516x9.5 x 820 x 463=1864 Ibs
|
| . I
Example 2 ,
v 1
Max. Impact > 9 el P 414 /ﬁ\,lp
k=0.0037 ‘_,-l) _)QIJ)J’)\'J)L_‘\ }VDZ?EL ,u\..» ‘..Gh.\_,yjb

Max. HHP x_,d)_f, )u,Lo L #s zele L »L s

|
|
|
|
|
[
l
Mu L
=0.0037
i k= [?()arosszdm Z{D,,-D,,)(Df,—Di)""“ =0.00:
|
|
|
|

z

o | _F i 2800 "”“'_820 o
P | k(F+N) 2.86%0.0037

e fe :
—— ).
P, =2800-0.0037x820'* =1827 psi  that Q=K@ — 5P -

Q-p:’[ F.P ]-wz[ 2%2800 T*wfw*r-mi ,J WG, .7 &‘L

= 1010
K(F+N) 3.86x0.0037 e
P, =2800-0.0037x1010"* =1376 psi

5 -1z
A, = —]M =0.80 in’
1376 10858

loB5% /qn
4

d

| Nozzle: 2x18 20 | s ~,|/ﬂ |
V;=0.32086x1010/0.8=401 fpls —> * | =2 Qo Ol

,=0.00516x9.5 x 1010 x 401=1985 Ibs
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P s R

WoiB =W
wxR = F (min HHP)

Minimum Bit Hydraulic Horsepower vs. W-R to Prevent Hydraulic Flounder

=
Bil Diameter — N | f [
750 L w - L
700 I_ l / !'v / / % “° //I/ 4'/
650 N1/ JiIRA 4Ny ;;_/ Vo s | Y
j!’ & ~ / / B ":\ ~
600 - N ':\ o A -b..—~/ .
550 ~7/ in / ) / l/
500 / ,/ / Wr.aREE
450 i / / VAW V,/ —
:cl?_ 400 ‘i ey h/"_ Eil | &/__ l.',/ =] —I'(% h/ —
3 DARAV,/APAPS B
= 300 / / flL,//-///'/ fﬁ/l' = = )
250 / .//// VaW.va " o
200 /f A // o l// 1 v _—-"""’.
150 | {_ N A — =
400 p 9.4V AP 4= :__ I
e L[| | v HENE
50 100 150 200 250 300 350 400 450 500 550 600 650 700 750
Bu HydraulicHorespower = gﬂ‘%%’;@{
Example: Bil Size 10.625° Bk wc:}jhf [ n,’.: i
Bil Weight' 50,0007 (4700%nch) =3 WO = ————_ = 7 'n‘
Rotary Speed 90 RPM i F 1 e

R P W B =W R= (4700190124 33 0°
Requirsd BHHP=410  Ivp

v’

PL:KQ"

The actual value of n can be determined in the field by running the mud
pump at several speeds and reading the resulting pressures. A graph of
Pc(=R - Pbit) against Q is then drawn.

The slope of this graph is taken as the index n.
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Surge and swab pressure

When runnmg tubulars in a hole filled with drilling mud so called "surge pressures” and "swab
pressures” are created. The surge pressure is an increase of the pressure in front of the |

tubulars
when run into the well, the swab pressure is a pressure reduction behind the tubular when ;

pulled out of the well. |

Excessive surge or swab pressures have to be avoided since they can lead to problems like: |

1. Pressure reduction due to swab can cause a kick, '
2. Pressure increase due to surge pressure can fracture weaker formation and cause lost ‘

circulation which in turn can cause a kick,
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Petroleum University of Technology
Ahwaz Faculty of Petroleum Engineering

Casing Design

A. Hashemi, PhD

Casing

Objectives:
+ To prevent unstable formations from caving in

+ To prevent contamination of near-surface fresh water zones.

+ To protect weak formations from the high mud weights that may be required in
subsequent hole sections. These high Mw may fracture the weaker zones;

+ To isolate zones with abnormally high pore pressure from deeper zones which may
be normally pressured;

* To seal off lost circulation zones;

» When set across the production interval: to allow selective access for
production / injection/control the flow of fluids from, or into, the reservoir (s).

+ To provide structural support for the wellhead and BOps.
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The drilling process

-not possible to drill the whole
well in one size because of
geological and formation
pressure problems which are
encountered whilst drilling.

Casing string sizes

Uit 3 Fai
MIw (T

Casing and
i size (inches)

U ) b
e ]

U wrwg P
wzw (ecte)

d €20@ 7179 m
CLIIN IS m

“Tubing T"*41/2

Packer 7° MIIR & 340

C%Am= 150 m

L T i684-231Tm

& A Hasher, 2008
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Casing string terminology

‘_ Conductor pipe J

Surface casing

Imem'leqiale casing L— A

eeuchon casng

j Production lubing

Production liner
Liner
-
» -
L
Normally pressured Abnormally pressured

Casing string configurations
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API

The APl Committee responsible for the standardisation of tubular goods is Committee number |
5. This committee publishes, and continually updates, a series of Specifications, Standards,

Bulletins and Recommended Practices covering the manufacture, performance and handling of
tubular goods. The documents, published by Committee 5, of particular relevance to casing |
design and specification are :

AP| SPEC 5CT, “Specification for casing a tubing”: Covers seamless and welded casing and
tubing, couplings, pup joints and connectors in all grades. processes of manufacture, chemical
and mechanical property requirements, methods of test and dimensions are included.

AP| STD 5B, "Specification for threading, gauging, and thread inspection for casing, tubing, and . }
line pipe threads™ Covers dimensional requirements on threads and thread gauges, stipulations

on gauging practice, gauge specifications and certifications, as well as instruments and methods

for the inspection of threads of round-thread casing and tubing, buttress thread casing, and

extreme-line casing and drill pipe. .

API RP 5A5, "Recommended practice for filed inspection of new casing, tubing and plain-end
drill pipe”: Provides a uniform method of inspecting tubular goods.

AP| RP 5B1, "Recommended practice for thread inspection on casing, tubing and line pipe": The
purpose of this recommended practice is to provide guidance and instructions on the correct use
of thread inspection techniques and equipment.

API

APl RP 5C1, "Recommended practice for care and use of casing and tubing": Covers use,
transportation, storage, handling, and reconditioning of casing and tubing. .

API RP5CS, "Recommended practice for evaluation procedures for casing and tubing connections”:
Describes tests to be performed to determine the galling tendency, sealing performance and
structural integrity of tubular connections.

APl BULL 5A2, "Bulletin on thread compounds”: Provides material requirements and performance
tests for two grades of thread compound for use on oil-field tubular goods.

API BULL 5C2, "Bulletin on performance properties of casing and tubing™: Covers collapsing
pressures, internal yield pressures and joint strengths of casing and tubing and minimum yield load
for drill pipe.

API BULL 5C3, "Bulletin on formulas and calculations for casing, tubing, drillpipe and line pipe
properties™ Provides formulas used in the calculations of various pipe properties, also background
information regarding their development and use.

API BULL 5C4, "Bulletin on round thread casing joint strength with combined internal pressure and

bending.”: Provides joint strength of round thread casing when subject to combined bending and
internal pressure.
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APl wellhead NS s VO B 8 | O oo &),ms_,;ﬂ i

Tubing hanger

|

! — Tubing head speol By s w\\)\"—’ B‘:'} =9 \‘_g')g P" n N:?kg LSJ\C.D'}‘_{{C: (*'IJ_B)_/ o
[ = :

|

Jo— Side cutlal
Tubing

mm

—— Caaing hangar

Sede outlet
Casing head spool

Saaling madium

Casing hanger ;
\ ) Side outlet |

&) P
Lol d b o)
{}'c’c'.laha)

\ Casing head housing Slip type casing hanger —»

[ Surface casing

| Production caging
Production tubing

Intermediate casing (‘ms‘wﬂ:)\-:s.:; ';- f 32
[}

A Hashemi, 2008

Surface wellhead spools

+ To suspend the weight of the casing string;

* To seal off the annulus between successive casing strings at
the surface;

* To allow access to the annulus between casing strings;

+ To act as an interface between the casing string and BOP

stack.
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X-Mass tree
a—— Bied valve
Top cennecton
Swab valve
(Fiowling valve)
|
! ..........
(Fiowline volva) Choke
| Mastar valve
| (Fiowlna valva)
|
Tubing nead adapler
|
|
i 125
Types of casing
|
! « Conductor pipe REUBNAY
| is run from the surface to a shallow depth to protect near surface
unconsolidated formations, seal off shallow-water zones, provide
protection against shallow gas flows, provide a conduit for the
drilling mud and to protect the foundation of the platform in offshore
operations.
_ always cemented to surface. It is used to support
! subsequent casing strings and wellhead equipment or
alternatively the pipe is cut off at the surface after setting
o S the surface}asing.
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Types of casing

| Surface Casing

‘ + to prevent caving of weak formations that are
encountered at shallow depths

« should be set in competent rocks such as hard
limestone.

| + serves to provide protection against shallow blowouts,

I « A typical size of this casing is I3 3/8 in. (240 mm) in the
! Middle East and 18 5/8 in. or 20 in. in North Sea

Types of casing

Intermediate casing

+ is usually set in the transition zone below or
above an over-pressured zone,

+ to seal off a severe-loss zone or to protect

against problem formations such as mobile salt
zones or caving shales.
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A Hashe

| Types of casing 1 PST i |u\w\rﬁ For

Production casing

| « is the last casing string.

| « To isolate producing zones,

i » to provide reservoir fluid control

| « to permit selective production in multizone
| production
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|
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,f)ff,, ¢, Types of casing

' Liner
| * Is a string of casing that does not reach the
surface. Liver

« are hung on the = o - by use of a
liner-hanger

» In liner completions both the liner and the
intermediate casing act as the production string.
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Types of liner

+ tie-back: after the liner has been run and cemented it may

be necessary to run a casing string of the same diameter

as the liner and connect onto the top of the liner hanger,
effectively extending the liner back to surface.

« drilling liner: liners may also be used as an intermediate

string to case off problem zones before reaching the

production zone. In this case the liner would be known as

a drilling liner.

« stub liner: Liners may also be used as a patch over

existing casing for repairing damaged casing or for extra

protection against corrosion. In this case the liner is known

as a stub liner.

Voo bk rd - -
'_f"r'_c,{'(?"""’ S g Las __3)\\_. R o) Ge — })UQ }g

Aadvantages of a liner

Total r;osts of the production string are reduced (running and cementing
times

Complete wells with less weight landed on wellheads and surface pipe

f&:’- ‘:bCI(_}\" -

i 2 & :
e g 1€ - j?.m.f 5'/9:: =

P
¥

. lj-'@%}b Chapluckes *.’C-\Sm‘_}j s S4 er

A scab liner tie-back provides heavy wall cemented section through salt

sections.
>

Permits drilling with tapered drillstring. —— ,a'.J:;c,w_JtA__%aJ‘Lz,é R 'L L; C‘_Uj,,,,(j o 1)

Where rig capacity cannot handle full string; when running heavy 9 5/8"
casing.

Improved completion flexibility.

The liner can be rotated during cementing operations. This will significantly

improve the mud displacement process and the quality of the cement job.
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Disadvantages of a liner
« Possible leak across a liner hanger

» Difficulty in obtaining a good primary

| cementation due to the narrow annulus
| between the liner and the hole
|

Casing design

« Objectives: The primary purpose of
designing casing strings is to control well

. conditions safely and economically.
)m)r\w'll .\-\;-. Lglf é/-'f“" L_'_{J Or (5"‘--::A;| !7 l‘uj)‘

« The casing size to be run determines the
maximum bit size for subsequent drilling,

and the bit size limits the next size of
Casing | = max )b ,Jf):;- el b »h Sl Cus?
S ZFe
W laned,
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Properties of casmg -
\——‘-LFL)'L C'N'J(.o f-‘sﬂ_b\ \JS}’ oot oo

Casing Size (Outside Dlameter[ t OD_{(_-H&.ME;Z — DD 1D —0.094
4.5"-36" —> e Q, ) (31/2'<0D<85/8" = DD=ID-0.125

95/8'<0OD<133/8" = DD=1ID-0.156
- Drift diameter:The drift diameter refers  ¢< op —DD=1D-0.188
[ to the guaranteed minimum 1.D. of the

CaSlng _ \__)J/)_,‘u\ ‘__g- o (_Q-IIM o — L‘ L&ret ljr\. ‘ &J A
» O
c;m‘na [_-3»-__; _,;\\3.. Z';L-w/ab_g '\.5\ \5_,5'?- u_.‘)'.)_j_:r—'-‘ c'mmo ‘_,JJ /]_,_,\ i).JL, ot f’nbha’
S &S0 o) D('F) P Mr-m..\ ok iz e L.\_/_\‘\ "‘LS(/
Length of J°|nt Runge Length Average

The length of a joint of casing has
been standardised and classified by
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1 16-15 13 e ; ]
the API as follows: < g - - \ 5o o o0 rse
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Properties of casmg
!_ > s
ICasmg__elght" is the weight per foot of the casingand is a
| representation of the wall thickness of the pipe. There are

for instance four different welghts’j 9 5/8! casing:
c)D T
\___,\\_)\-.-in—

Weight | OD 1D Wall brift —-> — Max '-L«

Thickness | Diameter OUN )5 e

(b in. in. in. in. S 557 u’/b"‘* 3o

—
[ 3% \JJ s e
53.5 9.625 8.535 0. 8.379
3 545 L 3 l'}-hl[) = E L__,_.loﬂi

47 9.625 3.681 0.472 3.525
43.5 9.625 8.753 0.435 8.509
40 9.625 8.835 0.395 8.679
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- Properties of casing
|
| Casing Grade |

The materials which result from the manufacturing process have been
classified by the APl into a series of “grades”. Each grade is designated
by a letter, and a number.

The letter refers to the chemical composition of the material and the

_number refers to the minimum yield strength of the material e.g. N-80
casing “casing has a minimum yield strength of 80000 psi and K-55 has a

minimum yield strength of 55000 psi.

| Hence the grade of the casing provides an indication of the strength of
| the casing. The higher the grade, the higher the strength of the casing.

/V"ré't

e | Lo = 80
L |+ 75
lf H?{/ Li\_\-.: \_{\e. J | P e

)_’.\J"Pt”‘—"\a(:d I> LV'; 150
o) Wy
| Propertlgs of cagiqg contd.
! “r-*-&-j.ac“wma)vp

G%Lﬁmlrlgg.jare short pieces of casing used to connect the tndmdual jomts They are normally made
e same grade of steel as the casing.

A Hashem

The API has specifications for four types of c.FuEHngs.

Casing joim

* Short round threads and couplings (CSG)
* Long round threads and couplings (LCSG)
* Buttress threads and couplings (BCSG)

* Extremeline threads (XCSG)

Cesing collar or coupling

Bi}tﬂ'ﬁ’i’s - ThesCSG and LCSG have the same basic thiead design, T} e, with
s eight threads per inch. These threads are generally referred Gasing jolm erenge
between the two is that the LCSG has a longpr thread run-c r the

connection. LCSG are very common couplings.
\‘C.-: b

<—Buttress (BCSG) threads are more square, with five threads per inch. They are also longer

couplings, with corresponding longer thread rUR-6uT,

1
— _A> rfCﬂ(J;)Jw t?-’a

The XCSG (Extremeline) couplings are different from the other three connectors in that they are &"b >ol;
integral connectors, meaning the coupling has both box and pin ends. F
g g p L. _q..)_f,, &

:> s-—vl_r”Lw\ . s \&3 cafdodf k,‘ "*\""a 35 J%E)J l (¥ (;‘U)J}qu)

15— b (g bl e ) <—>
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Properties of casing contd. |
| e ighmarke | calil
: I—_—’) yu_dlf)!i"l}_.al - o
. Coupling threads are cut on a taper, causing 3o lst Delys v
stress to build up as the threads are made up. A 4.0 Yo @ v
loose connection can result in a leaking joint. An v
over-tight connection will result in galling, which
again, will cause leaking. Proper make-up is
monitored using torque make-up tables and the

number of required turns.

>y ) )50

A special thread compound (pipe dope) is used
on casing couplings, each type of coupling
having its own special compound.

Properties of casing o
" >"EJ¢0\‘HL1U|‘-" ”’Cfr—b;; s

« The body yield strength is the {ensional force required to cause
the pipe body to exceeds its elastic limit.

a
7 77« The yield strength, is defined as by API as the tensile stress

PHIERY 3*”*3 <required to produce a total elongation per unit length of 0.005 o
e Q&) v on a standard test specimen. —$7 12, 5 2 \sl @av ) K vy
pmnogk o3 Yy Tala 20002 Pl Gla Loy o~
p g o® . Min Yield Strength, 0., # 80% of the average yield strength
Mo z;_:_,; observed. R

Tensile strength: Is the greatest longitudinal stress that a metal
can bear without tearing apart.
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.
Properties of casing

? APl Birsde \'i(clizliif;‘l';t:;ulll Tc::a;:i-;n?‘( Lu::;_.:th
Ha0 40,000 — 60000
1-55 55,000 75,000
K-55 55,000 95,000
C-75 75.000 95,000
L-80 80,000 100,000
N-80 80,000 100,000 |
C-90 90,000 105,000
C-95 93,000 105,000

— Q. «4— P-110 110,000 125.000

_))\.,‘)(5‘}.;:‘3 —

API casmg performanpe propertnes

AL Ay sseds I LG
/Axial Tenston Axial tension loading results primarily from the weight of the casing
string suspended below the joint of interest. .)y,ugc)u;\ 9 \;A)L v (5o 5 -
- Body yield strength is the tensional force required to cause the pipe body to exceed its e
( r’@b‘f ]ft‘a}‘lgst_lc l|m15)}chwf&Jum- (S350 FLL ' \,f\y s 2. \TU) 3o mac) S \ VIV R

- Joint strengrh is the min. tensional force requlred to cause the joint failure.

) wapeline - - ;
357 wrlny o A\ Tl al Booly i ,‘i.w( gomt sheang th 1N
S / )J""Uk»"‘“-' \Db \'«_J
J,l - .,\. <~ Burst Pressure rating: is the calculated min. internal pressure that will cause the
» }ﬁ‘ l ) casing to rupt re in the absence of external pressure and axial loading. _
Onls .
A ( ,»u/.JJ %,) ) 52 Putar Nobo) 39 52 e ol s, min
( \fo) 2
) \% < 7 Collapse Pressure rating: is the min. external pressure that will cause the casing
J)) &N walls to coll?jpse in the absence of internal pressure and axial loading.
o )
el &L ( okl g ‘}MJ )
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- / ’ /
Tension stina it wlal, & Heosb 8 Uol 7o
s5%oPT 22l T (e Jyis |
1 »Tension design is based on the load imposed from the weight of pipe
! hanging from below with each section of the string having to support the

entire weight of the casing below. ) ""‘5 =i (Z‘J)

> Tension loads are maximum at the surface andgero)at some point
within the string. v

»Usually casing strings are run in fluid and a neutral point exists in th}

string due to buoyancy. 5, v P .
2 4 4 'J’j]" 'x_;"x &ﬂu%;* M—"..'.‘f"‘“S (Sar-w~ Cf L\éw

»Every string run in fluid has a neutral point above which the pipe is in

tension and below the pipe is in compression.

Lol L2 figobi ol

- 2 4 | /

Ao

_/;W(-';.) 55 t_",_{:) .‘_,,,’_,, __;-4( (S:)w:?’ C_..A}LI; &— J)‘L,\_):":, +en)',-nm\ L'S"-’:_’ :5_;_,

Tension

The force F,,, tending to pull apart the pipe is
resisted by the strength of pipe wall, which Fian

|

|

i

|

‘ exert a counterforce, F,:
I F2= Uya'efd'qs

The pipe body strength computed by this
equation is the minimum force that would be
expected to cause permanent deformation of

pipe.
% PIPE A\j
8o0Y JOINT @

FAILURE FAILURE
Fa
WEIGHT ;
OF STRING ¥ i
OoFf STRING
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Example yoblsngl .

- B_;O a0

Compute the body-yield strength for 20-in., K- 55 casing
with a nominal wall thickness of 0.635 in. and a nominal

weight per foot of 133 Ibf/ft. L> Cu,bas
Solution: }:afj |
This pipe has a minimum yield strength of 55,000 psi

and an ID of:

d =20.00-2(0.635)=18.730 in.

Thus, the cross-sectional area of steel is - J#-/) ]~
o Cos

= %(20‘ ~18.73') = 38.63 sq.in. Fian = O™ Ag

F_=155,000(38.63)=2,125,000/b,

ten

bl r

\cJJ)Q_;'b)\IJe) \_),.)/]JU)_
QcJ,)J;}is*‘w““FL"‘* P A

_

r_'{"{,_j')__x" Keck u:,\-‘bkf_{""f—’ Coos
ola ( JJPJ\“-:'J} (it @) lj‘ .
L-__,U/ﬁ byl o v 155)

.
_—;iLJ)’)”(_fj ”3»5}5\5&-}}“0))@“; Al
Burst J“J)“"ﬁ** > S Sumas LS (e J))/

. sufls
Focto

Burst loads in casing design result from the internal pressure

encountered. (2> -
Burst loads result from: Lol (g2
: t e - =
» pressures during cementing — — e E e
»acidizing, b Colew 22055
~hydraulic fracturing, _ j Sgin ke o @
»tubing leaks, gl e Purst 2L N,

Y- ~closing in drilling wells after kicks
L\

e (._") i3 wrs &
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.0

\-:-u""y =_~')/_;'-'I’:As. \S‘J\a- ,J_’S_)fc: . (‘PD _,ID 4 carm,jé 3 C,.:-r?ﬂ-:’c‘f‘f(},ﬂ

Burst
Barlow's law 4__::’
P=1.752= Fo —
D/t —
P T

P =internal yield pressure, psi

y.. =minimum yield strength, psi

t = nominal wall thickness, in D —_ d
D = 0.D.of pipe, in t —

d = 1D of pipe, in 2

Therefore
BP: is proportional to pipe grade
is proportional to pipe thickness

is proportional to 1/t

. —— — =y "._'_ s ’. = P = v
. Lf-,)‘(_,ok_m.{, 6(5\:'@' s ODJ'M\LLOIK:-)‘J (s "[:-r‘._n{-w'l»L 1D J;T

Example

For 8 5/8", 24 # k55, ID 8.097" compute the burst resistance.

55000

. e\a . ooy ) = s -
— e, i =] =g loen |
T e sl S i ol
2

P, =175x

85/8(
Pﬂae.‘a

(312-323 ) '*’\"r“‘"bq"—"ﬂc)"‘*i‘u!; e Vs il ekl ol o
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Collapse

« Collapse is the first condition considered in casing design.

» The maximum collapse load occurs at the bottom of the string.
This dictates that casing is designed from thﬂe bottom to
the top.

« Collapse loads are applied to the casing string from the drilling

fluid or formation fluid on the outside of the casing.

» The maximum collapse load occurs when the inside of the pipe

is empty and the drilling fluid exerts a hydrostatic pressure on the

outside.

: | — = r
= | o e & = = S SRR Y A A
)‘}J -\).'I B'v\r'p.r = 1‘,-}\_,,\_('_,)]‘) (S'rl O\ C;'-”OP;& L../«o‘)\.,go I‘I:B)J!y"k‘éd-ls"y;b)> ,J) “_)_‘ \-;0‘) %

2 g oF :
Collapse P ,-f; &toddedlo. Beol,
Lvi“}

|
| :
| « Parameters affecting CR
| .~ Y
- DIt
« S, axial stress

« The combination of stresses due to the weight of
the casing and external pressures are referred

to as 'biaxial stresses. Biaxial stresses reduce

%?i@”ﬁgsﬁi&ﬁisiance\mgag,in_g and must
e accounted for in designing for deep wells or

combination strings. -

o e e

e ‘T % Lo T T / il
s fly poyt i i de ) (S A A (o = b D
2o 203 C) " <> SN2 s | Sl e A )__Jf‘) 'LS"_J‘.‘-" L\;\)) J_gj._é! \$99 - B]C’-Afal 5/-)/5’55

'—’y:LLS">J|) NP OI'L;JJ’JJL‘E‘ o r&"' l__;-;a‘_:)“ug
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"."L_\ 0 T B ﬂ 1
L rwls 1 U” s s [ PR Cc”&\f’f&? resistance WL&.,- (_g]_,;

%

) A Hashem

Caiculation of collapse resistance of

- -¥m - -
pipes o B_| A 8 c : a
; 4 16.40 27, 4 2. 55 754 2 0325
leee p B3 3 S 3 ' 15
“ ’SJ [ 14 .44 23 3 05688 ‘\)—9)-‘]0 L iL_I!““U‘J‘
z 7 233 5 0817 3 0 [
[EX FFE) 7 084 a4z £ 5—)‘“‘, A.H'- s
P 13. 22.4 A 1 4l A \_r' \-—Lk-;“‘n’
A : T3, 08 | o ; r v ane
r.\a : 21 d: 078 : 04 : S (—YWJJ)JJLFJ_J
o 125 30 i m !
L NE L LT : 0 : e
1 11 19.8 [ 3 1
1202 I 4 0 5 \:‘_-\}\A.Lj} !I \n‘
1 1 4 4 A J’--)
1 e 7 o8 3 507 3 FRET 0837 ] =, """)
S L ML T L el
T 2 819 : o7 i I3 1 (' 7 |2
T T 37 1782 : F] i 22 g
1 F] KR A17 “ 2.201 o789
. (DIny=1
IfD/Itsa 2 CR=2) x~—"
if —> X DIy
If a<D/ts — CR=Y -B1-C
4 s [(DH) ]

F
! D/t < CR=Y -G
If p<Dlisy —> "{(Dm 0}

46.95x 10"

I, <D/l —> (CR=————
vy (D/n)(D/t=1)

Example 1: Calculation of collapse "
reSIstance o&gp

Arade w:’yt)hf per Jéjt'r’
Csg 13 3/8” N-80, 72% ID= 12.347"

D/t= D = CEL =26.0214
(D-d)/2 (13.375-12.347)/2

- F -
LD/t LY mmmapy CR_Ym[(D/I) G:]

CR = soooo[ 1208
26.0214

- 0.0434} =2670 psi
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J,w\_s“’@l_/éla.(_)}al )y:"_jt‘*JL__.‘ L_) S5 (50 S€ __,_,_)._._q_,uj_w AW__J\_),

N L A R LA NG,
| Yo ubliom el ola S policr

o ‘ : 5§
Ao @G B sl Pro sdlhle W&boa

A
u\?oﬁ-—'jb C:L :% -/8 = ,‘_/V;_l: X 3.:’23/ r‘f‘f\ ford {ooo PS‘J'

E:‘LL"_;} CZA To

) L"LH C.L s © (f'o Il“ﬂ‘ '95'}' C.;kcu‘ﬁ}?&:‘\) ‘ \G\‘) r@‘)f)d\kb*’ GLQ‘J‘M O
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C,L - C'c”a}ﬂs e }.omcy( =P€ = E Cl{) > C—L ‘%fT;(L;?J \é&:‘?’\:‘
AN L = Buvst | )Or’lo‘[ ij? cR< al — )’:@JL%J_,&
| RBR >BL #f‘fﬂ&tw
! BR <B/-o == —*rns\-J_.;J
- Example 2: Calculation of collapse’" " 7
'~ resistance of pipes
Dp 5” D-55, ID= 4.276"
Bil=—2 = 2 =13.81 |
(D-d)/2 (5-4.276)/2 |
!. B ><(D!;r)nl
D/tLa — CR=2Y. D0y
13.81-1
| 13.81<« CR =2x55000————=7390 psi
| (13.81)°
[ MW 99
ke o -
! P - < 2 =) wn\)\JWL \ B J)\UJ/ b""iﬁ‘]./]-an 7*
! M )1 / /\_'w_)""“"'o RZ _JMML
w.
ool g 1P bl Do o 2eoo pi_ L L 2 plug Beren i
144

Il Lm‘\-‘: = 'J—’J M2 T,

Example 3: Calculation of collapse
resistance of pipes

7”7 P110, ID=6.174"

Drt=—2 L =17.1569
(D-d)/2 (7-6.174)/2

o <DIt<f crR=Y |- __Bl-C
(D/1)

CR=110000[ pelo]
17.1569

—-0.081 9] — 2852 =8530 psi

e
whe o > ot

~ ~ D,} rev‘lf’ﬂ’ PI//‘WJ
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,»)'\5* Nan'T ey Vag ‘l_f:a bu lc.\f‘tiv( <a “ﬂ)ﬁf&" vesishance frj-"c: R)

9 Bacst -
AR ¥
E,-;bg(._s,?sjw[;)lul) < m@ﬂ 5'lbt4 - .
‘lf\ f cortectedh <ella ,0 se  resistance (CCK ) ;»' P o tension (Gas vmc#mwbb-o;bl-

()_,..)L_so_)ll Q[Tz:’nucﬂ Lm-!;)“\ap b ] rjc‘_f? j‘:.z LQ—’;-C(/{) a3

Axial tension stress

T :Q—WDxK
A

a

T,=Axial tension stress at any depth with |n5|de of casmg empty, Ib F-—j-/ﬂ S gL'-"Kg._i) J_;I_,Jlmd_,J,

Tb—buoyed tension load, b ——= = akius d s e s B

A= Pipe body cross sectional area "
| D,= variable depth, ft ———> J)\(\j_,-sm\\gs LJC’:-—“J,LJ)L_S; l&‘_‘)u
'- D= pipe outside diameter, in <haney  over peink s ,‘

d= pipe inside diameter, in i i
! W,= mud density outside pipe, ppg |
K= Dimensionless factor for determining axial tension stress

K =0.052| 1+ _.D(EF |
\)/ k= ) =]
— rc‘entﬂ}’-“d \--vﬁcvu JL J)J‘_«Ju c".,llo-.)ﬂsc T:-«c;\;n‘,b__ylLJ)wr_,\%,L\ \-_),_;;Bigj,_
-« (Ko
ap_,‘.{ f,_c J_)C_)J)L-a\_s%f:\ﬂ{t'/>\.n )_,u e J_,I “p‘ b’(“"ICL)JJ' Jﬁ“l—-“‘c J'"—"‘"-‘)C’ o r”'y_f ;:u"f
_ (Soegtle CASGESENT Lo i oy hoe oy

Effect of tens:le loading on casing.

|
- collapse
, 55 cos
K55 ssps  S85
| 50 H40 s8o C75 Ngo S105 P110 $00 128
S00 140
60
V150

\

/

90

Percent of Rated Collapse
=]

100
0 10 20 30 40 50 60 70 80

- 2 Axial Tension Stress—/‘l}'fhcusands of psi
‘ \ = Ha.f';z /edisfene) ’J“‘_,'-z aAxial Fension == (_).2 3‘“"2"“3;1‘ ~
sl Cn’IJa}ﬂse L/‘O) oo < JJJ‘S?S’_)!; Fension = »J_Q ':3:—9 =
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\),J NS Feos SUL mwzi2opeF S\ (cellapse  ©o\i) 2470 ps w)%LJ)J

cLJP r?/ . —» 2670 = ‘ff; x3-281xD > Dy = G76 m
96/10 N‘Cl’\) 2670 fv\ fensicn é*«el_ﬁm.\)jb);

c'g\“ap)'( Fac for |

csp. e 2670

cl 2670

i >

‘ Escain VM‘LS'-".g\_U\M}w\.- ._..wh. L,,,J%,g_gw o5 J;{,};
i < SF- ﬂpﬁ <| = >J]>>_-:Ju.w Ca HDIP%" ()\g.&l L.ul_i._,!_r_zc.sp
|

loa

(@ES
Compute the CCR (corrected collapse resistance) for a
13-3/8"" N-80, 72 Csg TCR=2670 psi, when the

following tensile stresses are applied:20, 0'?0 psi,

40000 psi
g Ts-‘\fr_qv‘-"u“’b’ M()zbb"t br“f’lf)_}-«a U\r r“’y

From fig. 85% — CCR=0.85xTCR=0.85x2670=2270 psi for .
200001bs —  D.g30 -» .33 cedsfenson mJ}@J\\LdL
|

From fig. 65% — CCR=0.65xTCR=0.65x2670=1740 psi for
40000 Ibs _
| Pile ,72%,BTc: 1'ck=28%0 P
r:a.s;na' i3-§'=*—? YT (JJ
‘ !\/809 iﬁ)‘]amc : mfﬁ):.?.é?o )753 £ | |
l 2 6 77'0 T - 6

cl. = 2500 x3. "’Slxgﬁf sYSEF =><FS= :}'55,7

l__S \Jrk_‘)\-él‘(_sj_)‘j)ﬁ_}] \j_h-w‘)‘\_,‘c_c( \'"Ff‘a) M'J}l\jgz}lr()_,«h.vcr(_)l_vjr}‘se \.5‘ 'L‘;l‘J)Ob‘;\
\—'_:rw Ded ¢ -\ 2. 3.7\.;3 T’ mw 2 /
Example e eV A

|
i MW=80 pct#10.7 ppg
Calculate the CCR and change over point for 13 3/8° cag N80, 72#, BTS,

A} Ignore the axial tension effects

B) Account for axial lension affects 8 rasteRat 29.640:84
For both cases assume CSF=1 uoyancy lactol Mwlppg)‘ 0

Solution: )
A) CCR=TCR= 2870 psi ‘

CRx144
Mw(pef)%x3.281x CSF D=(2670x144)/(80x3.281)=1465m

Dim)=

B) Ta=Axial tension stress at any depth with inside of casing empty, Ib ’-
Tb=buoyed lension load, Ib= (2500-1485)*72*2.281°0.84=205280 Iba
A= Pipe body cross sectional area=24 386 sqin
Dx= variable depth =(1485m#4808 1)
D= pipe outside diameater, in (13 375 in)
D= pipe inside diameler, in (12 8)
Wo= mud density oulside pipe, ppg= 107
K= Dimensionless factor for determining axial lension stress=0.177

P110, 72*, BTS

r _!_ WK - 205180
v 15311

~ (10 THABDGKD 177) = 4117 pine TD:2500 m

—e

From fig. 97% — CCR=0.87.TCR=0 97287022500 psi For—-d=1420 m

Jew> \Lal 2] compression =ai g 5,0 °""’L %JIHJML@D Lo, J—.Q'ymgm (L)

. [f/*"g"i"c“")'f‘ {S_J‘;u =5 Neut K:-J
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'« | Casing design considerations

1) Collapse Loading scenario (always worst cases): the casing is fully evacuated [
due to lost circulation, the pore pressure is acting on the outside

- Maximum collapse load occurs at the bottom of the string

Collapse load: P_= P,- P,
2) Burst Loading scenario: the maximum burst load is experienced if the well is closed in
after a gas kick has been experienced. The pressure inside casing is due to formation pore
pressure at the bottom of the well and a column of gas which extends from the bottom of the
well to surface.

Burst load P.= P~ P,

External loads. Intamal [oads, L
1) The pors pressure 1) Pressure due 10 influx f
2) Maximum Mw 2) Full evacuation
1] The pressure due to column of cement slurry 3) Production tubing leak
4) Fractura pressure of open lormations
3) Axial Loading: Dry Weight of casing, Buoyed weight, DLS, Plug Bumping, Temperature changes, Overpull
etc.

4) Compression: this type of loading could occur when an inner string transfers its
weight to an outer string in which it is landed off or cemented

v Hashim

: Sources of data for casing design

Data Source

Fomidtin SSSUTC. Ni5] .
. Formation pressure. psi Otlset wells well logs, Tog analy st

= ] | , 7
e S \““\SLD S gy =2, Casing setting depths, 1t OfTset wells. kick tolerance caleulations
2 T
2 yw(© J Fracture gradient (psi 1) or fracture JIres. Offset wells. well logs, caleulition of (racture
SUre (PP or psi at casing seal gradient
4. Mud densin, ppy As above

SOMean sen water level. It

6. Available casing prades and weights Stock status repont

7. Strength properties (hurst. collapse., yickd) APL or manulaciurers entalogues

8 Geothermal temperatures Onser wells
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e

Collapse design e

- Maximum collapse load occurs at the bottom of the string.
-This dictate that casing is designed from the bottom to the top.

-Collapse loads are applied to the casing string from the drilling
‘ fluid or formation fluid on the outside of the casing

- The collapse design factor is the ratio of the rated collapse
pressure divided by the external hydrostatic pressure at the .
setting depth. o

2 o Cﬁ
Ceo “01,*75&' S WUr ACe L(r-(’_f—a( = CA S ): b ———————-C:L

i : s o _
Sb> P = cell head Vo5 - D\;,““f)*_)'m ~ Lylresfrhc heasl

e Tay gb o

- Burst desngn Yot o Qe ‘vygﬁkgm@LLwJ,J_
L__HUJ(‘L"'I /’ J>}¢ U-’Q’J?&*’J>é’) \.J_y,uul

- Burst load in casing desin result from the internal presure

f encountered. i

- The most sever condition in burst occurs during a blowout
when the casing string is completely empty and the well is

closed in with only dry gas in the hole. ... LK ' ,'t(/
U\*\('U“v PR PR ey |;«u4-}u-,‘4_ = )

- The maximum burst design load at the top of the string is& 777
determined by the pressure at setting depth less the pressure

of a column of gas to the surface.

min  BuysH S‘aj%b fm/b/.,' )25 - }éﬁ’ ﬁ
5

v 7
.J'J' \Jiw()&(_)-)d. _J'Lu}~\—’\—-—w|uu.\,c_)\¢ \A J}S\..ﬂub ))jﬁc-u_-,} lk.—.w\ \_f‘t- _3@':' [Ap:_;)-..

'12-’ _;'l-:m‘
mﬁj‘J l ; mw s |2e F'—'E
Q \J,.,Uﬂyi,_uujg J)&;b \s -

“-5’\” ~‘uL "'WPL Ty _mj (ol Vs o)
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1A Hasham -

Tension design

I - Tension design is based on the load imposed from the
| weight of pipe hanging from below with each section of
the string having to support the entire weight of the
casing below.
« Tension loads are maximum at the surface and zero at
bottom.

‘ iﬂ:"mu;:.n Sl,wfou e ﬁu(fb,/ = I S [;: M
| L

i Min q\SF >, I"g

Special casing designs

Hydrogen sulfide
Earth tectonics
Massive salt sections
Abnormal pressures
Lost circulation
corrosion
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Casing design example

« 12 %" Hole |

+ MW=135 pcf )
. 95/8" @3000 m 0-& %#—}L — Becum |
(s = < Next Section 3000-3500 mdd oo L5 ﬂ * 2505 m |
I « 8 %" Hole 3] £t 7,3w 5
! *  Maximum bottom hole pressure @ 3500 m: 7300 psi P i |
I + Formation fracture gradient= 0.8 psi/ft : |
‘ * Gas gradient: 0.1 psi/ft |
» Design factor i
- - Collapse: 1 —» cli=cf
;| — Burst: 1.1 |

' — Tension 1.8

#
(o b s 55 el b2 il il o Bt o2 =baSf

. !_é_‘"qu) FA(L}*\_MJJQ\L’NS\Q\_?‘LSL"WJ L—A-u.z();‘ cps.nD &SL’ }2}{-0 L}LJ\I \'L_u I

gC,Q C@.'sma L?’\—E"_)“" ]2,40 Lﬁ‘(’“ﬁ' ko i

A HMashemi 2008

Collapse design

In Stock Csq Collapse (psi) Bursi (pal) Tension (10001b)
| 9 58" V150, 58.4#M. BTS (id= 7 11570 18230 2532
9 5/8°, V150, 53,54/ BTS (id=8.538 in) 8870 14860 2323
I 9 58", P110, 53 54m, BTS (id=8.534 In) 7950 10900 1710
| 9 5/8°, NBO, 53.5#m, BTS (Id=8.538 in) 8820 7820 1244
| 8 &/8°, N80, 47am, BTS (Id=8.881 in) 4780 8870 1088
§ 5/@8°, NBO, 43.54m. BTS (Id=8.755 in) 3810 8240 1005

0

3000-2910: V150, 58.4 #/ft
2910- 2580: V150, 53.5 #/ft
2580-2150: P110. 53.5 #/ft

: % 2150-1550. N80, 53.5 #/1t

ﬁ 1550-1240: N8O, 47 #ift

a8 1240- Sur: N80, 43.5 #/ft
: : : : Qlale )

Joau 5 & . P by P S 6;
L 750 8620 7650 ae?n 9252 (Caes
cbr7,
)Q,)LS,L_;\_%\MQ {T)é_ S Sl Jme_l ¢ ¢ c:‘

. »L_sc_p\.fvl L»J{_s}@g\_,.»} L.,u\ s> d¥e, vl
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i
| |
y WA Hashenu 2008 |
! Collapse NO Tension Effects Collapse Including Tension Effects l.

N8O, 43.5 #/ft, TCR=3810 psl
NBO, 43.5 #/ft, TCR=3810 psi

-1240 T,=+8208 psi—» CCR=3600 psi
N80, 47 #/ft, TCR=4760 psl

- 1550 T,=+2640 psi— CCR=4610

|
|
1170 I i
NBO, 47 #ift, TCR=4760 psi
|
|
1

N30, 53.5 #ift. TCR=6620 psi

MAD, 52,5 #/lt, TCIR=6GG20 psi

L2150 — e 195320 p
P110, 53.5 #/ft, 7950 psi
P110, 53.5 #/ft, 7950 psi

|
|
[

1
| |
|
| -
- L2150 |
| |
|

- 2585
[ 2585 =7, ==13280 p5)
V150, 53.5 #ilt. TCR=H970
V150, 53.5 ¥ TCR=8970
- 2910 - - —
' [ 2310 > T=-15040 psy 150, 58.4 #m. TCR=11570 psi
[ usu. 58.4 #M TCR=11570 pal | - 1000
‘ 3000 I
|
2 !
(R APTCR v I ROUR B VRS (FUDOPN U W N
t, 2 les s e Loty i\ (Y izs ey (o B ' T

Do (R~ J]J;it’ ";‘3"

BUrSt deSign = A Hasherm 2008

|
|
I Burst load @ surface:
! P,=7300-3500%3.281*.1= 6151 psi
. Fracture formation pressure below 9 5/8" shoe: 3000*0.8=7874 psi
|
Bottomhole pressure in case of gas kick = 6151 + (3000°3.281*0.1)= 7135 psi< 7874 .
P, @ 9 5/8" shoe= (135/1443.281*3000)= 9228 psi ]
P, @ 9 5/8" shoe= 7135 psi . 5l
Z13% psi ol | \ SR N
BL= 7135-9228=- 2100 psi , 7] Py ";’5“\-‘“’ I ;“W(s‘ bl g
\.j\«a\_)fj\._’.)\:ﬂ\*% E.——»-h.z@ 3‘4\"""’))\&3) [(\_(3

| »

. ‘Q_-"'_ & {*‘m\ ch.c huwre Co/ [} cj".? nl
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Collapse:+ - Burst ooz

Burst design |
=175
NBO, 43.54m
= |
Burst design: 8151*1,1=6766 psi 1170
‘5 r‘-"“—"‘-—\:—"—'_-" NBO, 47 #4m |
)5 éﬁ’-‘fo B.mr | B Q,...J_,}l\sm ‘
B |
_v,)‘.._,m\ J;\_—ﬂn,u{ -J_g)_,j. d—QJJ\O”‘_{. \_..a\_‘r’“ ’7_‘) rﬂ G766 :
° N, 175 7 & i
. . N0 535 am
' g, i Sur-175m N80, 47#/ft
| 2 H H
| 3 i i 175-shoe N80, 43.5#/ft ;
: ; 2150 '
S P110, 53.5 #n| |
1 E- E -
‘ § - : - 2585 |
| i g V150, 53.5am l
\ / - 2910
| 3000 : V150, 58.4 wm
8240 8870 9252 | G 3000

Py, pSi ———

| 1

,J\Eb’J \_{39 J)JJJJU_LW_)L°>JS¢"_JL“’ .,L,a) S‘c\f}'a ‘f:}d{o/ L*_,c: -

Tension design

Wa=4827601bs, TSF=2.25
N8O, 47 #m

Wa=455774 lbs; TSF=2.2 175
NBO, 43.5 #M

Wa=3037741bs; TSF=3.3 1170
NBO, 47 #m

H
| -
Wa=2550701Ibs; TSF=4.24 [

ERILE )

Wa=150850Ibs; TSF=8.25 [-2150

P110. 53 S Am
/' Wa=742031bs,  TSF=23 - 2585
: A
'A) 2 \
‘{- <_§'Z')_)"U V150 S35 am

Wa=172451bs, TSF=134 [ 2910
V150, 58.4 am

| 3605 2
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