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Ahstract.  Blowuwul ang loss of circulation are two serious accidents that can happen while drilling witheut
the conuol on drillsiting running speed during topping opcrations, Excceding the critical running speed
during teipping-ouy (high swabbing pressure) and lack of control of nud rheolagy are the ain causes for
hinwout.  Also, exceeding the critical running speed while tripping-in (high surge pressure) and lack of
control of mud rheology are the main causes for luss of circulutivn. Many factors which affect surpe and
swab pressures must be precisely selected in order to contiol kicks or blowouts and 10 prevent Joss of
circulation.  Prediction of the eritienl pipe munning-in and -out speeds during wipping operations is therefore
very important.  This can be donc by the evaluation eof several busic Quid low cyualions. A computer
program has been developed to simplify these calculations  The developed programs requires fairly snmple
mpul data which can be measured in laboratary in addition to hole and drillstring dimensions. The valput of
Wiis program then 15 transformed mto graphical form from which the safe running in and -oul speeds durmg
tripping can be predicled.  As an alternative and direet way 1o predict the eritical pipe ranning speed during
tripping operations twu currelalions have been developed. These corrclations acceunt tor the gaveming
factars which affect (e tripping-in and -out speeds including mud properties and drillstring and hale
configuration A comparison belween the criieal pipe minning speed computed using the two methods has
been outhined and very good accuracy based on the coediicient ul lingar correlation (r*) and the standard crror
of cstimate {(SEF) (F — 0995 5 SEE = 0.39 for running-oul correlation and t = U.875 ; SEE = 0.817 for
running-in corrclation’ have been ohtained. Criical tnpping spreds weie found to be greatly dependent on
mud weight and theology, hole diamcter and drilleallass-1o-drillpine tength rutio.

Nomenclature
a2, 8y Ay, 2, ag, ac = Surge corrclation cocfficients
bo . b]. b2' b3, b4. bs, b6 —  Swab correlatinn coefficients
dp, = Hole diameter, inch
d —  OQOutside diameter of drillcollars or drillpipe, inch
f = T[annings friction factor, fraction
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Gy = Formation fracturing pressure gradicnt, psi/ft

Gp = Formation pore fluid pressure gradient, psi/it
= Well depth, feet

L = Drilicollars or drillpipe length, feet
= Drillcollars-to-drillpipc length ratio

r = Cocefficient of linear correlntion

Re = Reynolds number, dimcnsionless

Va = Upward flow speed, ft/sec

Ve = Cntical running speed, fifsec

Vp = Pipe mnning speed, ft/sec

P, = Formation fracturing pressure

Pp = Formation pore fluid pressure

Prge = Surge pressure, psi

P = Swab pressure, psi

Pac = Pressure drop around drillcollurs, psi

Pap = Pressurc drop around drillpipe, psi

SEE = Siandard error of estimate

Yp = mud yield point, 1b/100 sq. ft

Hp = Drilling flwid plastic viscosity, ¢p

p = Drilling fluid density, ppg

S = Overburden stress, psi

o, = Formation tensilc strength, psi

v = Poisson’s ratio, fraction

Introduction

Pipe running-in or -out of a wellbore can cause pressure fuctluations (surge and swab
respectively) caused by the piston-cylinder action of the pipe and the borehole. This
action can contribute to loss of circulation and blowouts or kicks. Prediction of surge
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and swab pressurcs has always been an cssenual part of well control, Excessive surge
or swab pressure can lead to serious problems. Pressure reduction due 1o swabbing is a
major source of blowouts.

Blowouts and kicks

A kick occurs as a result of a formation pore fluid pressure being greater than the
mud hydrostatic pressure which causes fluids to flow from the formation into the
wcllborc. The reasons of this pressurc imbalance could be one of the following [1]:

(i)  Insofficient mud weight is one of the predominant causes of kicks. In this case a
permeable  zone is drilled whilc using a low mud weight Lhat exerts less pressure
than the formation pore pressure within the zone. As a result of this imbalance,
fluids begin (o flow inlo the wellbore and kick or blowoul occurs.

(ity Improper hole fill-up during tripping is another cause of kicks. As the
drillstring is pulled out of the welibore, the niud level falls because the driflstring
sicel had displaced some amount of mud. With the pipe no longer in the hole
the overall mud level will decrease and as a consequence the hydrostatic pressurc
of the mud will also decrease leading to a kick.

(iii)  Swabbing pressure is the pressure caused by pulling the drillstring from the
wellbore.  Such pressure is negative and reduce (he effective mad hydrostatic
pressure leading to a kick. Among the factors controlling swab pressurc arc pipe
pulling speed, mud properties and hole and drillstring configuration.

Laoss of circulation

Loss of circulation is the loss of an appreciable fraction of the entire volume of
drilling fluid through the borehole into highly porous formations. Loss of circulation
can take place while lowering of drillstring or casing into the borehole. As a result of
loss of circulation, the level of the drilling fluid in the annulus is lowered causing
hydrostatic pressure in the annulus to become lower than the formation pore fluid
pressure which may lead to a disastrous blowout. If the running-in speed is too high,
weak formations in the ppen hole could be fractured leading to a serious loss of
circulation which rcsults in a blowout {2]. Therefore, the prediction of safe ranning-in
and -out speeds can minimize the magnitude of surge and swab pressures and
dangerous hole problems can be aveided especially in areas where huge amounis of
money is invested to increase oil production capacity such as in Saudi Arabia. Huge
drilling activities will take place in Saudi Arabia i the near future. Thus any
inlerruplion to these activities such as blowouts or kicks are not required and must be
predicted during the planning phase. These surge and swab pressurcs have been
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studied extensively by many researchers [3-13]. Unfortunately, most of these studies
lave devcloped models which lack in simplicity and require complex input paramelers.
In this study eritical pipe running speeds required to minimize surge and swab
pressures were predicted by two methods, firstly using a graphical technique and
secondly using correlations. These methods account for drilling mud properties and
hole and drillpipe sizes. Furthermorc, the developed correlations require onky simple
data which can bc mcasured in the laboratory using the API testing cquipment. Using
the developed correlations, long caiculations can be avoided.

Calculation Method and Results

Surge and swab pressures can be calculated using a procedurc based on basic fluid flow
cquations [14]. The systemalic calculation steps are shown below:

(1) The flow critical velocity (V,) around (he drillcollars and around the drillpipe
can be calculated as lollows:

L Los, FLO8YZ +93p(d,, —d)Y,

o p(dy - d)

0]

(2)  The average flow velocity ( V, } around the drillcoliars and around the drillpipe
can be caleulated as follows:

1 &
V=V |—+— 2
& p(z dl}‘ 7d2] ( )

(3) If the flow is laminar, the pressurc drop around the drillcallars and the drillpipc
can be caiculated as follows:

L My Vi
= Y+ - 3
AF 300{d,, d)[ » " 5, —d)] ”

(4)  If the flow is turbulen, the pressurc drop around the drillcollars and the drillpipe
can be calculaled as follows:

fLpV2

" 258(d, - d) ®
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{3)  The friction factor can be calculaied using the [ollowing equations:

Re::z','«mp\/fa (d. -4 )
Hy

[=e +CyIn(R,) (&)
Where,
'} =-35378591164
Cy =30026609292
'y = -0126153971
) Surge and swab pressures can be calculated as follows:
Poge - APy +AP, +0052ph (7)
Poway =0052ph- AP, - AP, (8)

A basic computer program (see Fig. 1) has been developed to do all the above
mentioned calculations. Bascd on the above procedure a sensitivity analysis was
performed to investigate the effect of fluctuation of the model parameiers on surge and
swab pressures (see Table 1) including:

(i} Mud properties {density, plastic viscosity and yield point).
(ii)  Hole diamcter.

(i) Drillcollars-to-drillpipe length ratio.

(iv) Formation porc {luid pressure.

(v)  Formation fractusing pressure.
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Read
P- by Yp b1 gy Ly dyp
dge. V),

Around the drilleollars 4 —
Vo> Ba Lowith ddy, = > Vg - Hy. 1 wilh d=d,,
V- g, 2 with d=dy, ¥, ---> Fqg.2with d=dg

APy, AP,
: ap
Ne Eg.3 Eq. 3 No
Yes with d=d°c with dndop es

Turbulent Sow Turbulent flow
calevlate R, valoulate R,
using Eq. 5,

using Eq. 5,
friction factor
using Ex). &, and
APap using Eq. 4
with d-dgp,

friction factor
using Eq. 6, and
AP, usmg Ey. 4
with d=d

Calculate a int

l"sur;',c ~> Eq. 7
Piwap - Eq. 8

Fig. 1. Flow chart of the developed computer program.
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‘Table 1. Comp program input data
Mud weight 8-12 PPE
Mud plastic viscosity 10- 50 op
Mud yield poim 10-200 1b/100 sq ft.
Well depth 5000 -15000 fi.
Hole size 7.875-9.875 inches
Drilleoliars-to drillpipe ratio 0.0364-0.1272 fraction
Drillpipe saze (ID, OD) 3.826,4.5 inches
Dniltcollars size (10, O13) - 1.313,0.73 inches
Pipc ronning speed during tripping-in and -out = 0-14 flisec
Formation pore fluid pressure gradient = 045 pift
Lormation fracturing pressure gradient = 060 pei‘fl
Puisson’s ratie = {0123 fraction
Formation fracturing pressure can be estimated using the following equation {15]:

Pf =2__vv Ty TO4 (9)

Normally, the tensile strength of reservoir rocks is neglected as a worst case could be
encountered (equal zero). The overburden stress for normally stressed formations can be
evaluated as follows:

Uw=lp%'i*h (10)

Formation fracture pradient for deep wells can be estimated using the following
cquation:

2v
T an

Assuming that average Poisson’s ratic for most reservoir rocks equal 10 0.23, the
formation fracturing pressure gradient (calculated using Eq. 11) equals to 0.60 psift.
Formation pore pressurc gradicnt normatly constant and assumed to be 0.45 psi/ft in
this study. Using data presented in Table 1 and the developed computer program
shown in Table 2, a sensitivity analysis was conducted. Based on the results of the
sensitivity analysis, Figs. 2 to 6 were plotted. The critical pipe running speeds for both
surge and swab cases were clarified in Figs. 2 10 6. The following general correlations
for critical pipe mnning-in and -out speeds are assnmed:
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Table 2. Listing the developed computer program

3 REMeassssnssen Syppe and swab pressurcs calculation ==sessresssasseas
7 REM

10 h —  6b00

20 ldp - 5500

Ries lde = 500

40 dpod - 45

30 deod - 635

[44] mw = |0

70 ¥p - W

30 pv ]

00 dh = 7373

100 vp - 9

1o pig - 060

120 ppe = 045

1z pr = pfg *h

122 pp = ppe*h

130 PPRINT

144 PRINT ™o Pressure drap around the drillpipe - oommmeeeeen”
145 PRINT

1 50 ve ={L08*py P+ LOB* (pvA2+9.3* mw*{dh-dpod) 2 *ypy* SN(mw* (dh-dpod))
LU visup=vp{ 3+{dpod~2/(dh 2-dpad2)))

10 IF vaap>ve GOTO 210

180 dpadp =(idpA 3007 {dh-dpud )YI*(yp+((pv*vaan ¥ (S *(dh-dpod 1)

144 REM primt "The flow around the drillpipe is faminar”

200 GOTO 290

210 re=2970" nw*yaap*(dh-dpud)/py

220 PRINT “The flow around the drillpipe is turbulent®

230 PRINT "Reynalds number = "¢

240 cie 35378591164

250 2~ 3026608292

260 cl= -126153971

27 -EXPlel+e2 Lre) e 3*LOG re))

280 PRINT "Friction factor =",,,f

290 dpadp = (f*1dp*mw*vazp” 21125 ¥ *(dh-dpod})

00 PRINT "Pressure drop= ", dpadp,"psi”

310 PRINT "o Pressurc drop around the drilicollars------mse "
120 ve =((1.08*pv)1 (1.G8*(py"2+9. 3 mw* (dh-dcod)*2*yp)*. 5))(mw*(dh-dead))
330 vaac—vp* (. S+(deod“2/{dh2-deod ~2)))

340 IF vaacve GOTO 380

350 dpade =(1dc/{300%{dh-dcod)))*(ypH{pv *vauc ) S*{dh-dcod 1))
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PRINT “The flow arnund the drillpipe is aminar”
GOTO 460

re={2970*mw*vaac*{dh-deod))pv

PRINT "The flaw around the drillenllars is rorbulem™
PRINT "Revnolds number = ",re

cl- -3.53785911064

2= 3D0.26608292

ed= -.126153971

=EX Pl +e2%(1/re)+c3*LOG(re))

PRINT "Friction factor =",,,f

dpade = (f*Idc*mw*vaac 2W(25.8*(dh-dcod )
PRINT "Pressure drop— ", dpade,"psi®

PRINT "

139

surge = (05 2*mw*h)+dpadp+dpade
swabl = (052*mw*h)-dpadp-dpade
PRINT "Surge pressure =", surge,"psi”
IPRINT "Swab pressure =",,,swab,"psi”
PRINT "-veeeeren

7 =swab-pp

ze—pl-surpe

1F 7-2=0 GOTO 600

PRINT "At a pipe speed = ",,vp,"ft/sec”

PRINT "Sale tripping-mn operation ol this pipe speed.”
GOTO 045

PRINT “At a pipe speed = “,,vp,"{t/sec”

PRINT “Luss ol circulation may uccur dunng tnppmg-in operation.”

IF z==0 GOTO 650
PRINT "Safe tripping-out operation at this pipe speed”
GOTOQ 660

PRINT "Rlowout may nccur during tripping-out at this pipe speed. ©

PRINT *

PRINT
END
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—&— Surge pressure @ § ppe. =8~ Surge pressure @ 10 ppg.
—d—Swab pressure @ 8 ppz. —@— Swab pressure @ 10 e

—B~ Surge pressure @ 12 ppg. == Formation pore fluid pressure.
—#- Swab pressure @ 12 ppg. ===+ Formativn fracturing pressure.
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Fig. 2. The effect of mud weight on surge and swab pressures magnitude,
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—4— Surge pressure @ = 0cp

. —8— Surge pressure @ Hp = 30cp.
—d— Swaly pressure @ p = 10 cp.

~& Swab pressure @ Mp= 30cp.
8- Surge pressure @ Hp= S0cp. === Formation pore fluid pressure.
|-~ Swab pressure @ Hp = 50¢p. +=== Formation fracturing pressure.
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Tig. 3. The efTect of mud plastic viscosity on surge and swub pressures magnitude.
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—A—Surpe pressure @Yp= 10 10/100 112 e Formation pore fluid pressure
~d—Swah pressure @ Yp= 10 1H/100 (JLa— Formation fraciuring pressure
-&-Surge pressure @ Yp= 72 16/100 #i2
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Fig. 4. The effect of mud yild point on surge and swab pressores magnitmde,
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—&— Surge pressirs @ R=(1L.0364 - Sutge prossure € R=0.091
e Swab pressure @ R=0.0364 —&~ Swab pressure @ R=(.09%

—&- Surge pressure @ R=0.1273  __ pormation pore fluid pressure
—m- Swub pressure & R=(0.1273  aaen Formation fractucing pressore
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46 LT T wan
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Pressure, ps:
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Fig. 5. The cffect of drilleollors-to-drilipipe length ratio on surge and swab pressures magnitude.
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—A— Surge pressure @ d;,=7.875" —6— Surge pressure @ dy,=8.875"
—A— Swab pressure @ dy,=7.875" @ Swab pressure @ dyy=8.875"
—8— Surge pressure @ dj,=9.875"  me— Fonnation pore fluid pressure
—— Swab pressure @ dy,=9875"  ==== Formation fracturing pressure

G300
Friwtitre and
SO0 logs of circulation
. P - S

Safe region

Pressure, psi

2000

1000 4 Kick or blowout

Pipe running speed. fi/sec

Fig. 6. The effect of ke akze on surge and swah pressure magnitude.
Critical ruaning-in specd:

Vi = ag +aipy +agi, FesY) FagR agdy +agl (12.3)

Wherc, P;—= Gr *h {12.h)

Critical running-out speed:

Vo =by +bypy, + bty +b3Y, + bR +bedy, +bgF, {13.a)
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Where, P,=G,*h (13.b)

Using the above mentioned basic fluid flow equations (Eqs. 1 10 8) and the result of the
sensilivily anabysis (Figs. 2 lo 6), the corrclation coefficients shown in Egs. 12 and 13
were cvaluated using regression analysis and the results are tabulated in Table 3
Therefore these correlations can be apphied to rapidly predict the critical speeds during
tripping-in or -out of the wellbore te avoid blowouts or loss of circulation problems
caused by excessive surge or swab pressures.

Table3. Correlation coefficients and accuracy constants
%0 = .00.650644

Cntical running-inspeed  n_ ~-1.03% Cocfficicnt of lincar corrclation
conrelation 2, = 000654655 2 =087%
constants 2, =0.040705
Eq. 12. a4 =42.302 Standard error of estimate
as =11.5403 SFE-08172
£l6 — 4 663E-03
hn = -48.293
Critical nunning-owt speed hl = -1.1625 Cacfficient of lincar corrclation
comclation h, =1.7495-03 1220955
constants h] =2.231E-02
Eq. (13). l')4 — 24215 Standard error uf eslimaie
bS - 6.9378 SEE-0.39
hﬁ - Z.6703E-03
Discussion

Drilling fiuid properties including density, yield point, and viscosity are imporlani
factors which greatly affect the magnitude of surge and swab pressurcs generated
duning pipc running-in and -out of the hole respectively. Figure 2 shows the effect of
mud density on critical pipe running-in and -outl speeds range. The critical pipe
running speed is the speed beyonds which loss of circulation or blowout could happen.
When the mud density increases the rang of safe pipe mnning-in speed decreases. This
effect is attributed to the large increase in mud pressure (in addition to the piston-
cylinder action caused by the drillstring) opposing the formation being drilled and the
resulis  will be serious fractures leading to loss circnlation problem. On the other hand,
the increase in mud density can easily control formation pore fluid pressure, therefore,
wide range of safe pipc running-out speeds can be applied as shown in Fig. 2. Safe pipe
runzning-in and ~out speeds are affected by mud rhological properties such as mud
plastic viscosity and yield point. Ths effect could be due to the fact that viscous mud
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and -out speeds are affected by mud rhological properties such as mud plastic viscosity
and yield pomt.  This effcct could be due to the fact that viscous mud magnify the
piston-cylinder action produced by dillstring up and down movements as shown in
Figs. 3 and 4. Dillrcallars has a diameter bigger than the normial drillpipes. Therefore it
adds an extra pressure on the formation during pipe running-in and drain the formation
pore thud into the wellbore during pipe munning-out due to the piston-cylinder action as
shown in Figures 5. Hole size have a large effect on safe pipe running speeds. This is
hecause during pipe running-out, large hole diameter allows the drilling fluid to rapidly
fill in the place which was océupied by the drillistring , therefore the formation pore
fluid pressure is eusily controlled and avoid blowouts.

During pipe munning-in, large hole diameter provides bigger passage area for the
mud, therefore, the pision-cylinder action acting opposite ta the fortation is mummized
and the  formation fracturing can be avoided as shown in Fig. 6. ‘Fhus, by plotting data
obrained from the developed computer program, safe pipe running-in and -out speeds
can be predicted.  For simplicity and time saving as required in the [licld, (wo
correlations huve been devcloped. These correlations can be applied to rapidly predict
safe pipe running-in and -out speeds requited to aveid loss of circulation or blowout
problems. Figures 7 und 8 shows comparisons between the critical pipe running-in and -
oul speeds predicted using the basic calculations and plutting technique and using the
developed correlations.
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Fig. 7. Crossplot of the critival pipe running-in speed using the basic fuid Aow
equations (Kqs. 1 w 8.) and the developed surge correlation (Eq. 12),
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Fig. 8. Crossplel of the eritical pipe running-out speed using the basic fluid flow
equations (Eqgy, 1 o 8.) amd the deve;pled swan epree;atopm (Eq. LY).

Conclusions

Rased on the performed analysis, the following conclusions can be deawn:

Mud weight, and rheology are important factors which must be choscn
curelully und maintained at the desired level during drilling and tripping
operations in order to avoid blowout or loss of circulation problems.

Safe tripping-in and -ont speeds are greatly influenced by hole swze.

Tmilleollars length and size can afTect the safety during tripping operations due
to the initiation of piston-cylinder action which will drain the lermation during
tripping-out cauwsing a kick and will fracture the formation during tnpping-in
leading to a loss of circulation.

The developed computer program (based on the basic fluid flow equations) can
be used to predict sufe pipe unning speeds.

As an allernalive way to predict the critical pipe running speeds, two
correlations have been developed. Firstly for the critical pipe mnning-in speed
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and secondly for the critical pipe running-out speed. These cotrelations can be
evaluated for infinite combinations of possibilities existed in oil well drilling
opcrations.

The develaped correlations require simple input data which can be measured in
[aboratory using the API testing equipment,
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