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ABSTRACT

One of the most important factors which affects mud selecting isthe rheol -
ogy conditions of mud, which hasthe role of controlling the well hydrody-
namic behaviors such as pressure drops through the string pipes, bit, annu-
lus, upraised mud pressure (UMP) and cuttings movement from the depth.
In this study a computer program has been prepared to calculate the den-
sity and viscosity (or rheological index) of mud. This program has been
developed based on the pressure drop equations and the settling velocity
equation of the cuttings for Bingham and power law fluids in a reverse
procedure to find density and viscosity of drilling mud. A combined algo-
rithm has been prepared to solve these strongly bad behavior equations.
The results have been compared with the assumed valuesin direct hydrau-
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lic calculations and amaximum error of 0.14% has been observed.
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1.INTRODUCTION

Selection of the proper drilling fluidisimportant to
thesuccessof adrilling operation. Nofluidissuitable
for dl situations. Huidswith different baseliquids, dif-
ferent dominating cationsin the agqueous phase, differ-
ent chemica additives, or broadly diversephysica char-
acteristicshavedifferent behaviours, making for alarge
menu of choicg¥. Fluidsfor drilling operationsareclas-
sfiedintofivemgor fluid typesbased primarily equiva
lent circulating dengity (gas, mist, foam, gasified liquid
and liquid). Further delineation within thesegroupsis
dependent upon cons derationsbased onwell flow char-
acteristics, well fluid type, surface operating pressure,
fluid containment, well control, and applicablehedth,
safety, and environmental issues.

Final fluid selection for drilling operationscan be
extremely complex. Key issuessuch asreservoir char-
acteristics, geophysical characteristics, well fluid char-
acterigtics, well geometry, compatibility of drillingfluids
and reservoir brines, hole cleaning, temperature stabil-
ity, corrosion, datatransmission, surfacefluid handling
and separation, formationlithol ogy, filtration, hedthand
safety, environmental impact, fluid sourceavailability,
aswdll astheprimary objectivefor drillingal haveto
betakeninto consideration beforefinal fluid designi?.
However, thedrilling fluid sdlectionisto somehow due
todrilling project manager experience and thereisno
systematic procedurefor doing sointheliterature.

Havenaar’® extended theworksof Beck et al. as
well asBingham® to characterizetheplastic (Bingham)
fluid flow hydrodynamics in pipes and bit nuzzle.
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Melroseet d .1 presented asimplified solutionto the
problem of computing the pressuredrop for theflow of
drillingmud intheannulusof thewelIbore. Koch™ pre-
sented thefirst pocket calcul ator to select the proper
nozzleand pumpliner size. Jeu et d.1¥ emphasized the
effect of proper fluid selection on controlling skinin
deepwater drilling. Many other researchersintroduce
several methodsto select proper mud®,

Inthisstudy, based on hydraulic calculationsanew
method for selecting drilling mud isintroduced. This
method takesinto account pressure drop and settling
vel ocity equationsto find optimized density and viscos-
ity for adrilling operation.

2. Theory

Oneof themost important rolesof circulating mud
inrotary drilling operationiscleaningtheholeinwhich
thecutting particleswith density p_ must betransported
from thedown holeto the surface. Bourgoyne et al.*!
have presented thefollowing formulafor particle set-
tlingveocity ingtaic mud:
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Inwhich ., representsthe apparent viscosity of the
mud and can be cal culated for both plastic (Bingham)
and Power-law fluids, and can be calculated asfol-
lows
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In practicetheannular mud vel ocity must behigher
than the particlessettling vel ocity to keep theholeclean.
Themud ve ocity intheannul usdependson pump power

NRe
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and string Sizeand i ndependent of mud properties. Thus
knowing thepump flow rateand stringsdimensionsone
candefinetransport ratio inthe hole, asfollows*2:

TR=1-_"d 6)

Vann

Equations 1 through 6 (named as the first set of
equations) makeaset of equationswhichdrilling mud
rheological properties (such asdensity, viscosity/ rheo-
logical indexand ... ) must satisfy them. Equation6is
thekey stepinthefirst set of equations. Onceavaue
assumed between zero and onefor transport ratio, the
settling vel ocity can befound and then it must be com-
pared with the cal culated one, aswill be shown next.

The second equation arisesfrom the principl e of
the conservation of energy. When thisequationisap-
pliedtothecaseof crculaingdrillingmud, asindrilling
awell, wherethemud ispumped out of themud pit and
circulated back into thepit, thefollowing equation (Ber-
noulli equation) may be obtai ned*¥:
Hydraulic hor sepower (Pump pressure) =
Sumof flowing pressur eloss )
or
Upraised Mud Pressure(UMP) =
Pump Pressure— AP — AP, — AP

Bit " Ann
where AP, AP, AP, and AP, denotes pressure drop

through surface equipments, strings, bit and annulus respec-
tively. These values arise by considering momentum equation
(Navier-Stokes equation) in each zone of thewel %3, The set
of Bingham(plastic) and power law equationsfor pressure drop
through thewell (AP, AP, AP, and AP, ) arepresentedin

TABLES 1 and 2 respectively4.

The UMP must be somevauegreater than the sur-
face (mud pit) pressure (about 101.3 kPa). However
theeconomic considerationslimit theva uearound the
mud pit conditions. Thus having aset of two equation
(onefor settling vel ocity and the other for UMP) one
must ca culatethe density and viscosity of themud.

AP )

3. Numerical solution

To solvethe mentioned equations acomputer pro-
gramisprepared and severa famousand well under-
stood numerical agorithmsweretested. But unfortu-
nately none of them led to the correct answer. Thedis-
continuousbehavior of the pressuredrop equationsand
non linearity of the settling vel ocity equationswerethe
main causes.

Findly, by discretizing viscosity inu directionand
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TABLE 1: Pressuredropsfor plasticdrilling fluids (1 = Y}, + py )14

Pressure drops Critical velocity
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TABLE 2: Pressuredropsfor power-law drilling fluids(« = K|y|“‘1y )

Pressuredrops
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usingfalse-positioned method® tofind density, p,_, from
settling vel ocity equations (Egs. 1-6) and checking the
resultswith pressure drop equations (Eg. 8), onecan
solvethe problem. Figure 1 showsthe details of the
agorithm.

To show the problem moreclear, thefollowing two
examplesare considered.

Examplel

Thisexampleisadirect hydraulic calculation. The
viscosity and density of the mud are known and the

TABLE 3: Input parameter sfor examplel

Type Length(ft) ID(inch) OD(inch)
Drill pipe 6986.4 4.28 5
Drill collar 557.6 2.85 6.75
Casing 7543 - 8.5

Density= 9.59 Ib  /gal,viscosity= 22 c.p, pump flow rate= 369 gal/
min, Pump pressure= 2150 psi, Cuttings density= 45.87 Ib_ /gal,
Cuttings diameter= .25 inch, Mud type= water base, Fluid type=
Bingham

transport ratio, thetota pressuredrop through thewell
and upraised mud pressure are calculated. Theinput

and output areshownin TABLES 3 and 4 respectively.
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K = HPmin (Nmin) to
Hmax (Nmax) by step
increament of An

Calculating density, p,
using false-positioned
method from Eqgs. 1-6

Calculating UM P using Eq. 8

v

|Calculated UM P
—given UMP|<¢g

Print p and p (or n)
Figurel: Schematic of combined algorithm
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Figure2: Thecomparison of assumed and calculated den-
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Figure3: Comparison assumed and calculated viscosity
and density in direct and rever sehydraulic calculations
for p=45c.p
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TABLE 4: Output for examplel

Type Pressuredrop (ps)
Drill strings (pipe & collar) 552
Bit 1395
Annulus 177.34
Total 2124.34
Upraised mud pressure 25.66

Settling velocity= 1.4 ft/sec, Transport ratio= 0.73
TABLE5: Input parameter sfor example2

Type Length(ft) ID(inch) OD(inch)
Drill pipe 6986.4 4.28 5
Drill collar 557.6 2.85 6.75
Casing 7543 - 85

Transport ratio= 0.73, Upraised mud pressure= 14.7 psig, Pump
flow rate=396 gal/min, Pump pressure= 2150 psi, Cuttings den-
sity= 45.87Ib_ /gal, Cuttings diameter= .25 inch, Mud type= wa-
ter base, Fluid type= Bingham

TABLE 6: Output for example 2

: . . Settling  Mud velocity
V|(sgos)|ty (E)ber}s'fa)l/) velocity in annulus
P m'd (ft/min) (ft/min)
21.98 9.58 1.28 477
Example2

Example2isareversehydraulic calculations. The
transport ratio and uprai sed mud pressure are known
and theviscosity and density of themud areca cul ated.
Thisexampleshowsthe sdlection of drilling fluidusing
well hydraulic caculations. Theinput and output are
shownin TABLESS5 and 6 respectively.

4.RESULTS

4.1. Accuracy

To show theaccuracy of themethod, we used sev-
erd denstiesinacongtant viscosity to computethetrans
port ratio and pressure drop aswell asUMP such as
example 1. Then using thesetransport ratios and up-
raised mud pressures, we cal cul ated the densitiesand
viscositiesfrom the combined method asshown in ex-
ample2.

Figure 2 showscal culated density fromreverse hy-
draulic cal cul ations versus assumed density in direct
method for a constant viscosity of 45 c.p. It can be
seen that thereisexcellent agreement between thecal -
culated resultsand assumed values. Infigure 3 thecal-
culated viscosity and density from reverse hydraulic
ca culations are compared with assumed valuesin di-
rect method for u=45 c.p. To observe the maximum
error incaculaions, onemay definethe squarere ative
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Density (Ibm/gal)
Figure4: Squarerelativeerror versusdensity for u=45
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Figure5: Effect of transport ratio on calculated viscosity
for UM P=constant
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Figure6: Effect of transport ratio on calculated density

for UM P=constant.
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error (SRE) asfollows:

SRE- (uassumed _ uca]culated)z N (paswmed _’:’calculated)2
(}‘lassumed)2 (paﬂ;.lmed)2
The SRE versusdensity isshowninfigure4 and a
maximum error of 0.14%isobserved whichisaccept-
ablefor such nonlinear equations.

%100 (8)

4.2. The effect of parameters

After confirming themathematicad modd , theeffect
of trangport ratioand UM P onfluid rheologica param-
etersisstudied. Figures5and 6 show theeffect of trans-
port ratio on mud viscosity and density respectively for
UMP of aconstant value. Increasing thetransport ratio
decreasesthe cuttings settling vel ocity (see Eq. 6) and
Egs 1 through 3 predictsincreasing viscosity and de-
creasing dendity. Thisoppostebehavior of viscosity and
dengty setsacongtant vauefor UMP. It must be noted
that no datapointsyield over the shown domain and
even between two neighbor points, which meansthat
theresultsof above ca culationsare broken off. It may
bethe result of discontinuity of pressure drop equa
tionsand a so the behavior of fal se-positioned method.

Figures7 and 8 show the effect of desirable UMP
on mud rheology parameterswhen transport ratiois
constant. Asshowninfigure 7 thedensity decreasesas
UMP increases. However, the opposite behavior is
observedfor theviscosity (seefigure8). Theseeffects
can beexplained by considering Equation 8 aswell as
Egs. iInTABLES1and 2. Asthedensity decresses, the
pressurelossdecreases. Thiscausestoincrease UMP.
For fixing transport ratio, when density decreases, the
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viscosty mustincrease.
Nomenclature

A-Area(ir), C- Nuzzlecoefficient; D, Holediameter
(in); D, - Stringsoutsidediameter (in); D, -
Stringsinner diameter (in); d - Cuttingsdiameter (in);
K- Consistency index (Ib.sV (100ft?)); L - Stringslength
(ft); n-rheological index; P- Pressure (ps); Q- Pump
flow rate (ga/min); v- Velocity (ft/sec); Y, - Yield point
(Ibm/ (100ft?))

Greek letters

A- Pressuredrop (psi); p - Density (Ibm/gd); -
Viscosity (c.p); y- Sharerate (sec/ft); T - Share stress
(Ibm/ (100ft?))

Superscripts

a apparent; ann—annulus; Bit- bit; d — settling ; str-
gring

Subscripts

c- critical; m- mud; nuzzle- nuzzle; s- cuttings

5.CONCLUSIONS

Inthisstudy acomputer programfor selecting drill-
ing mud based on hydraulic calcul ationsisintroduced.
Thissoftwarewill beableto do direct and reversewell
hydraulic calculations. In the direct calculations, by
Specifying equipment S zes, viscosty and density of the
mud, the pressure drop through thewell and upraised
mud pressure are calculated. In the reverse calcula-
tions, anew approach for calculating density and vis-
cosity/rheologica index of adrilling mud by specifying
transport ratio and UMPisintroduced. Also, this soft-
waretakesinto account dynamicfiltrationinthewell.
Detalled of thisfiltrationwill begiveninthefuturework.

ACKNOWLEDGMENTS
Theauthorswould like to acknowledge National

Iranian Oil Company (NIOC) for their financia sup-
port.

—= Full Paper
REFERENCES

[1] R.Bleir; J.Petroleum Technology, 42(7), 832-834
(1990).

[2] R.Guimerans, F.Curtis, R.Urbanowski, B.Wilson,
S.Ruiz; ‘Fluid Selection for Underbalanced Drilling
Operations’, International Association of Drilling
Contractors, UB Technology Conference, (2001).

[3] I.Havenaar; Journa of Petroleum Technology, 6,
49-55 (1954).

[4] RW.Beck, W.F.Nuss, T.H.Dunn; ‘The Flow Prop-
ertiesof Drilling Muds’, API Drilling and Produc-
tion, Practices, 9, (1947).

[5] E.C.Bingham; ‘Fluidity and Plasticity’, McGraw-
Hill Book Company, (1922).

[6] J.C.Mdrose, J.GSavins, W.R.Foster, E.R.Parish;
Trans AIME, 213, 316-324 (1958).

[7] W.M.Koch; Journal of Petroleum Technology, 5,
9-11 (1953).

[8] S.Jeu,D.Foreman; ‘Proper Fluid Selection Controls
Skin’, EandPnet, available on www.eandpnet.com.,
(2002).

[9] D.Whitfill, H.Wang; Dallas, Texas, (2005).

[10] A.Wasnik, S.Mete, B.Ghosh; Application of Resin
Systemfor Sand Consolidation, Mud-Loss Contral,
and Channel Repairing, SPE/PS-CIM/CHOA In-
ternational Thermal Operationsand Heavy Oil Sym-
posium, 1-3 November, Calgary, Alberta, Canada,
(2005).

[11] A.T.Bourgoyne(Jr.), K.K.Millhem, M.E.Chenvert,
F.S.Young (Jr.); ‘Applied Drilling Engineering’, SPE,
(1991).

[12] E.H.Austin; ‘Drilling Engineering Handbook’, In-
ternational Human Resources Development Cor-
poration, (1983).

[13] GR.Gray, H.C.H.Darley; ‘Composition and Prop-
ertiesof Drillingand Completion Fluids’, Butterworth
Heinemann, 5" ed., (1988).

[14] GGabolde, J.Paul; “Drilling DataHandbook’, Ingtitut
Francais du Petrole Publicatins, 7" ed., (1999).

[15] W.Arthur, McCray, W.Frank, Cole; ‘Oil Well Drill-
ing Technology’, University of Oklahoma Press,
(1959).

[16] E.Babelian; ‘Numerical Analysis’, Payam-e-Nour
University Press, Iran, In Persian, (2002).

" CHEMICAL TECHNOLOGY

Hn Tndéan g%wumé


http://www.eandpnet.com.,

