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Abstract- A mathematical model is formulatedin this work to  Quantitative prediction of the drilling mud loss is therefore
determine the drilling mud loss in anatural fracture intersected critically needed for the control of lost circulation.In
by a wellbore. The formulation is based on a PKN fracture general, driling mudmay be treated as a singlbase
gecl’lg‘etry mﬁdi" ‘"}‘Ssumi“g Ithe natural fr‘"“ft”re i”te”rsleCtS ;he incompressiblefluid displayng non-Newtonian rheological
wellbore with the fracture plane more or less paralle to the P . . .
wellbore axis. The drilling mud is treated as a singlphase fluid. CharaCte”Stl.CSSUCh as ylg!d stress and shear thinning. T.he
The rheology of the drilling mud is assumed to be nohlewtonian yield stress is the most critical rheolqg|cal element rt_aspon&ble
of HerschetBuckley type. The reservoir formation is assumed to  for theeventuatessatiorof mud invasionLossof the dilling
be permeable withhe | eak of f f ol |.&Fwid n §uddmthe Batupak fragiere is |driven by the pressure drop
flow along the fracture is considered as onalimensional between the wellborand the reservoir. The pressure gradient
lubrication flow . Deformation of the fracture is governed by local near the wellbore is the largest at the onset of drilling mud
elasticity and the wellbore pressure and the pore pressure in the jnvasion and decreases as the mud flows further into the
reservoir are assumedo be constant. The problem defined above fracture.For a yield stress fluid, whethe pressurgradient
is solved numerically using an explicit moving mesh algorithm. - ¢.1¢ helow a threshold, mud iasion ceases and the fracture
Efllﬁﬁt; rngiZ;e;dresg\?as|i§2$he overbalance pressureon the can beconsidered sealedhe HerscheBuckIQymodelwith a
yield stress andpower law for shear thinnindias been
KeyWOI‘dS'I' dr|”|ng mud |OSS, PKN fracture model, natural CO”Slderedan accurate descnpuoﬁor the dn”lng mud
fracture rheology especially in the low shear rate raifje

9 A Drilling mud loss in a natural fracture has been previously
f modeledin the literatureassumingradial flow through two

Q . parallel diskswith or withoutthe consideration ofeservoir

Q ' (? Q deformatione.g.[2][3]. The assumption of radial flowsost

A v sV applicablewhen the natural fractuie nearly pgpendicular to

e 2 X b Q  the wellboreaxis

A O A In this work, a mathematical model is formulateid
Q T \ , T . determine the drilling mud lostr the scenariowhen the
X natural fracture intersectse wellbore with the fracture plane
AQT 1z 1z X A - alignedmore or less parallel to the wellbore axibe natural
6 i A f fracture is initially closed. Fluid flovinside the fracture is
' TA coupled with the mechanical deformation of fhermeable
reservoir.The fractureopening developed as a result of mud
~Q » PKN , invasionis assumd to be elliptical with a constant height,
|. INTRODUCTION [Z;I[%\iving the Perkingkern-Nordgen(PKN) geometry model
Naturally fractured reservoirs are prone to severe circulation . . . .
losses. In overbalance drillingincethe wellbore pressure is IAr.‘ ext;;]hcg?'gvr:ng mel_shfalg(t)ntlhmmodlge:jffrom thosléor
larger than the reservaorepressurelarge volume loss of the solving the ! ydraulic fractunng modei for power Eﬂ'
drilling mud in fractured formations could be a signiﬁcanf"md PIECEWISE pOower !aw rheoloqy_] is employedin th|s_
tudy The mathematical formulation and the numerical

2;%2'23; er;]ct)t c\:\;!ﬁ |r2: otrr:]%lgtri'glr?g a%r:jerargc;r;r\t/) cl)Jitr alsgmg; fn mplementation ardirst presentediffects of theyield stress
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andthe overbalance presswe the drilling mud losarethen . co
analyzed 0 —/— (3)
0 0 w
Il. MATHEMATICAL FORMULAT ION whered is the leak off coefficient andl ¢ is the fractureip

Schematic of a PKN geometry model of lengythnd height arrival time at locationx. Qgrter‘s leak ofimodel, Eq. (3),
"Ois shown in Fig. 1A key assumption in the PKN hydraulic rglates tht'e. leak off velo.C|tg to the time of exposure for a
fracture model is that énelasticresponse of the rock is local, 9IVen position.The velocityo accounts for the leak off from
namely, theopeningof the hydraulic fracture at a given POth sides of th&acture faces.

position®depends on thdcal overpressure only, but not on  Fluid rheology is onlyinvolvedin the equation of balance

the pressureverywhereelseinside the fracturei.e., of fluid momentumfor the PKN hydraulic fracturemodel.
A v 1) With the assumption afne dimensiondubrication flow, the
0 equation of balance ahomentum can bapproximated by

Eq. (1) states that thaverage fracture width of a cross integrating thePoiseuilleslot flow solutionover the height of

section isrelated tothe net local pressure) through the the elliptical cross sectionThe slot fow solution for a
fracture compliancé p ' 'Of"Qwhere’Cand’ are HerschelBuckley fluidtherefore needs to be derived first.

the shear modulug nd t he Po bfstseorack s ppray HérheBuckley fluid, the relationship between the

respectively The netpressure, i.e., the overpressure aboveshear stress and the shear strain rate can be expressed as,
the reservoir stresis assumed taary only along thew  axis, + "

namely, the direction of fracture propagation, andrigorm T t oo - (4
at a given cross sectiommhe average width is defined
according to0  OFO, whered is the cross sectional areaWheret , 0 and ¢ are the yield stress,the consistency
For an elliptical cross sectipif the width athemid-heightis ~ Parameter anthe power indexFluid flow occurs only if the
0 (see Fig. )0 “ O7t. The local elasticity assumption Shear stressexceeds the yield stre$s

implies ech cross section is deforming independently under after combining the rheology model with the equilibrium
the condition of plane Stm, which is most appllcable when equatiom the geometrica' equamand the neB“p condition

the fracture length is much larger than the fracture heigtit at the slot wallsthe steady state velocity profile fatot flow
the fracture width is much smaller than the hei@it The  can pe readily obtained,

local elasticity assumptiorrelieves usof solving the integral

form pressurevidth relation required in other hydraulic e AW

fracturegeometry models such #se KGD [9][10] andthe .’.:(*) £ i - g§s i - §s i

pennyshaped fracture models[11]. The PKN hydraulic . p & Pt ’ ’

fracture modetherefore offersunique simplicity that allows v N

incorporation of complex fluid rheology. i € %— S , '
up—é P I: 4SS |I:

©)
where is the fluid flow velocityin the flow direction;®is
the half width of the slof;  wfis the scaledcoordinate

p i p inthe slot width directiormandn Q fQ Qis

the magnitude of thepressure gradienin the fluid flow
direction Due to theexistence of the yield stress, within the
region ofg s i., the velocity is constant and fluid flows in a
plug form.Thecritical pressure gradient to initiate fluid flow

Fig. 1, A PKN fractureof length and heightQ, at a given cross isnl T Tpoand hg half WLdt‘h'Z of the plug flow regiorean
sectionthe fracture width at the mideight is denoted as . be determined frorh. 1 "

The total flow rate) ©at a given pressure gradigfftor slot

‘We may assume théitiid flow along the fracturés one  flow can be obtained by integrating the velocity across the slot
dimensional Consequently,ie local continuity equation can yidth,

be written as,

: ; < - : ,

194 g @ g0 © % -t e b ©)
T o1t o v p P s G p

wherer| is the flow rate per unit height of a cross sectivis; g

the elapsed time from the onset of drilling mud invasion@and _. - . , .
is the fluid leak off velocityfrom the fracture facesfor a ~ F19- 2 shows the variation of the velocity profiles with
relatively low permeability formation/did leak off maybe €SPect to the applied pressure gradignt 8t brep andT

assumedto be onedimensionalob ey i ng Car t Mpagnsfor thedojouinggheglogical parametets: p 1Pa,
model, ¢ T, andu T P&d'. As can be seen from Fig. 2, the

plug zone size redes as the pressure gradigfihcreases.
The pressure gradiersind the flow rate relationship as shown
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in Fig. 3 indicates that thidow rate is zero beforéhe yield

stress is overcome lilge pressure gradient along the slot. 2 o ‘CT (7
¢ np
1 At a given height position,he local flow rated can be
08\ obtained based ahe slot flow solutionEg. (6),
.,(’ 6
06 \ o -
\ P —
04t | S I Lr)] .- ¢ p i <5 Q
1 z - _ -
02 | : P 4 P e p q
! : re €
5 of [0.05 MPa/m: 0.1 MPa/m 0.2 MPa/m r'e Q ., O
I : Tt — ™ —
02r 1 C C
oal | (®)
. ! where0 is the fracture widthat a given height, 0
wery 0 p QWO
081/
o ‘ ‘ ‘ ‘ ‘ ‘ The balance of momentum equation relatingttial flow
"o 0.1 0.2 0.3 04 05 0.6 o7 rateorthemud loss ratper unit height] to the local pressure

Ve (m/s)

gradientrjfcan be obtained by integratirigg. (8) over the

Fig. 2, Velocity profiles under different pressure gradients; the reffactureheight

lines denote the plug flow zones.
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Fig. 3, Variation of thepressure gradientith respect to the total flow
ratefor slot flow.

To complete the formulation, boundary conditions ketth
the wellbore and at the fracture tip ndedbe suppliedWe
mayassume that the wellbooxepressurel jis constanand
the intial reservoir pore pressusnd the reservoir stresse
both constantwhich serve only as referenedn addition, no
flow condition can be imposed at the fractureaip 0, i.e.,

N Ogj A
O T T A® O 1D

[I1. NUMERICAL IMPLEMENTATION

The system of governing equatigrisgs. (1)i (3) and Eq.
(9), is first transformed byntroducing amoving coordinate
— G0 0,—N mip . An equation for the fracture width can
beobtained as follows

LI S B S (12)

uT — T— T — B
where ‘Q  ¥Qds the material time derivativendw
and® are finctions othematerial parameters attte fracture
width 0 and the gradiefit 0 -—For brevity, expressions
for & and® are omitted here.

Fig. 4, A PKN modelcross sectioffior a HerscheBuckley fluid . 10
With the assumption of orgimensional lubrication flow
inside the fracturethe existence of the yield stress
manifesed through the stagnation zones near the two ehds
the fracture cross sectipas shown in the shed areas in Fig.
4. The ratio between the heiglX of the moving fluid region
and the total heighi©can be determined from, Such adiffusion-typeo of equation for the width can be

solved byusing an expligifinite-difference schemgs]. After
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