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Abstract

High-salinity formate brines are welknown for their
application serving agseservoir drilling, completion and
perforatingfluids in highpressure highemperature (HPHT)
operations. Less weknown is that these brines also yield
unique benefits for drilling shales, which make up8006 of

all formations drilled. Recent papers have shown that under the

right circumstances,igh-salinity formate drilling fluids can
outdrill oil - and synthetidbased mds when drilling shale

This paper explores in detail the various mechanisms
employed bycesium formate fluids and mixed cesium /
potassium formattuids to stabilize shales d@renhance drilling
performance in shales, which include:

A Favorablec| ay @i nhibitiono, i
pressures between clay platelets.
A

penetration in all types of shales

Induced osmotic backflow, which can compensate for
hydraulic inflow into shal
thereby offset mud pressure penetration

Osmotic dehydration of outer shale layers to minimize bit
balling and accretion tendencies, benefiting ROP

Excellent lubricity, which minimizes friction, improves

torque and drag, benefits force transmission to the bit, etc.

These mechanisms were investigatedifferent shale tests

Enhanced filtrate viscosity, yielding reduced mud pressure

e

including sophisticated pressure transmission tests (PTT) and

newly introduced thickwall cylinder (TWC) collapse tests
conducted on both intact and midractured shales. The results
confirm the various benefitsanging from superior inhibition
to osmosis,which high-salinity cesium/potassiunformate
brines bestow on drilling fluids bad on them. This makes
these fluids excellent candidates to dsfihlesvhile addressing
the disadvantages obil and synthetidbased mudsused
predominantlyfor this applicatiorin current field practice

Introduction

Oil-based and synthetic based my@BM / SBM) are
favored by drilling engineeigloballyfor a number oéppealing
drilling qualities, including shale compatibility, reduced- bit
balling tendency in reactive shdtemationstranslating in high
rateof-penetration (ROP) superior fluid los control
properties, excellent lubricity, and favorably higlessure
high-temperature (HPHT) stabilityHowever, as shown in

Fig.1, these favorable qualities are often offset by less favorable

characteristics such gmor compatibility with cement, flusl
being prone to severe lost circulatighecause of reduced
fracture propagation pressuyesil emulsion blocking in tight
gas sands, electrical / resistivity logging difficulties, difficulties
detecting gas kicks that go into solution, étcaddition,the
recentlargescale adoption of SBMs for shale drillitngs led
to issues with waste disposal costs and logistics

The quest to identifisuitable watebased alternatives for
OBM / SBM is therefore still agelevantas everand high
salinity fluidsmakecompellingreplacementandidates. In this
paperwe focus on higfsalinity monovalent formate brines and
sidestep divalent brines such as Ca@aBp, ZnBr, etc. The

Jlatteg cergepnithetheis qwg set offlisadvanipges, jingluligh

corrosion tendencies, environmental compatibilicpncerns
occupationalhygiene hazards, fluid formulation difficulties,
reservoir impairment potentiatc.

High cost (direct & waste)
High ROP, reduced bit-balling
Excellent shaleinhibition

Excellent wellbore stability /
gauge hole

Thermal stability

Electrical / resistivity log
difficulties

Oil emulsion blocks in gas
sands, production impairment

Prone to severelost

) o circulation
High lubricity, lower torque

Low fluid loss
Reduced differential sticking
High solids tolerance

Poor cement bonds possible

Advantages of OBM/SBM

Gas kick detection more
difficult

Difficulty fingerprinting HC's
Good coring/ saltdrilling
fluid

Low corresion

Figure 11 Advantages and disadvantages of OBM/SBM.

Messy work environment
Waste disposal logistics

NES/INGO 0 saSejueApesiq

Fumes / fire hazard

Since their introduction some 25 years ago, fsglinity
formate fluids have earnedn excellent reputation for
competentlydrilling reservoir formations with no discernable
reservoir damage anutoduction impairmerproblemgsee e.g.
Downs, 1992, 2006)Likewise, instability of any clay/shale

formations present in reservoir intervals appears to be quite rare

when drilling with highsalinity formates(while at the same
time avoiding the impairment potential of OBM / §B. As
will be explained in this papethere are very solid reasons for
this, reasons which also should make such formate fluids
attractive candidates for shale drilling in gengnat just HPHT
reservoir drilling The benefits these fluids provide derive from
a variety of properties thaamge from superior clay inhibition
to excellent wellbore stabilizing qualities.

and
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The inhibitive qualities of Csand K, coupled with their
osmotic properties in concentrated formate solutions, usually
results in excellent cuttings stability that rivals what is normally
observed in OBM/SBM Inhibition alone, however, is
insufficient to guarantee wellbore stability, as discussed in the

Theory - Swelling Pressure and Inhibition

It is well-known thatpotassium ions (K arevery effective
in suppressing swelling tendencies in reactive clays / shales,
particularly clays belonging to themectite family. This

Ai nhi bi ti vt&sthe geasan whgotassiunt chldide
(KC)-since the introduction of foflo®ihge | | polymer mudo in the
19706 s et@lClR7$ r finds application in KCI polymer
muds. These muds have a proven track record in providing good /.

Cation with

cuttings stability when drilling reactive clays/shales, a quality o s A
that unfortunately does not translateanvellbore stability. ’
Less weltknown is that there is one elemental cation that is

evenmor e fii nhi bi*iomn and bis thelcasium ibrh e K Outer
(Cs"). The reason for this is as follows. For the wedimpacted " hydration
and consolidated clays and shales that are typically drilled in 5 : sphere
the field the clay platelet spacings are usuakyy small, i.e. O

on the order of several nanometers to several tens of

nanometers. At these small platelets spacings, continuum Inner
theories to explaifnter-platelet interactions can no longer be hydration
used. The weélknown DLVO theory, which combines S sphere
electrostatic (Born) repulsion and van der Waals attraction a

breaks down at this point. As demonstrated by the work by e L L

Pashley sraelachvili and otheréseelsraelachvilj 2011 and ' :\Be2+

references therejntheintermolecularepulsive interactions, or 44
Aswell ing pressur esBowgovemeddy | f i e
intricate hydration forces. At solute concentrations above a
certain critical valuei the critical hydration concentration
(CHC), a limit that is usually exceeded in drilling fluid
applicationsi the presence of hydrated ions within the inter
platelet spacingexers a strong repulsive force.

Extensive studies on micgGoldberg et al., 2008have
shownthat this repulsive hyadtion force follows the sequence
Cs ¢ K* < Na' < Li*. The reason for this is that the*@m has

the smallest hydrated radius of all the alkali and earth alkali .
i . e it carries with 7

- 14X increase in radfys yity hydratio

Radius of hydrated ion (A)
. ‘J_QX"rvcrfease-mr i

TI* Rb* / Cs*

- b7/ Cst .

cati ons, . . 10 12 14 16 18 20
lonic radius with no hydration (A)

LI |

o
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o
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o
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molecules. This is illustrateich Fig.2a&b. While Cs by itself b
is one of the larger cation@ith a radius of ~B7A), its
extended electron clouthsa low charge density that limitee

i o nabikty to structure ad bind water molecules to ,it 1200 -
resulting in a smalhydrated radiug~3.3A). By comparison,
Ca*is a smaller catiof~1.0A) but with a high charge density

with strong ability to structure water around it, leading to an T 800 -

extended hydrated radius-4.1A). Moreover, as shown by §

Goldberg et al. (2008), the hydration shetbund Csis more 2

easily removedcompared toother ions, leading directly to a 3400 i
'8

lower hydration repulsion force. In energy units expressed in

keT,whereki s Bol tzmannds constant
energy requirement faemoval of hydration shellfor alkali .
metals is as followsCs" (91 19) keT; K* (131 27) kgT; Na" (24i 0 =

41) ksT; Li+ (341 52) keT. The ease by which Cgan shed its

water layer allows the ion to exchange effectively with other

ions and condensate onto the clay surface, thereby eéctiv 9
neutralizing its negative surface potential. This also has a Figure 2 1 (a) schematic explaining hydrated radius; (b)

favorable effectof effectively reducingthe repulsion force hydrated ion radius for alkali and earth alkali metal ions (after
Railsback, 2016); (c) Normal force vs. distance profiles between

between clg platelets (see Fig2c). Such condensatiotis
largely prevented for other ionK¢, Na*, Li*, etc) by their curved mica surfaces across salt-free water and 100 mM CsNO;
’ o solutions, as reported by Goldberg et al. (2008).

muchmore strongly held hydration layer

(93]
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Theory - Borehole Stability

The requirements for cuttings stability and borehole stability
are not the same. A detailed discussion has been given
elsewhere (Bol et al., 1994; van Oort, 2003), but the essence as
outlined above is that cuttings stabiligrimarily revolves
around controlling (theadverse effects of) the swelling
pressure. This can laehieved through inhibition, i.e. favorable
cation exchange at clayugace sites to lower hydration
solvation forcespften aidedy the use of certain polymers (e.g.
polyamines) with chemically active groups that can bind onto
shale surfaces and tempdkar prevent them from
disintegrating. Borehole stabilitpn the other handevolves
primarily around application of the right mud weight (more
accurately: maintaining the right dynanaind staticdownhole
pressure) to prevent mechanical failure: if theong mud
weight / downhole pressure is applied, immediate borehole
caving will occur, irrespective of mud type or composition.
Once the correct mud weight is established, however, instability
over time may still occur if mud pressure can diffuse into the
nearwellbore zone and raise neaellbore pore pressure
(Fig.3). This is usually avoided in OBM / SBM due to capillary
forces (but may occur in (micfpfractured shales where such
forces are absent) but does occur when WBMs are exposed to
low permeabilityshales at overbalance. The increase in pore
pressure over time reduces the neatlbore effective stresses,
driving the stress state toward failure, as shown in Fig. 4.

Mud Pm
Pressure

Support stress

6 =P -Po- OHydration

)
- AP=P.-P,
U
o
Pore pressure Py
Shale
Mud Pm
Pressure [—Invaded/Hydrated zone
Support stress
B O = - OHydration
@
[/}
o
o

Pore pressure

Figure 3 7 Pressure transmission in low permeability shales
drilled at overbalance with mud pressure P, raises the near-
wellbore pore pressure P, and reduces the effective pressure
overbalance DP / radial effective stress s..

Failure

Increase in pore pressure
/ and/or swelling pressure

Shear stress

Destabilised Normal Effective Stress gyiginal stable
state state

Figure 4 i Mohr-Coulomb representation of shale failure over
time. An initially stable stress state with correct mud weight
application moves towards the failure envelope when pore
pressure or swelling pressure is increased. Mud pressure
diffusion in the near-wellbore zone drives the pore pressure
increase, which reduces the effective normal stresses (whereas
the shear stresses remain unaffected). This shale destabilizing
mechanism is not represented by simple (atmospheric) swelling
/ dispersion tests, and requires more realistic downhole testing
including pressure transmission and borehole collapse tests.

Pressure transmission in shales will lead to ittelayed
borehole instability, with e.gborehole enlargement and
cavings showing up on shaker screens after several days of
operthole time. An effective way to reduce pressure
transmission is to cuce thelux q of drilling fluid filtrate into
shaleqdirection of flow into the shale taken as positive)

1)

Here the vector q is the Dardyux of drilling fluid filtrate
[L TY, k is permeability [2], mis dynamidfiltrate viscosity [M
L1T1, n 0 is thefluid pressurggradient vectofML2T2], s is
osmotic efficiency [dimensionless], amd' is the osmotic
pressure gradient vectpML2T?]. The latter derives from a
chemical potential imbalance between dhniling fluid and the
shale For simple casesh¢ problem is often rephrasddr a
given unit distancen terms of a simple hydraulic pressure
differenceYd andosmotic pressure differend® between the
drilling fluid filtrate (DF) and the shale pore flui@&H), with
the latterexpressed as a difference in water activity a

rr.l - nd ”rlu

S'/u

| — (2)
where R is the gas constant [fT2Q'molY], T is
temperature @], Vy is the molar volume of water fLmol?],
and & is the water activity [dimensionless]. TheantityY* is
the maximum fluid pressure differenteat a perfectsemi
permeablemembrane ife., s = 1) can generate when it
separateswvo fluids with different water activities. As discussed
below, shales cdacted by higfFsalinity formate fluids can act
as membranes, but their efficiencies are usually not pérfect
s < 1). This means thathe membranes afél ea ky 0, i
only partially restrict solute/ion transpdytit do not prevent it
completelyiike a perfect serpermeable membrane would.
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Eq.(1) suggests thre®mprehensivstrategies for reducing
mud pressure transmission:

1. Reduce shale permeability k
2. Increase filter viscosityn

3. Counterbalance hydraulic flointo the shalelriven by
pressuralifferenceyb with an effective osmotiback
flow form the shale to the mud driven pYA.

High-salinity formatefluids do not appear to have any
effect, positive or negative, on shale permeability, such that
they do not protect shales by strategy Kigwever, preliminary
evidence(van Oort, 2016Kaminski et al.,2013 shows that
shale plugging agents (such as-galkerant silicates, clouding
agents) could be added to formate formulations to reshalke
permeability and potentially augment membran#iatency.
Thistopic, howeverjs not our primary focus here.

Secondly, the filtrates afoncentratedormate mudswhich
are essentiallynade up ofhe high-salinity base brinesxhibit
elevated viscosity that can be effectively harnessed to retard and
delay pressure transmissiorkig.5 shows formate brine
viscosities as a function of fluid density and temperature.

Formate brine - viscosity at 77°F

18 = NaFo
— KFO
= CsFo

Viscosity [cP]

9 0 n 12 13 14 15 6 7 18 ] 20
Density [ib/gal]

Potassium formate brine - viscosity versus density

8
s

85 20 95 100 105 no ns 120 125 130
Density (1b/gal]

b

Figure 51 (a) Formate brine viscosity at 77°F as a function of
fluid density; (b) potassium formate density as a function of
temperature. NaFo = sodium formate, KFo = potassium formate,
CsFo = cesium formate. After Howard (2010).

It is seen that brine viscosity increases with salt
concentration and fluiddensity, most prominently for
potassium formate. Viscosity reduces with temperature, but

always remains elevated compared to water viscosity (which
reduces with temperature as wéllnote that Fig.5 shows
absolute viscosities and not relative viscosittesnpared to
water). The increase of viscosity compared to water presents a
delay factor that characterizes by how much the dynamics of
pressure transmission can be slowed down, and by how much
troublefree open hole time can be increased. For instance, an
increase of brine viscosity of a factor 10 compared to water will
lengthen troubldree open hole time by a factor 10 as well. It
is, of course, very desirable to achieve a delay factor that is as
high as possible, but a recent field study on shadm fthe
Tor/Ekofisk field in the Danish sector of the North Sea (van
Oort et al., 2017) showed that a delay factor as low as 2 may
already vyield significant operational improvement in the field,
provided that the lengthened open hole time provides enough
time todrill the hole section, run casing and cement it without
major instability problems occurring.

Fig. 6 shows the water activity of formate brine solutions as
a function of salt concentration / brine density. It is seen that
very low water activities (~0)Zan beachievedwhenformate
fluids approach levels of salt saturation in solution. Such low
water activities can generate very higfieoretical osmotic
pressuresp ( many 10006s o f fronp such) .
pressures for shale stabilization, two conditions need to be met:
(1) fluids have to be used at sufficient salt concentration and
fluid density for the osmotic pressuvalueto besignificant
(2) the membrane efficiency, which moderates thesmotic
pressure, needs to be Rpero.

Water activity in single-salt formate brines at 77°F

Figure 6 7 Water activity of different formate brines from
different sources as a function of density. NaFo = sodium
formate, KFo = potassium formate CsFo = cesium formate. After
Howard (2010).

The condition of amonzero membrane efficiency requires
that the shale acts as a selective filtration medium for the
transport of solutes/ions on the one hand, and water on the
other. Previous work has shown that under certain conditions
shales indeed have such selectiltedfiion properties, although
the membrane is rarely perfetd more likely to be leaky, i.e.
transport of solutes/ions is restricted compared to water but not
completely prohibited. The embrane behavior of refined clays
and modified geologic materials well-studied: refined
bentonite [Kemper, 1961; Fritz and Marine, 1983; Keijzer,
2000], kaolinite [Olsen, 1969], smectite [Fritz and Whitworth,



AADE-17-NTCE-111

Shale Stabilization by High-Salinity Formate Drilling Fluids 5

1994], Pierre Shale [Kemper, 1961], harbor sludge [Keijzer,
2000], and geosynthetic liner media [Malusis andcRakiord,
2004]. Bresler (1973)formulated amodel that explains the
experimental resultsvith the membrane efficiencgivenas a
function ofthe quantityoC¥2, with b [L] being the half width of
the pore spaceand C issalt/ soluteconcentration expressed as
normality. Shal es as
influence subsurface pore pressure distributichsough
osmosis were studied extensively also by Berry (286
Kharaka and Berry (1973), Neuzil (2000), Marine and Fritz
(1981), Fritz and Marine (1983), ABazali (2005), and Neuzil
and Provost (2009). The latter authors summarize prior work
and investigate factors that may influence membrane
efficiency. Perhaps surprisingly, théail to find a correlation
for membrane efficiety with such factors aseactive clay
(smectite) content, cation exchange capacity (CEC), and
general clay content. High membrane efficiencies were
observedfor low-reactivity, low CEC clays andhales, as
studied in the work by Noy et al. (2004), Bois4@005), Al
Bazali (2005), and Rahman at al. (2005). It appears that the
main determinindgormationfactor is the size of the pore spaces,
with smaller pore sizes yielding higher membrane efficiencies,
in agreement with the aforementioned model by Bré$&r3.
A fluid factor that affects elective transport is the hydrated size
of cations and anions, with largeydratedsizes leading to more
effective exclusion from the pore system.

It is important to note here that membrane efficiency
becomes effectivglzero if the shale is (micsifractured, when
all selectivity to solute/ion transport disappears (note that this is
al so in agreement
representing pore spaces with lavgéue forhalf widthvariable
b). Micro-fractures may be present-situ, but may also be
artificially induced during shale coring and stress relief during
uplift of the core to surface. This should always be a
consideration during experimentation. When a core sample
exhibits micrefractures, dlosmotic effects will disappear in
pressure transmission and other rock mechanical tests, leaving
only the aforementioned viscosity effectslf the micro-
fractures were artificially induced, then thbsence of osmotic
effects is a sample preparation destartifact.

Fig.7 shows schematically the behavior of osmotic flow in
a shale with a nomero membrane efficiency, usirgcesium
formate (CsCOOHJluid as an example. When the shale is
contacted by aoncentratedpw wateractivity cesium formate
solution, there is a evidentchemical potential imbalanagith
the shale pore fluid, which will be at a higher activity. This
imbalancecan benegatedby transport ohydratedions (CS,
COOH - note that both ions need to be considered to guarantee
electreneutrality in solutioh into the shale and transport of
water out of the shale. If the shale has selectivity to transport,
then the water transport out of the shale occurs at a faster rate
than the transport of ions into the shale, leading to a net mass
transport from the shale to the formate fluid. By itself, this
transport will tend to lower the nearellbore pore pressure, and
this effect can be used to (partially) offset the hydraulituinf
of filtrate into the shale and the associated increase in pore
pressure.

mmembraocesiggeod h:

wi t AfraBures s | er

CESIUM FORMATE MUD

selective tr

of
membrane when the shale is contacted by a high salinity, low
water-activity cesium formate fluid.

Figure 77 Schemati c

Therearenowtd i f f er ent scenari oods

1. sDp = 0; this situation occurs when the shale is
(micro-)fractured, or simply has large pore spaces that do
not support selective transport. In this case, Eq.1 reduces to:

noo-9n ®3)
and the only pressureetardation effects observed in
pressure transmission tests are duentzancediscosity.

2. sDp>0,sDp R qg:3Qinthiscase, the effective osmotic
@ressuneoid imslfficient to tcdmplétetyi counterbalance the
hydraulic overbalance, but partial compation still
happens. Thigan translate in a significant increase in the
delay factor (and associated increase in trofigle open

hole time) observed in pressure transmission tests that goes
beyond the effect of viscosity.

3. sDp>0,sD p= B qg=Qinthis case, the effective osmotic
pressure balances the hydraulic overbalanceand no
pressure transmission will occur (at least not initiallyote
that the membrane is leaky, such that solute/ion invasion
into the shale will occymwhich will eventally destroy the
chemical potential imbalance that generates the effective
osmotic pressureD p however this could take a very long
time).

4, sDp>0,sDp B, g4D;inthis case, the effective osmotic
pressure exceeds the hydraulic overbalance, and net fluid
mass transport from the shale to the drilling fluid will occur.
This will have the effect of lowering the neaellbore pore
pressure and increasing the effee stresses, whichwill
result in a more stable wellbore. In pressure transmission
tests, a drop in pore pressure and downstream reservoir
pressure will be observed despite the hydraulic overbalance
that is applied to the shale sample. The concernstabou
catastrophic dehydratioor i d e s i c, of éhe shaleave
addressed at the end of this paper.

It is noted that higtsalinity formate fluid canto a different
extent,benefit wellbore stability in abbf these 4 scenarios.
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Experimental
Three types Pbshale materials were used for this study:
Mancosshale a Late Cretaceous shale of low reactivite.(
low reactive clay contentand a permeability 0k10 nD, a
North SeaMioceneshalewith a high clay content (680%), a
high CEC (50 70 meg/100g) and a permeability of ~3 nD, and
a Pliocene Middle East shale of low reactivity with a
permeability of ~0.3 nD. Formate tests were conducted on the
North SeaMioceneshale in direct comparisowith othermud
systems, including commercial WBMSs, higlkrformance
WBMs (HP-WBM) and OBM formulationgt 13.5 ppg density
(for details, see van Oort et al., 2012)full suite of tests, as
recommended for shaftuid compatibility testing by van Oort
et al. (2016), was conductexh the North Sea shalancluding
accretion, cuttings disintegration, pressure transmission and
thick walled cylinder collapse tests. Pressure transmission tests
were also run for the Mancos shale and Middle East shale.
The te$ procedures and conditions for pressure
transmission and thick walled cylinder tesi® given in the
Appendix. Procedures for accretions and cuttings dispersion
tests are given elsewhefidale, 1991; van Oort et al., 2015)
Data processing for the press transmission tests was as
follows. Downstream pressure builgp behavioris measured
in the test as a result of an applied upstrégdraulicpressure
overbalance. Thpressure diffusiobehaviorthrough the shale
sample is similar to the charging otapacitor in a RC circuit
and is given byvan Oort, 1994)

h

p Agp — 4)
where
P = initial pore pressure (Pa),
Pn = upstream fluid pressure (Pa),
P(t) = downstream pressureat sampleend (Pa)
/ = sample length(m)
A = sample crosssectional area (1)
4 = volume of downstream reservoir (m3)
b = fluid compressibility ( Pal)
m = fluid viscosity (Pa.s)
k = relative shale permeability (%)

Tests are typically performed with two distinct cycles: a first
cycle using artificial shale pore fluid, to characterize rock
permeability, and a second cycle (afteeruilibrating the rock
sample to initial conditions) with test flui®ince the viscosy
mand compressibilityp of the filtrate of the test mud are
generally unknown, a hydrauliconductivity kimb(m?/s) is
characterized for each pore fluigcleandsubsequentestfluid
cycle These are compared to yielddelay factod given by:

O QHC0H G O £ (5)

The delay factor shows the delay in the rate of pore pressure
elevation thats expected fora particularfluid system. This
delay factor is directly related to troukftee open hole time, as
it indicates by how much the dynamics of the shale
destabilizing pressure invasion can be slowed down.

Results and Discussion
Accretion and Cuttings Disintegration Tests

Figure 8 shows the accretion test results of 13.5 ppg mixed
cesium / potassium formate mud on North Sea Miocene shale.
Clearly, the amount of shale retained on steel is minimal. In
comparative testing with other mud syste this result was one
of the best obtained and was only bested by a modified OBM
formulation (butit outperformed a regular OBM system). It
should be noted that the accretion results obtained with
Miocene shale were low, and that none ost#mud systers
showed concerning levels of shale accretidime results
highlight the extreordinary antiaccretion characteristics of
high-salinity formate systems, which translate in a low bit
balling tendency and high raté-penetration (ROP) in shales
(van Oort etal., 2015) as well as low friction coefficients.

% Accretion
-
n

N =

HP-WBM WBM1 HP-WBM HP-WBM WBM3 OBM HP-WBM HP-WBM WBM2 Mixed OBM

2 2 Mod 3 1 a €sKFo  Mod

b Mud

Figure 8 1 (a) Accretion result for mixed CsKFo mud, showing
steel rolling bars with (negligible) accreted material at various
time intervals; (b) Accretion results for CsKFo (in orange),
compared to other mud systems. Accretion levels for all muds
are generally very low (< 3%), but are particularly good for mixed
CsKFo mud.

Figure 9 shows cuttings disintegration results for 13.5 ppg
mixed cesium / potassium formate mud on North Sea éfiec
shale. Despite its high clay content, the shatendt readily
disintegrate as indicated by relatively high cuttings recovery
factors (68%) in tapwaterThe maximum recovery recorded
in the test was around &5%, a result achieved with mixed
cesium/ potassium formate mud, on par with modified OBM
and some commercial HR/BM systems. Note that the fact that
maximum recovery was natt 100% was due to mechanical
erosion of cuttings during the hailling tests, which also gets
recor ded a sTheicdtingspleainediaftentésting in
formate mud appeared basically unaltered, in agreement with
the information given earlier on the ability of these muds to
stabilize shale cuttings.
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Fig.11 shows the pressure transmission result503 ppg
T T (1.84 SG) mixed cesium potassium formate mud on Mancos
shale at 1000 psi confining pressuamd 95°F temperature A
sizeable delay factor of ~12 was observed. This result is in line
with expectations based on enhanced filtrate viscosity in the
absence of any osmotic effects, similar to the saturated
potassium formate result shown in Fig. 10 and bestritbest
by Scenari o 1UBdrne hdlee ASthaeirlyi
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Figure 91 (a) Cuttings dispersion result for mixed CsKFo mud T 3
after testing, showing cuttings recoveries on No.10 and No.18 E e /
API| screens at the end of the test for an overall recovery of s /
85.7%. Cuttings basically appeared to be unaltered after testing; g 2
(b) cuttings dispersion results for CsKFo mud (in orange) E 1s 7/ L Al
compared to other muds and tapwater. E 1 =
05 | ,/f
Pressure Transmission Tests o M
Fig.10 reproduces a result by van Oort (1994) on testing a 0 200000 100008 ¢ e 00 2000000 2500000
saturated 8% w/w, 136 ppg(1.63 SG)potassium formate fluid Figure 111 Pressure transmission test result for a 15.3 ppg (1.84
on unconfined Pierre shale, which contains open micro SG) mixed cesium potassium formate fluid on Mancos shale.
fractures (hich can be closed when tests are done under _ o
confinement). A pressure transmission delay factor of ~20 was Fig.12 shows the pressure transmission result8a fipg
obtained, in agreement with the filtrate \dsity of 17.4 cP of (22 SG) cesium formate mud on Mancos shetafined at

the formate fluid. It is an example of pressure transmission 1000 psiand 93F temperatureA large delay factor of ~55 with
delay caused solely by enhanced filtrate viscosity reflective of ~ Very slow pressure fluidip for the formate fluidvasobserved.

Scenario 1 in théTheoryi Borehole Stabilit section. This result goes beyond what is expected for a delay factor
based on viscosity alone, as the highest viscosity for a cesium
__ 1o formate fluid is around - 8 cP (see Fi§a). Clearly, there is an
& 0.0 ]| —0— PoreFluid additional osmotic effect acting to balance the hwlc
%' —h— 76% KFo pressure, in a way reflective
5 084 iBorehole Stabilityo section.
E 07 1 The reason whgin osmotic effects wasot observed for the
c mixed cesium potassium formate fligig. 11)whereas itvas
g 067 observed for the pure cesium fata fluid(Fig. 12)has less to
Z 051 do with the fluids themselves (their water activities are very
§ 04 similar, and so are the osmotic pressures that they generate) and
refUUPRSTISRRVENT MM more with the variability of thevlancos material properties
0.3 1 r r r r itself. Mancos shale is highly vatlerock material withstrong
0 6,000 12,000 18000 24,000 30,000 variationin its mineralogy, porosity, permeability, etc. Potential
t(sec) damage (micrdractures)and variation in damage individual
Figure 101 Pressure transmission test result for a 13.6 ppg (1.63 core samples also has to be taken into consideration. This
SG) potassium formate fluid (KFo) on Pierre shale (adopted variability explains why osmotic f&fcts may be strong in one

from van Oort, 1994). set of tests, and may be completely absent in another.
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Figure 12 i Pressure transmission test result for an 18.3 ppg / [
(2.24 SG) cesium formate fluid on Mancos shale. 0 %,_—
02
. . o b
The PTT results fom 13.5 ppg(1.62 SG)mixed cesium . - P w0 oo Looo00
potassium formate mud tested larth Sea Miocene shale are Time (see)
shown inFig. 13, indicating a delay factor of 12.5. This delay

. o . : . . ; Figure 137 Pressure transmission test result for a 13.5 ppg (1.62
factoris sufficiently explained by viscosity alone, i.e. Scenario SG) mixed cesium potassium formate fluid on North Sea

1 in theBdrmenltewlregy &ionaThe dbsercegdld s eMiocene shale.

any osmotic effects was expected for this shale, sinaksdt

allowed for rapid pressure transmission in OBM formulations, PTT Test Results Overview
a phenomenon not often observed in-p&rmeability shales.
The latter observation indicates that there aresigaificant T

capillary pressureat play when OBM contacts this wateet E R 2-

g

8

shale, which means that pore size diameter must bedasge »
when shale permeability is low (at ~3 nD). As discussed 'Emm
previously, largesizedpores do not support selective osmotic E, 8.00
transportin accordance with the model by Bresler (1973) 2 oo
Despite the absence of osmosise tesult obtained for 5
mixed cesium potassium formate mud was by far the best } 4.00
recorded for the comparative mud testing dataset. This is - I
illustrated in Fig.14, showg the delay factors obtained for the P [y e e e e e _w e

e
o
=3

different mud systems. The best delay factor that was obtained
had a value of-2 before the formate system was tested. The

HP-WBM  OBM WBM1 WBM3 WBM2 OBM  HP-WBM HP-WBM HP-WBM HP-WBM  Mixed
2 Mod 2Mod 3 1 4 CsKFo

Mud
latter turned out to be in a class of its own. Note that one of the
HP-WBM systems was appliejd the field as an alternative to Figure 141 Overview of absolute delay factors recorded during
. . L PTT tests for various mud systems tested, indicating baseline
conver_ltlonal WBM and OBM systems, and yielded S|gn_|f|cant performance by OBM and previous best HPWBM performance
operational benefits by lengthening troufiiee open hole time by HP-WBM 1 and HP-WBM 4. The blue arrow indicates the step-
(see van Oort at al., 2017Even better results would be change improvement observed with CsKFo mud, which is

expected for the formate system clearly distinguished from the other results.
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The PTT resultsf applying 15 ppg (1.8 SG) mixed cesium
potassium formate mud ardiluted cesium formate mud on
Middle East Pliocene shale are showfig. 15 Note that these
formulations are very close to the ones used for Mancos shale
tests shown in Figs. 11 & 1ZhePlioceneshale has a very low
permeability of only ~0.3 nD. For both muds it was observed
that downstream pressure dropped almost to zero despite a 200
psi overbalance (300 psi initial pore pressure with upstream
pressure raised to 500 psi at the start of éls® after the shale
was exposed to the higtalinity formate fluids The strong
osmotic effect, clearly
Borehole Stabilityo section,
psi ofupstreanpressure. This observationals us to estimate
the membrane efficiency of the shale. At 15 ppg / 1.8 SG, the
water activity ofdiluted cesium formate brine is ~0.6. When
tested at a temperature oPB5the theoretical osmotic pressure
D pacting on the shale is ~10,500 ps$kiven the total
compensation of 500 psi of pressure, the membrane efficiency
is estimate to be = 50010,500 = 4.7%. This value is general
agreement with values reported for osmatiales in literature
(seeNeuzil andProvost, 2009, van Oort et al.995, 1995.
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Figure 157 Results of PTT tests with Middle East Pliocene shale
for (a) a 15 ppb (1.8 SG) mixed cesium potassium formate fluid;
(b) a 15 ppg (1.8 SG) pure cesium formate fluid. Note that both
fluids, which have similar water activities, are able to completely
counterbalance the upstream pressure of 500 psi, reducing the
downstream pressure to near-zero. The slow secondary
pressure build-up in (a) is attributed to salt diffusion in the test,
which will eventually remove the chemical potential imbalance.

Sicena

Thick Walled Cylinder Tests

A series of TWC tests was conducted on the North Sea
Miocene shale, including a test on the5ligg(1.62 SGmixed
cesium potassium formate mud. The outcarhthe test result
is shown inFig.16. The sample failed at an average collapse
pressure of 2139 psi, which was the highest recorded for the
comparativaest set{see Fig 17)In fact, within the accuracy of
the test, this result fell within the range of uncertainty of the
native strength of the shale material. Apparently, the
application of the formate mud had no discernable negative
effecd ondtheastabilityeo$ the Mibcend $éia Notet thae nofi T h
adaisonadopmation strengtleenirg effecdsmere expetitetie a |
absence of any osmotic effe¢tiat might have dehydrated the
shale and increased neaellbore effective stre¥sn this shale

Confining Pressure vs Volume Strain
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Figure 16 i Photographs of TWC shale samples tested before
borehole coring, after coring, and after failure, as well as
confining pressure vs. volumetric strain plot for a mixed CsKFo
TWC test. A sudden increase in volumetric strain indicates
wellbore collapse for this sample at 2,146 psi.

Figure 17 1 Overview of average confining pressure (dots) and

range (lines) at failure for the various mud systems tested. Note

that iBaseline Performanceo fo
occurs at ~1,500 psi,cddHi §por i
modification), WBM 2, WBM 3 and HP-WBM 2 occurs at~1,750

psi, Al mproved HPWBM Perfor man
iBest Performanceodo with CsKFo m
native strength at ~2,250 psi with a variation of ~240 psi.

Average result for the CsKFo mud is shown in blue.



