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Abstract

Drilling massive salt zones became a routine in the
development of the sub-salt reservoirs offshoreziBrin this
scenario, typical wells frequently include drillimg 2000m of
salt zones with non-aqueous fluids. Due to cuttidigeharge
regulations, cutting drying processes must be usddch
limit drilling performance. One alternative to enka the
process efficiency is to use saturated water bfisiets which
would not require cuttings drying operations. Thiegtion of
this technique requires special care with welldeeghing and
stability issues, but seems very attractive. Thigcla deals
with the design of hydraulic parameters to guamrmsoper
salt cuttings transport. Since the cuttings araildel in the
drilling fluid (which is subsaturated in downholerlitions)
its diameter decrease with the flow, increasingtterance to
cuttings concentration for a constant downhole qares As a
consequence, ROP limits are loosened and safecledaing
can be achieved even at high ROPs. The design gwdee
based at a coupled mass/ momentum transfer modettunt
for the physics involved.

Introduction

Offshore drilling is associated with extremely higbsts
and any effort on design and well constructionrofation is
welcome to reduce drilling time. Massive salt @il is a
major concern in several offshore operations inBh&zilian
coast: the development of pre-salt fields freqyemdquire
wells crossing salt zones as long as 2000m.

A few hundred wells have already been drilled ia Zone
and the learning curve was fast enough to accompligh
ROPs in the salt. The phase is normally drillechwli7 %2 in
bits and NAF systems. The choice for the organiasphfluid
is convenient in several aspects, including saHching
prevention, lubricity and stuck pipe remediatioratdgies. On
the other hand, cost, logistic issues and cuttimgatment
requirements impose several constraints. Today, niaén
restriction for ROP enhancement in the 17 % in ehas
associated with poor behavior of the cuttings sajan/drying
system. Obviously, upgrading the systems in offsha@ssels
is a requirement but downtimes associated with pmeant
substitution always postpone the task.

Drilling salt zones with nearly saturated waterdshfluid
appear as an interesting option in several casesifd’, R.

F. et al., 2013). In other scenarios, drilling witba water may
be a feasible and low cost option (WilsHnS. M. et al.,
2004). In this scenario, understanding salt leaghis a
requirement and some modeling effort have beentspahan
adequate design software provided (Fd)std. G. et al.,
2013).

Drilling formations which solubilize in the drillon fluid
may be convenient for hole cleaning and hydrauksigh
since cuttings tend to disappear while being trarteg from
the bottomhole to surface. This fact motivates preper
understanding of the physics involved in order todpice less
conservative well designs (pushing ROP limits atdp flow
rates).

Objectives

The main goal of this study is to provide a mathiécah
formula to characterize the transportation of slkaudrilled
cuttings. This formulation should take into accouelevant
design parameters, such as ROP, salt concentratidche
drilling fluid and fluid viscosity.

Formulation

Figure 1 illustrates the force balance acting ogpaticle
falling on a stationary fluid, including weight (\Wpuoyancy
(B) and drag (D). Traditional Stokes approach sohhe force
balance for the equilibrium condition, where a tierh
velocity is reached.

In the proposed problem, however, the particleolsitde
in the fluid. Consequently its diameter will be tooously
reduced resulting that the particle velocity wititrbe reached
(unless the particle is totally dissolved). Sinde tforce
balance will not reach the equilibrium, Eq. (1),0lm as
Newton second law, will be adopted to represent the
phenomena.
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Figure 1 — Free-body diagram.

dv
W-D-B=m,— 1
P gt )

Where m is the particle mass and dv/dt is its acceleration

At a first moment, the settling velocity behavioitivout
the influence of inertia term, in other words, ddesing that
the particle acceleration can be neglected. Dughigy the
equation to the sphere particle is thus defined:

W-D-B=0 )
The sphere weight (W) is defined as:
W=myg 3)

Where g is the gravity acceleration.

The buoyancy (B) force exerted by the fluid on the
particle, considering that the particle volume dgua to the
displaced fluid volume, is:

szfgvp (4)

Where p; is the fluid specific mass and,Vis the sphere
volume, that is defined as:

V =_P %)

Where ¢ is the particle diameter.
And, finally, the following equation is used forethdrag
force by definition:

D= PV AC,
2

(6)

Where V_ is the isolated particle settling velocityp & the

drag coefficient and A is a characteristic areajctvhis the
cross-sectional area of the sphere given by:

2
A:% @)

Substituting Eq. (7) into Eq. (6):

D= primsCD
8

8

Substituting Egs. (3), (4) and (8) into Eq. (2), ekeain:

vZm?C
mpg—pf‘”—SpD—pngp =0 9)
But,
m, = ,opr (10)

Wherep, is the particle specific gravity:
Substituting Eq. (10) into Eq. (9):

p v Cy

3 -pigv,=0 (1)

PV, 9~

Substituting Eq. (5) into Eqg. (11), we have:

g 0o, V2rm?’C
. P (pp- f)_% -0 (12
Solving for the settling velocity:
49(p, - p;)d
Voo — g(pp pf) p (13)
30:Cy

If the inertia term is considered, similar develamnwill
lead to the following equation:

d(Voo): g(lop _pf)_3pr020CD (14)

dt P, 4p,d,

Additional information is required to solve eithieq. (13)
or Eq. (14): the proper characterization of dragrmumena
and of the dissolution rates of the cutting in flued. These
topics are addressed in the following items.

Drag Coefficient Calculation

The model proposed for drag coefficients adoptethis
work was the one proposed by Coelho and MassSaf&996)
correlation based on data of Lapple and Sheph@&#0) and
Pettjohn and Christians¥h(1948), as follows:
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(15)

1
063 063
Cp = Kﬁj + 0.430’63}
Re

This correlation is valid for Reynolds number lovikan
fifty thousand. The Reynolds number is definedadieds:

_ P Vidp
Ma

Re (16)

Where Re is the Reynolds numberjsvthe transport velocity
andn, is the apparent viscosity.
The apparent viscosity will be evaluated by the golaw
model, as follows:
. N-1
— 17
,73 =K y ( )
Where K is the fluid consistent index, n is thewflbehavior
index andyis the shear rate. The shear rate should be
evaluated at the particle transport velocity, idesrto account
for shear thinning behavior due to fluid pumpingheT
transport velocity of the cuttings toward the soefés defined
by:
=V, -V

) (18)

Where yis the fluid velocity and yis the particle velocity.

Particle diameter decay calculation

The next step would be to characterize the decragase
particle diameter due to its dissolution in thedlu

According to Aksel’rud! et al. (1992), it is penfoed the
following mass balance in an isolated soluble plati
immersed into a fluid.

% =—ka(C* -C)

Where t is the time, k is the mass transfer caefiic C is the
saturation concentration of NaCl in water, C is the
instantaneous concentration of the solution argdtha surface
area of the spherical particle that is definedodiewis:

19)

a=rd’ (20)
Substituting Egs. (10) and (20) into Eq. (19):
3
P, %{’) =-km?(C*-C) (21)
Now, substituting Eq. (5) into Eq. (21):
o LLICH = —kml?(C* -C) (22)
"6 dt P

Joining the constant value parameters to simplésgt |
equation:

3

@) _ 4

dt P

(23)

Where b is a constant parameter defined as follows:

6
b=k—(C*-C) (24)
P
To facilitate integration, the follow substitutiors
performed:
y=d; (25)
Eqg. (23) turns into:
2
d—}t/ = —by3 (26)
Integrating:
1
3y? =-bt +C1 27)

Where C1 is the integration constant.
Returning to the substitution shown in Eq. (25):

3d, =-bt+C1 (28)
Initial condition: d , = dpo int=0.
Where ¢ is the initial diameter.
Thus, the constant integration value is known:
Cl=3d, (29)
Eq. (28) turns into:
d, =- bt +d 30
P E Po ( )

Returning to the substitution shown in Eq. (25):

k *
d,=d, —2—(C*-C)}t

p

(1)

Population/ wall Effects on Particle Sedimentation

Both the presence of additional particles and walls
confining the flow impose additional barriers to rtpde
sedimentation.
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In this study, the correlation of Richardson anciZa
(1954) for the settling velocity correction of raled particles
will be used to account for particle concentrat{population
effect). U is the corrected velocity.

Y o f(Reg)

Wherece is the fluid volumetric fraction in suspension,iafh
is defined as follows:

(32

e=1-cv (33)
Where cv is the solids volumetric fraction in susgien just
above the bit.

The correlation is presented as follows:

U_ m

_= ‘E‘
V. (34)

m is a function of Reynolds number, as shown inldab

Table 1 — m values according to Reynolds number.
Re m
<0.2 3.65
0.2-1 435Re %% -1
1-500 445Re" -1
>500 1.39

The fluid dynamics of the particle is influenced the
presence of rigid boundaries. Their effect resulis reduction
in the isolated particle terminal velocity.

The correlation proposed by Almeida? (1995) waglse
calculating the wall effect on the fluid dynamidsigometric
particles. This model is limited to particles isa range of
sphericity, ®, between 0.65 and 1 and the ratio between the
particle diameter and the pipe diametgfgidetween zero and
0.5.

The corrected velocity for the wall effect,, welates to the
isolated particle terminal velocity as follows:

<

Jwo—k

00

) (35)

<

Where k is the correlation factor that corrects the switli
velocity for that effect.

For Reynolds numbers smaller than 0.1, Frén(i933)
proposes the following correlation:

=[-8 )
P \1-047583
For Reynolds number larger than 1000, Muhtq@888)
proposes:

(36)

k, =1-8% (37)

For an intermediate range of Reynolds number betwee
0.1 and 1000, Almeida2 (1995) proposes:

Kk = 10 28
P 1+ ARe® (38)
Where:
A= 891> (39)
B=117*10" -0.2813 (40)
(41)

d
=_P
B d,
Where ¢ is the hydraulic diameter, defined as follows:
d, =0.814d, —-d,) (42)

Where d is the well diameter and; ds the pipe external
diameter.

Results

The software Mathematica 9 was used to perform
simulations aiming the representation of the plartétiameter
decay of a soluble particle being transported i wrellbore
annulus. This phenomenon interferes in its settirelocity
and thus in its transport velocity. The influencdsparticles
concentration in the fluid and the wall effects ®vealso
analyzed.

The simulations were carried out considering an
incompressible shear thinning fluid, at a tempesatf 30°C,
Halite (NaCl) as the salt rock formation. This mioaeas
solved considering spherical particles moving atriRéds
numbers smaller than thirty.

Variable Diameter Behavior
Table 2 shows relevant parameter values considertte
simulations:

Table 2 — Data for the calculation of the variableparticle
diameter.

Parameters Values
k (m/s) 10°
dpo (i) 0.15
C (kg/m3) 315.15
C (kg/m3) 90
Pp (kg/m3) 2200

Figure 2 illustrates the decay of particle diametith time
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Figure 2 — Patrticle diameter (in) versus Time (s).

In this case, the particle generated by the bih Witl5 in
diameter dissolves completely in approximately $88onds.

Eqg. (31) presents an analytical solution. The Maidtéca
program solved it directly, by entering the parametvalues
related to the particle, such as its initial diagnetts specific
gravity and its mass transfer coefficient.

Some important observations were concluded from thi

result:

» The higher the initial salt particle diameter tbader
will be its dissolution time;

* The higher the instantaneous concentration ofisalt
solution the larger will be the particle dissolutio
time;

* A higher mass transfer coefficient results in arro
dissolution time;

* A higher particle specific gravity delays patrticle

dissolution.

Comparison of Solutions with and without the Inertia
Term

As explained previously, the particle terminal Gty is
not reached because it is soluble in the drillingdf which
will be shown in this section.

In this section, the solutions of the particle Isggtvelocity
equations without considering the inertia term, Eg), and
considering the inertia term, Eq. (14) will be cargd. The
data shown in Table 3 were used in the simulations.

Table 3 — Data for the calculation of the particlesettling

velocity.
Parameters Values
g (m/s?) 9.81
pp (kg/m3) 2200
ps (kg/m3) 1199
K (Pa.s) 2.63
n 0.6
de (in) 17.5
d; (in) 5
Qr (gpm) 900

With the data from Table 3 and Eq. (29) solveds ialso
necessary to incorporate the Eq. (18) for the mwiudf the
particle settling velocity.

Eqg. (18) is dependent on the Eq. (15), which iseddpnt
on the Eqs. (16) and (17). Therefore, Eq. (15)gmio:

_ pf (Vf _Vp)dp
Re=——F—— (43)
K yn—l
The shear rate in relation to the particle is defiras
follows:

=i Ve) )
d P
The fluid velocity is given by:
vy = )
n-(de _di )

Where Qis the injected fluid flow rate.
Substituting Egs. (44) and (45) into Eq. (43):

p( Q
Re= n(de_di)

K

2-n
vp] dp (46)

Finally, we note that when substituting Eq. (18hieh is
solely dependent on the Eq. (46), into Egs. (13) &),
iterative solution will be required. Eq. (13), aytadal was
solved by a trial and error approach while Eq. (fefuired
numerical solution aided by NSOLVE functions.

Figure 3 show similar results for both solutiomgjicating
that the inertia term is negligible in the rangetaf interest of
the present application.

vp (omy's)

LR

50 100 150 I
Figure 3 — Settling velocity (cm/s) versus Time (s)The
purple curve drawn is from Equation (15). While the
dotted curve corresponds to Equation (14).
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An important observation to state from the residtshat
the difference between the specific gravities is driving
force for particle sedimentation and transport.

Relevant design parameter influence on cuttingsspart
will be presented in the next items.

Influence of Fluid Flow Rate

Two different wellbore diameters were considered ¥1
and 17 % in) and its typical flow rates. The follog results
(Figures 4 and 5) consider the sedimentation ofsatated
particle.

«  Phase 1% x 5"

— 500 gpm
— 730 gpm
— 1000 gpm

ij:) 100 150
Figure 4 — Settling velocity (cm/s) versus Time (s)or
phase 12" x 5”.

+ Phase 17 x 5

— 600 zgpm
. — D00 gpm
— 1200 gpm

=

5;) 1-:;:) 1:"-:)
Figure 5 — Settling velocity (cm/s) versus Time (s)or
phase 17?" x 5".

From these results it can be seen that the pastiting
velocity increases as the annular space narrovshppsiue to
viscosity decrease in shear thinning fluids.

For a given well phase, when an increase in theciaf
fluid flow rate occurs, the fluid velocity increaseaccording
to the continuity equation. Thus, the Reynolds nemélso
increases, which causes a decrease in the drafjcmref of
the particle, generating a higher settling velodityit. Again
shear thinning effects also rule results.

The following figures 6 and 7 reflect results forgaen
phase and flow rate of different sedimentation ei&jo
approaches (single particle, population and wédia$). In all
cases a minor effect in dissolution times was ofeskr

+ Phase 1¥" x 5", 750 GPM

50 100 150
Figure 6 — Corrected settling velocity (cm/s) versa Time
(s), for phase 1¥* x 5". The green curve drawn is the
uncorrected velocity. The pink curve is the corread
velocity by particles concentration effect. The yébw curve
is the corrected velocity by wall effect. While theblue
curve corresponds to the corrected velocity by botkffects.

tis)

« Phase 1% x 5" — 900 GPM

1 L 1 1 1 1 1 n 1 1 1 1 1 n L Lo :.5‘;.'
50 100 150

Figure 7 — Corrected settling velocity (cm/s) versa Time
(s), for phase 1¥* x 5". The green curve drawn is the
uncorrected velocity. The pink curve is the corread
velocity by particles concentration effect. The yébw curve
is the corrected velocity by wall effect. While theblue
curve corresponds to the corrected velocity by boteffects.

Besides a transport velocity (Eq. 18), a transpatio can
be defined by:

R=—"=1-—+ 7

The following figures 8 to 11 show the effect ofrtde
dissolution on velocity transport and transporiosatfor the
two wellbore diameters under study
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+ Phase 1%" x 5" — 750 GPM

v (omy's)

w4

1 L gy

] 50 100 150
Figure 8 — Transport velocity (cm/s) versus Time {s for
phase 12* x 5". The green curve drawn is the
uncorrected velocity. The pink curve is the corread
velocity by particles concentration effect. The yébw curve
is the corrected velocity by wall effect. While theblue
curve corresponds to the corrected velocity by boteffects.

Rt
1.00

0.85

0.20

085+
0 50 100 150 '
Figure 9 — Transport ratio versus Time (s), for phae 12'*
x 5”. The green curve drawn is the uncorrected velgity.
The pink curve drawn is the corrected velocity by prticles
concentration effect. The yellow curve drawn is the
corrected velocity by wall effect. While the blue grve
corresponds to the corrected velocity by both effés.

)

«  Phase 1% x 5" — 900 GPM

0 50 100 150

: i)

Figure 10 — Transport velocity (cm/s) versus Times|, for
phase 17 x 5". The green curve drawn is the
uncorrected velocity. The pink curve is the corread
velocity by particles concentration effect. The yébw curve
is the corrected velocity by wall effect. While theblue
curve corresponds to the corrected velocity by botkffects.

Rt
1.00

020 -

085 F

0RO

[i] 50 1060 150
Figure 11 — Transport ratio versus Time (s), for plase
17Y? x 5". The green curve drawn is the uncorrected
velocity. The pink curve is the corrected velocityby
particles concentration effect. The yellow curve isthe
corrected velocity by wall effect. While the blue grve
corresponds to the corrected velocity by both effés.

tiz

Results indicate that both the transport velocitg &ransport
ratio increase during the salt particle dissolutiasiits settling
velocity decreases with time.
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Influence of Fluid Viscosity

Figures 12 to 14 illustrate the effect of fluid adsity on
sedimentation velocity, transport velocity and sgort ratio
during the drilling of a 17 % in phase with 900 GPM

Wz (omy's)

10 F

sf e

Y T

— —
4+ . .
1t ==\
""'u.H ,
50 100 150

Figure 12 — Settling velocity (cm/s) versus Time Xs
varying fluid viscosity. The pink curve drawn is the
settling velocity for the lower viscosity fluid (K= 0.8). The
yellow curve is the velocity for the higher viscosy fluid (K
= 4). While the blue curve corresponds to the veldg for
an intermediate viscosity value (K = 2.63).

vt {cmy's)
ELS

sl e

2BE

1 1 tis)

1] 50 100 150
Figure 13 — Transport velocity (cm/s) versus Time sj,
varying fluid viscosity. The pink curve drawn is the
settling velocity for the lower viscosity fluid (K= 0.8). The
yellow curve is the velocity for the higher viscogy fluid (K

= 4). While the blue curve corresponds to the veldyg for

an intermediate viscosity value (K = 2.63).

Rt

1.0 P
=/
pos[ =,
- -~ ~
ooof —
0.85 -_______---""'- ’
080 |
0.7
1 1 1 n L 1 1 n 1 1 n 1 1 n L 1 Lot :_5'
0 50 100 150 :

Figure 14 — Transport ratio versus Time (s), varyig fluid
viscosity. The pink curve drawn is the settling velcity for
the lower viscosity fluid (K = 0.8). The yellow cuve is the
velocity for the higher viscosity fluid (K = 4). Whle the
blue curve corresponds to the velocity for an intenediate
viscosity value (K = 2.63).

It could be observed that the particle settlingouiy
decreases as the fluid viscosity increases. Thysysing a
more viscous fluid it will be obtained a higher nsaort
velocity and, thus, a greater amount of particledi te
transported towards the surface. This effect isosjte to the
effect of fluid viscosity on particle dissolutiotn the end,
drag effects are more relevant and fluid viscoditgips
cuttings transport as in non-soluble cuttings.

Hydraulics Design Criteria

In this item, based on a maximum annular solids

concentration value limit of 5%, ROP limits expamsifor a
17 2 in phase is illustrated for a low viscosityidl. Otherdata
followed table 3.

Solids volumetric concentration was defined as:

Co=or (48)
R

Where cv is the solids volumetric concentrationegeated

by the bit, as follows:

__ ROP™ A,
ROP™ A, +Qq

(49)

Where ROP is the bit penetration rate angl i the cross-
sectional area of the bit, which is equal to thessrsectional
area of the well. Salt porosity was consideredetadro.

Figure 15 illustrates the simulation for the 17 ghase.
Considering that 5% is the maximum concentratidteria,
ROP limits would be pushed to 47 m/h due to sasalution.
If this effect was neglected, a maximum of 33 miwuld be
tolerated. An impressive reduction in drilling timeould be
achieved.
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Figure 15 — Solids volumetric concentration in thevell (%)
versus Time (s).

Conclusions

A comprehensive formulation was proposed to analyze
soluble drilled cuttings transport. The formulatisdimited to
isothermal diluted flows of non-Newtonian fluids.h&
formulation couples a force balance on a fallinfidsparticle
with mass transfer from the particle to the fluid.

A major application for the study is to design ghitling
operations with non-saturated water based fluidhe T
methodology, incorporating salt dissolution and sthu
reduction in particle diameter, allows less conatve criteria
for ROP limits.

Further studies including experimental validatiooupling

of temperature profiles and the increase in fluidlt s
concentration due to dissolution will add reliatyili to
predictions.
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