LT

Barite Segregation in Inclined Boreholes

P. SKALLE, K.R. BACKE
Norwegian University of Science and Technology (NTNU)

S.K. LYOMQOV
NTNU and University of Mining and Geology

J. SVEEN
SINTEF Industrial Management

Abstract not a problem due to the long settling distance. In horizontal wells
the distance to the lower side of the wall is only about 0.2 m,
Settling and sagging of barite in inclined boreholes may leaghich leads to rapid generation of solids beds. The settling veloci-
to safety and operational problems. To study the effect of rhedl of a single spherical particle, yin a fluid is expressed by
ogy on settling, a laboratory tool was designed, consisting &ftoke’s lavif);
two connected tubes, one inclined and one vertical. The hydro-
static pressure was measured at the bottom of each pipe. Stapl?: dS(Pp ‘Pnuid)g/18ll
and unstable muds can clearly be differentiated through their
pressure behaviour. ) ) ) ]
Several muds were studied at simulated static and dynamicA barite particle @, = 4,200 kg/n) with a diameter (g of 20
conditions. The results show that sagging is most severe duri;lsg' in a fluid of density g,q) 1,500 kg/mMand a viscosity() of
laminar flow and also indicate that the rheological parameted) cP will settle at a rate of 53 mm/h. With an increase in particle
may be used for predicting stability problems. concentration or volume fraction, c, the settling velocity at low
concentration (c < 0.01) will decrease only due to the reduced
. cross-sectional flow ar€a At higher concentrations hydrody-
Introduction namic interference will arise. Based on geometric considerations

In weighted drilling mud barite tends to segregate slowly. fQr dispersed particles in laminar flow, the slip velocity at higher
directional drilling operations the settling process is acceleraté@ncentration, ¥, can be expressed@s
Barite settles in the lower side of the borehole and starts sliding
when the borehole has an inclination above 30°. Thi_s_phenomervSC Iy, :1/(1+1.5c“3)
is known as barite sagging. Sagging can lead to drilling and co...” ™
pletion problems; a density variation or non-linear hydrostatic
pressure gradients which can lead to pressure control problemsd concentration of 10 vol% barite (¢ = 0.1) in water results in a
while thick and tight barite beds can lead to high torque and dr&gttling velocity .= 0.59 y, i.e. the slip velocity is reduced by
stuck pipes and plugged boreholes, and even lost circulation. 41%. Agglomeration/clustering, collision, flow regime at parti-
The sag problem is related to the so called Boycott éffectcle/fluid interface, particle shape and size distribution will also
first described in 1920. Hanson et2ahave investigated the phe-affect settling velocity, but the above equations will give a fair
nomenon and found that most of the sagging occurs while ggiimate.
mud is circulating. The same conclusion was reached by Bern eThe problem of barite and cuttings settling have been investi-
al. 3 the sagging tendency is highest at low annular velocitiegated extensively during the last two decades and there are several
Zamora and Jeffers@hpresented a method for tracking drillingempirical equations and approaches in use for calculating settling
fluid density variations, which helps to detect, but not to predi¢elocities in vertical wells. The correlations of Chifgrand
drilling mud instability. Jamison and Clemebitsieveloped a test Walker and Mayef® still benefit from widespread acceptance.
method to characterise settling and sag tendencies in static drilling drilling fluid at rest will develop a gel structure with a certain
fluids, however their equipment was not able to distinguighechanical strength. Equation (3) expresses equilibrium between
between settling and sliding. They also found that their dagravitational forces acting on the volume of a particler##3
based upon standard API rheological parameters like PV and ¥@Rg gel strengtin, which acts on the surface of a sphere,%
were unsuitable for prediction of sagging behaviour. It is apparent
from previous works that the most difficult part of the problem i, 2. _ 3
the prpediction of drilling mud instabilities forpboth staticpand flow: AT Ty = (pp pf'“id)g4/3mp ........................................................ (3)
ing drilling fluids. To date there are no API test procedures for sag
testing. Expressed in terms of gel strength and particle diameter;
A new simple laboratory tool was therefore designed for the
purpose to study and develop a method to predict sagging. Ty = dp(pp _pfluid)g/6

Drilling Mud Separation In a 1,500 kg/imud, the gel strength necessary to suspend a

; ; spherical barite particle with a diameter of 6@, and a rock cut-
Sett“ng of Particles ting of 12.5 mm are according to Equation (4) equal to 0.26 Pa
In vertical wells the settling of weighting material is generallgnd 55 Pa respectively.
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TABLE 1: Composition and control parameters of the TABLE 2: Settling parameters fora 60 um barite

field mud. particle in a flowing field mud with 10% solids
concentration.
Amount Shear rate Shear stress
Additive  kg/m 3 rpm Pa  Ib/100ft 2 Shear rate Eff. viscosity Hindered settling rate
Antisol FI 10 12 600 365  76.2 rpm cP m/h
KCI. 153 200 19.2 40.1 300 49 0.23
e 5% o e 2 s
Fresh water 733 3 3.6 7.5 100 80 0.14
Mud 1,500 3 3.6 7.5 @ " OlIer
' o ’ : 3 700 0.016
3w 48 100
D 55 115 _
34 5.7 11.9 slow laminar flow.

It was shown by Bern et &l.that rotation of the drill pipe will
. - . . . . . counteract barite separation. When the particles are brought to the
At static conditions in vertical wells barite settling will thereqiyh side of the borehole through rotational flow they will settle

fore never or seldom occur. For inclined wells the settling procgggarqs the centre of the borehole, i.e., in the opposite direction of
is more complex, as first described by Boycott. In static, mchngﬁe transported particles.
conditions, a gel will develop, but experience shows that separa-

tion occurs nevertheless, which indicates that the gel strength csnrd. f barite bed

not be a good indicator for predicting sagging tendencies. So !—:l Ing of barite beds

operators and service compaffeare basing evaluation of static The sliding of accumulated, submerged beds on the lower side

sagging on the 3 and 6 rpm shear stress readings. The low sBegfie horehole is initiated at a lower critical slip or slide angle

rate yield point is defined I than the corresponding slide angle of similar material beds in air.
The onset of sliding is mainly influenced by:
YR, =215~ Tg 5) 1. Borehole inclination. Sliding occurs at angles from 30 — 60

degrees and is predominant at 40 — 50 defjrees

. ) ) 2. The nature of the drilling mud determines the wetting of the
_ Since the relative error is large at such low shear stress read- particle surfaces. This will influence the critical slide angle.
ings, it was decided to apply the plastic viscosity and yield point3 The size and shape of the weighing material will also influ-
in our investigations. Saasen et:@lalso found that it was diffi- ence the internal friction and the critical angle at which slid-
cult to relate the 3 rpm Fann reading to prediction of static sag- ing is initiated
ging. The 10 min. gel strength gave a closer fit. They found an, _. : o . .
even better fit by applying an oscillary viscometer (Carri-Med A slick pipe at 45 inclination will therefore promote sagging.
CSL 50) and the viscoelastic energy storage properties of the
drilling fluid.

For flowing conditions the fluid is constantly being sheared, trlreaboratory Studies of Sagging

gel is destroyed, and will therefore behave like a power law flug i _

without yield point. Under such conditions barite will settle at g)(penmental Set up

slow but steady rate. The effective viscosity of the fluid is deter- For instability evaluation of a drilling mud a Sag Tester was
mined by the shear rate prevailing in the pipe. The shear rateléseloped as shown in Figure 1. The Sag Tester consists of an 1.5
calculated from the well geometry and fluid flow rate, i.e. stam long inclined pipe with ID = 45.2 mm, a collector pipe, two
dard API methods. As an example, the field mud in Table 1 ppressure transducers and a data acquisition system. The inclined
duces viscosities and settling rates [from Equations (1) and (R)pe angle is 45°, which is the worst case from a sagging point of
for a 60um barite particle as shown in Table 2. Assuming théew. At 0.5 m from the bottom of the inclined pipe a vertical col-
shear rate corresponds to the 100 rpm reading it would tak&etor pipe is attached (ID = 27.2 mm). The pressures at the bot-
barite particle one hour to settle a vertical distance of 0.14 mtam of each pipe were measured and denoted bottom and collector

Elastic membrane
Water filled tube
Settled barite
End cap

Collector pipe
Bottom pipe

Pum
P Data aquisition

FIGURE 1: Experimental set-up of the Sag Tester.
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FIGURE 2: Pressure changes for a stable mud (mud A) under
static test conditions. The pressures in both pipes are identical.
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FIGURE 3: Pressure changes for a slightly less stable mud (mud
B) under static test conditions.

pressures, respectively. The pressure range of the high preci
transducers (Honeywell ST 3000) was 25 kPa with an accuracy
+ 0.1%. Filled with a 1,500 kg/frmud the hydrostatic pressure
was 15.5 kPa, meaning that the accuracy for the Sag Tester
approximately 0.2% when filled with this mud. Data measuré
from both sensors were taken at time intervals from one to
minutes, for periods up to 15 hours.

The experimental set-up is based on the idea that changes in
drilling mud density as a result of segregation will cause press
changes in the mud column. If the mud is stable, the hydrost
pressure will remain constant, and there will be little or no diffg
ence between the collector and the bottom pressures.

In the case of an unstable drilling mud, even though it had
strength higher than the minimum to avoid settling, a barite b
will form on the lower side of the inclined pipe. This process w
cause a reduction of the drilling mud density, and a correspond
reduction in bottom and collector pressures. The pressures n
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sured at the bottom of the two pipes will decrease in a similar w
and will be nearly equal for both. If the solid particles accumuld FIGURE 4: Pressure changes for an unstable mud (mud C) under
ed on the lower side start to slide, they will fall into the collectq Static test conditions.

pipe due to gravity and stay in suspension for up to several hours

because the settling distance is large. The increase of the weigliingd to be sufficient to characterise the mud. The rheology and
material concentration in the collector pipe will increase the mgel strength parameters were measured with a Fann rhe@ieter
density and thus the hydrostatic collector pressure. The pressur@nid the density with an APl mud balafide

the collector pipe will differ from that in the inclined pipe; it will  Eqyr different tests were run; static, pressure pulsing, piston
decrease less than the bottom pressure or it will remain consiyitation and pumping of mud. In the static tests, the mud was
or even increase if the mud is very unstable. A difference betweggyred into the sag tester and then left undisturbed. To simulate
the collector and bottom pressures will indicate an unstable mughe effect of pressure surges which in the wellbore are caused by

The stability behaviour in the sag tester will then be: an accelerating and decelerating drill string, a pressure pulse of

* Stable mud: collector and bottom pressures are almost coM MPa was applied to the top of the tester. Sharp pulses were
stant and close to each other. Stable, static mud behaviouggglied every 2.5 min during the time frame from 1.5 to two
plotted in Figure 2 and 3. o hours. To simulate tripping operations and the effect of drill pipe,

* Unstable mud: collector pressure is higher than bottom pregol joints, stabiliser and bit movement along the wellbore, a
sures and both are decreasing with time. Typical pressigtal rod with a piston (OD = 30 mm) in front was moved out
behaviour of an unstable drilling mud under static conditiorgd in of the inclined pipe every 2.5 min. starting 1.5 hours after
is shown in Figure 4. mud was poured into the Sag Tester and lasting for 0.5 hour. The

As seen from the two plots the stable muds show no changepiifpose of pulse testing was to investigate if barite sag would be

the measured collector and bottom pressures, while the unstafeleelerated by small disturbances in the mud. During the flow
drilling mud shows a pressure difference around 2% after thigets the mud was circulated from the bottom of the inclined pipe
hours, and a collector pressure that is nearly constant. using a centrifugal pump at a constant flow rate giving a speed of

As a quality control, the sag tester was initially calibrated withbout 0.15 m/sec. In all flow tests the Reynolds number ranged
water which, as expected, showed constant pressures. between 500 — 1,500.

Laboratory Test Procedures

For most of the tests a commercial mud, supplied by Sagesults
Petroleum was used. Its data are shown in Table 1. This mud was
treated with water, prehydrated bentonite ,8&; and barite in In all, more than 200 tests were carried out and the pressure
different portions to vary rheology and thus stability. Prior to tegpéots presented here are typical behaviour of stable and unstable
the treated mud was aged for 24 hours. Static tests were run fomygls. All data from the experiments with the Sag Tester are plot-
to 12 hours while the flow tests were run for 2 hours, which wésd as per cent pressure change from the initial pressure versus
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TABLE 3: Control data for the treated field fluids. Composition of the muds are similar to the field mud in Table 1;
to mud A mainly barite is added, to mud C mainly water is added.

Fluid Characterisation Density PV YP ‘1310 310
# at static conditions kg/m 3 cP Ib/100ft 2 Ib/100ft 2 Ib/100ft 2
A Stable 1,600 51 35 8.2 11.1
B Semistable 1,500 29 16 2.0 2.7
© Unstable 1,400 11 10 1.8 2.4

time. Fluid properties for the test results presented in the graples reached by Hanson etZand Bern et aP) This is borne out

are shown in Table 3. in Figures 5 and 6. The reason behind the increased settling rate is
] that under circulation the drilling mud is continuously sheared and
Static Tests there is no time for gel development.

3’-\II flow test results are gathered and presented in Figures 7 and

and 4. Based on all tests, it was concluded that after three hou 'iw?c(?arle tgfaﬁ{gtsesrgr%sa;igrsgloﬁgtde6};;fggt‘;lti'r?n ggheecﬁ\g:sme'
the Sag Tester a stable mud should exhibit less than 0.2% presg cal para ; : g h Ing
loss in the collector tube and less than about 0.7% in the botth} 1 increasing rheological parameters, however, settling wil
tube. Thus. muds A and B are stable while mud C is unstabi& e’ quite cease when drilling fluid is flowing in laminar flow
Although the 10 min. gel supposedly is high enough to carry theIme.

barite particles, the dynamic “Boycott” process causes sagging .

even at much higher levels of gel. Dynamic Tests

Typical examples of static tests are those given in Figures

Flow Tests The muds were a_llso tested uno!er dynamic_ condi_tions. Neith_er
pressure pulses, Figure 9, nor piston agitation, Figure 10, did
The flow tests were performed to study sagging during circulafluence the results significantly, only minor pressure changes
tion. Both the settling rate and sliding increased significantly comvere noted during the tests. Disturbances like the ones simulated
pared to static conditions, and settling and sliding was observedviere not sufficient to alter the stability of the muds in question.
muds that were stable at static conditions. The same conclusidis is clearly seen in Figures 11 and 12.
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FIGURE 7: Pressure changes after two hours under laminar flow
FIGURE 5: Pressure changes for laminar flow conditions of a conditions as a function of plastic viscosity. “Collector-bottom” is
stable mud (mud A). the pressure difference between the collector and bottom pipes.
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FIGURE 6: Pressure changes for laminar flow conditions of an FIGURE 8: Pressure changes after two hours under laminar flow
unstable mud (mud C). conditions as a function of yield point.
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FIGURE 9: Pressure changes for an unstable mud (mud C) when

a pressure pulse was applied every 2.5 min between 1.5 and two
hours.
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FIGURE 11: Pressure changes after three hours for the static,
pressure pulses and piston tests as a function of plastic viscosity.
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FIGURE 10: Pressure changes for a stable mud (mud A) when a

piston was run up and down once every 2.5 min between 1.5 and
two hours.
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FIGURE 12: Pressure changes after three hours for the static,

pressure pulses and piston tests as a function of yield point.

Discussion

All the static tests are plotted in Figure 11 and 12. By varying
the rheology and keeping the density within 1,400 to 1,6003%g/m
it is seen that this particular field mud will exhibit static stability,
i.e., no settling in inclined pipes when the plastic viscosity is high- . .
er than 20 cP and/or when the yield point is higher than 204. The 3 and 6 rpm Fann readings are unreliable because of the
Ib./100f2. The rheological parameters can thus be applied for pre-

dicting stability problems.

When flow and static tests are plotted together as in Figure
it is seen that settling and sliding will occur at higher YP and H

in flowing muds than muds at rest.

Conclusions

ters are necessary and suitable to estimate rheology for parti-

cle settling.

process of barite sagging.

3. It has been shown that pressure pulses and piston agitation,
simulating tripping, did not significantly influence the

viscometer’s high relative error at those low speeds. PV and

The following conclusions may be drawn from this work:

1. A laboratory apparatus was developed to investigate drilli
mud instability leading to barite sag in inclined holes. It di
ferentiates between settling and sliding and between stg
and flowing conditions, and can be applied to determi
when sagging will be initiated at static conditions.

2. Settling in static and flowing fluids is different. In flowing
fluids the settling process will be exacerbated during lamin
flow conditions. Since the fluid has no gel strength whe
sheared it will behave like a power law fluid without yielg
point, and as such produce a high effective viscosity at Iq
shear rates. At high viscosity, settling can be slowed do

but never fully avoided. Common API rheological paramg

a

Iy ] Py

Pressure change (%)
o

-6 t

a® ° N

. = Static, bottom .

o Static, collector-bottom
+ Pulses, bottom
o Pulses, collector-bottom
a Piston, bottom
» Piston, collector-bottom
« Flow, bottom
o Flow, collector-bottom

1

0 20

40

Plastic viscosity (cP)

60

FIGURE 13: Pressure changes at two or three hours as a function

of PV for all tests.
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