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ABSTRACT

Powder sze particles mixed into polymer
fluids with two or three-parametric power law
rheology may precipitate in the quiescent fluid
very dowly, due to the very high viscosty in the
fluid a low sheer rates. They will normaly settle
much fagter if the fluid is subjected to horizonta
shear flow. This article describes a method to
measure particle sdtling velocities in horizonta,
laminar shear flow at a constant shear rate. The
method may paticulaly find gpplication in
classfying drilling fluids used in the ail industry,
where loosng weight materid from the fluid
during drilling of inclined or horizontd oil or gas
wells sometimes can create severe operationa
problems.

INTRODUCTION

When drilling an ail or gas well one of the
main functions of the drilling fluid is to maintain
proper pressure baance in the wdll. |.e, the
hydrostatic pressure in the wdl should be
aufficiently large to prevent influx of fluids from
a gas or oil-bearing formation into the bore
hole, but not so large that the formation is
forced open and the drilling fluid is logt to the
formation. This operationd window is
sometimes quite narrow, especialy for deep
wdls The pressure baance is in most cases
achieved by adding vaying amounts of
powdered weight meaterid to the drilling fluid.
The weght maerid may typicdly condst of
findy ground barite (BaSO,), with specific
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density 4.5 and particle diameters around 20
pmto 70 pm.

Since the powdered weight materid is
much denser than the base fluid (e.g. water or
ail), it will tend to sttle out of the suspenson
during use. Mot modern drilling fluids are
composed to form gels and keep the weight
materid  suspended a  datic  conditions,
dthough in some cases even this may be
difficult to achieve. However, dl fluids will s)g
under dynamic conditions, i.e. under shear flow.
Turbulence will have some re-suspending
action, but a sufficient degree of turbulence can
not aways be susained in drilling operations. In
laminar or weskly turbulent flow sagging of
weight materid can often complicate the
mantaning of proper pressure baance,
especidly in long wdls with an indlination close
to horizontdl.

Accordingly, there has been some research
activity on the subject in connection with the
drilling of gas and ol wdls. Initidly one
concentrated on Static sagging’, but one soon
redized tha dynamic sagging was as
important?®,  Jefferson developed a method
somewhat smilar to the one described here,
using a cylindrica rheometer and sampling fluid
from the bottom of the rheometer cup after
given times’. Bern e d.* suggest (1996) that
the expertise to control Satic sagging in oil wells
exigds, but dynamic sagging is not wdl
understood. The rheology a very low shear
rates is important for keeping the particles



suspended during ddic conditions.  Some
researchers clam that the rheology at very low
shear rates is important for sagging dso a
dynamic conditions®. Measurements seem to
give positive corrdations for some drilling fluids.
Some theoreticd congderations have been put
forward to explain the behaviour®, but a proper
theoretical understanding seems to be lacking.

RF-Rogaland Research has developed a
method to characterize the propengty of fluids
with respect to dynamic sagging, usng reaivey
gtandard laboratory cylindrical rheometers. An
advantage with the method is that one here can
sudy the sagging process a awell defined fluid
shear rate. This paper describes the
measurement method, and gives some
examples of measurements on non-linear
polymer fluids. In this work only sagging a
shear rates larger than about 100 s* have been
investigated.

PRINCIPLE OF MEASUREMENT

A oylindricd, constant shear dtress
rheometer was used for the measurements. The
flud with suspended particles experiences a
horizonta shear flow in the cylindrica space
between stator and rotor. As the gap between
dator and rotor is quite small (see Figure 1),
the shear rate is practicadly constant over the
shear flow volume. As the weight materid sags
out verticaly and settles in the space below the
rotor the viscodty of the fluid remaning
between doator and rotor will normally
decrease. The time development of the average
viscosty of the fluid left in the shear volume
provides a measure for the sagging velocity of
the particles in the fluid.

EXPERIMENTAL ARRANGEMENT

Mog of the sagging measurements were
performed with the loggable Carri-Med CS50
laboratory rheometer at room temperature. In
this cylindricd rheometer a congtant shear
dress is gpplied to the fluid and the resulting
shear rate is logged as a function of time.
Typicd dimensons of the sysem used in the

tests are shown in Figure 1. The bottom surface
of the rotor is hollowed out, to form an ar
pocket. This is done in order to minimize drag
from the flud or sagged-out materid on the
bottom surface of the rotor. The rotor was
made of hard plastic and the stator of stainless
Stedl.
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Figure 1. Rheometer rotor and stator used
in the sagging measurements.

Figure 2 gives an example of a sg
measurement on a xanthan gum solution loaded
with 576 g/l barite.
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Figure 2. Sag messurement
on a xanthan gum solution.

In the initid phase of the project a rheometer
cup with narrow vertica channds in the Sde



wadl was used (Figure 3). Rotor and cup were
made of hard plagtic (PET). Smdl amounts of
fluid could be sampled from the shear flow
volume through the channels with a syringe.
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Figure 3. Rotor and stator used for
sampling of fluid.

With this rheometer cup the sagging process in
the shear flow volume between stator and rotor
could be closer invedigated. The channes
reached to depths of 7, 14, 21, 27 and 33 mm
in the 35 mm deep cup. Fgure 4 shows a
measurement  sries on a xanthan solution,
loaded with 576 ¢/l barite. After measuring
times indicated by the end of each curve
samples were extracted and ther dendty was
determined. Figure 5 shows a measurement
with screened barite, usng particles with Szes
between 25 um and 45 um. As can be seen
from the figure, al particles do not settle with
the same vdocity, even if they have farly
uniform szes. There seems to be some degree
of vertical mixing in addition to the precipitation.
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2.0 g/l Xanthan. Un-screened barite. S.g. 1.39.
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Figure 4. Initid sag measurement investigetions.
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Figure 5. Dendty of sampled fluid a different
positionsin the rheometer cup.

ANALY SIS OF THE MEASUREMENTS

A typicd sagging measurement is shown in
Figure 2. The smdl circles are measurements,
the solid line is a curve fit. Many of the
measurements could be wel fitted with an
exponentia function under alinear curve:

gzai'a2>eXp('t/to)+txas (1)

with: g = shear rate (s%)

t =measuringtime (9

a, = difference in shear rate before and
after sagging (s7)

to = sagging time condant ()



a; represents adowly increasing linear basdline,
due to a dow evaporating of the fluid out of the
rheometer during long measurements.

It became &fter some time clear, that the
sagged-out durry under the rotating bob in
many cases was hindering the movement of the
rotor, resuiting in atoo low rotation rate for the
bob. One may, however, assume tha this
dragging effect starts only after some time,
when enough particles have settled down.
Therefore, only the dope of the curve at the
beginning of a measurement was used in the
andyss. The find, congant shear rate which
follows after dl particles have settled out was
caculated from the viscosty curve measured on
the fluid without barite,

to, the sagging time congant, will be
dependent on the height, H, of the shear flow
volume between sator and rotor. The larger
this height, the longer it will teke for the
particles to sag out. However, by normdizing
the sagging time congtant with this height one
can define an instrument independent sagging
veocity:

H

t

\"

S

(2)

Thisisonly an gpproximation to the actua
average sdtling veocity a the dat of the
measurement. With a constant shear siress
rheometer the shear rate increases over time
and one would, among other, have to correct
for the viscosity change in the base fluid with
increasing shear rate in order to obtain a better
vaue for the actud settling velocity.
From the results of the measurements on
the polymer fluids the folowing generd
Statements could be made:
Sagging velodity decreases with particle
loading.
Sagging velocity increases with particle
gze.

At congtant particle loading:
Sgging veodty is  goproximatdy
proportiond to the shear rate.
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Sagging  veodty is  gpproximately
inversdly proportiond to the fluid
viscosity at the pertinent sheer rate.

Based on the d&bove obsarvations, a
parameter which roughly characterizes a
polymer flud's propensity for sagging can be
defined. We have defined a sagging index as.

- i n’start + rTend

Sl.=—— :
t0 gstart +gend

(3)

l.e,, the sagging velocity, Vs, is normalized with
the average shear rate (g) and the average
viscosity () at the beginning and the end of the
measurement. It is a parameter with which one
in a reatively dmple way can compare the
sagging process in different fluids.

FLUIDS AND PARTICLES

In the sagging teds fluids with different
properties were investigated. These include
dlicon ol, CMC <outions, xanthan gum
solutions and a series of different drilling fluid
formulations.

The slicon ail was a Dow Coring 200 type
with bulk viscodty of 50 ¢S It has a
Newtonian rheology.

The CMC (carboxymethylcdlulose), grade
EHV TECH, was produced by Akzo
Chemicals B.V. Holland. CMC solutions are
power law fluids with very little viscod adticity.

The xanthan gum was produced by Kelco
Oil, USA, under the trade name Xawis.
Xanthan solutions are fluids with pronounced
viscodadticity. It has a nontlinear viscosty
somewhere between a Bingham plagtic and a
Herschel-Bulkley fluid.

The weight materia used was findy ground
powder of barite (BaSO,) with specific dengity
45. However, commercid qudities ae
normally mixed with other mineras which may
make them somewhat lighter. The barite of
qudity API/OCMA was delivered by Norbar
Mineras and Chemicas, Norway.



Common for the above polymers is that
samples from different batches, and even from
within the same sac, can differ quite much in
their properties. It is thus difficult to produce
reproducible results with these chemicals.

Fgure 6 shows the measured particle Sze
digribution of a barite sample. Our barite
definitedly does not <tify the AP
specifications’, which reguires not more than
3.0 % particles larger than 73 um. For most
tests with the three firgt fluids sfted barite was
used, so that the paticles were of sSzes
between 25 and 45 pum.

Barite particle size distribution.
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Fgure 6. Particle 9ze didribution in barite.

EXAMPLES OF MEASUREMENTS

Below, some examples from the testing on
slicon al and on CMC and xanthan solutions
are given.

Slicon oil measurements
Some measurements were performed on silicon
oil in order to have some experience with a fluid
with a linear rheology. The messurements,
however, turned out to be difficult and probably
not very accurate. The particles sagged
rdivey fagt in the linear fluid, and some
fraction of the particles had normally probably
Settled out before a measurement could Start.
At the ambient temperature of 23.0° C the
dlicon ail had a viscodty 61 cP. Figure 7 shows
the sag measurements on the fluid loaded with
288 g/l barite at different shear Stresses.

Silicon Oil. 288 g/l barite.
25 my < barite <45 my
500

:/"”'"H R EI
400 ’. —a-95 Pa
" b Lot A —u#—17.0 Pa
T :/" —+—24.5Pa
PO —=-32.1Pa
E :P/I"“ L B aa L am |
s .
A ale o d oo
(%] : or—ir o
100 :
N

0 0.2 04 0.6

Time (sec)

0.8 1 1.2

Figure 7. Sag measurements on Slicon oil with
288 g/l barite.

Table 1 and Table 2 show the results from
measurements on fluids loaded with 228 g/l and
576 g/l barite.

Table 1. Measurements on slicon ail

with 288 g/l barite
Shear stress Vs Initid shear
(Pa) (mmvs) rate (s?)
9.5 0.070 112
17 0.057 179
24.5 0.039 257
32.1 0.058 345
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Table 2. Measurements on slicon ail
with 576 g/l barite.




Shear stress Vs Initid shear
(Pa) (mm/s) rate (%)
16 0.011 95
24 0.010 177
32 0.0064 258
36 0.0073 273
Allowing for low accuracy of the

measurements, in may seem that the sagging
velocity is independent of shear rate. Stokes
formula for the termind settling velocity of a
(dngle, sphericd) barite particle with diameter
35 pm gives 0.042 mm/s. Because of the
irregular form of ground particles the sdtling
veloaity will be somewhat smdler. The Stokes
vaue is amdler than what is observed in the
lighter fluid, but larger than in the heavier one.
In the more dense fluid the effect of mutud
hindrance may start to dominate.

CMC solution measurements
CMC solutions are power law fluids with the
shear rate-shear stressrelation:

(4)

t isthe shear stress, n the flow index and K the
consggency index.

A sies of different measurements were
performed. The dengty of the watery solutions
in function of added barite was:

Table 3. Dengties of watery polymer solutions

in function of added barite.
kg/l barite Densty
0.0 1.0
0.288 1.20
0.576 1.39
0.864 1.55
1.152 1.69

Table 4 gives the results from measurements on
a 10 g/l CMC solution, loaded with 576 g/l
barite. In these measurements the base fluid had
the rheology parameters n = 0.644 and K =
0.546 Pas'.

Table 4. Measurements on 10 g/l CMC
solution with 576 g/l barite.

Sh. dir. Vs Initid shear S|
(Pa) (mmis) | rate(s?) B
15 0.013 112 9.1E-06
20 0.020 179 7.5E-06
25 0.037 257 9.3E-06
30 0.060 345 1.0E-05
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The sagging velocity increases with shear rate,
but the sagging index is farly dable. One
observes that the sagging velocities are amilar
to or larger thanthe onesin slicon ail (Table 2).
Figure 8 shows a plot from the measurement.
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Figure 8. Sag measurements on slicon oil with
576 g/l baite.



A further test series measured the sagging
veocity in function of barite loading:

Table 5. Sagging parameterson 10 g/l CMC
solution with varying loadings of barite.
Constant shear stress of 20 Pa.

Dengty Vs Initid shear S|
kg/l (mm/s) rate (s?) B
1.20 0.060 307 9.8E-06
1.39 0.022 229 4.9E-06
1.55 | 0.0092 176 2.6E-06
1.69 | 0.0037 123 1.5E-06

The sagging index, and thus aso the sagging
velocity, decrease with incressng barite
loading.

The sagging velocity is strongly dependent
on particle Size. A series of measurements were
mede with barite Sfted to different Szes:

Table 6. Measurements on 10 g/l CMC

solution with varying particle Szes.
Barite loading 576 g/l.
Constant shear stress 25 Pa.

Baitedze Vs Initid shear S|

(um) (mm/s) | rate(s?) N

<25 0.0047 184 3.5E-06
25<,<45 | 0.0079 186 5.7E-06
45<,<75 | 0.014 187 1.0E-05
75<,<90 | 0.034 198 2.2E-05

As one may expect, smdler paticles sag
out dower.

Xanthan solution measurements

Above the shear rate of afew s, the viscosity
curve of axanthan solution can be well fitted by
the function:

t =ty +mg+Axexp(-g/g,) (5)

Thus, a smal shear rates it behaves more
like a Hershel-Bulkley fluid, and at larger shear
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rates like a Bingham fluid. Fgure 9 shows a
viscodty messurement fitted with the above
function. Thefit parameters are:

to =4.13Pa

Mo =0.0128 Pas
A =134Pa

g, =38s”

4 g/l Xanthan base fluid.
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Figure 9. Rheology measurement on
a4 g/l xanthan solution base fluid.

Table 7 shows reaults from measurements
on a xanthan solution with 576 ¢/l barite
loading:

Table 7. Measurements on 4 g/l xanthan

solution with varying shear sress.
Barite loading 576 g/l.
Sh. dir. Vs Initid shear S|
(Pa) | (mm/s) | rate(s?) B
8 0.0042 94 1.1E-06
10 0.013 183 1.5E-06
11.8 0.020 282 1.3E-06
13 0.030 377 1.4E-06

The sagging index days fairly condant, in
Spite of sagging velocity varying by a factor of
seven. One also observes the large difference
to the sagging index in the Smilar measurement
on the CMC solutions (Table 4). In fluids with




gmilar viscosty and at Smilar shear rates, he
paticles sag out around six times dower in the
xanthan solution. Possbly, some effects from
the high viscodadticity of xanthan solutions are

here a play. Figure 10 shows the
measurements.
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Figure 10. Sag measurement on a4 g/l xanthan
solution loaded with 576 g/l barite.

In Table 8 results from measurements with
varying viscosty, i.e. varying content of xanthan
are shown.

Table 8. Measurements on varying

concentrations of xanthan content.
576 g/l barite loading.
Xath. | Sh.str.|  vs  |[Initid shear S|
conc. | (Pa) | (mm/9)| rate (s o
2.0 4.9 | 0.036 193 2.5E-06
2.7 6.2 | 0.019 173 1.7E-06
3.3 8.2 | 0.018 199 1.5E-06
40 10.0 | 0.010 218 9.3E-07

The sagging index is dso here farly
congtant, in Spite of the varying viscosty.
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