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KEYWORDS Abstract Lost circulation is the most costly mud related drilling problem, and induced fracture.

Water slurry of diatomite is used as the high fluid loss squeeze slurry in the treatment of lost circu-
lation and in decreasing fluid loss. Egypt has diatomite deposits, especially in El-Fayuom Depres-
sion. Fourteen samples were collected from Qasr El-Sagha at the northern shore of Birket Qarun.
Samples were examined to identify the diatom species then subjected to X-ray fluorescence, XRD
and grain size distribution tests. A total of 38 species related to 13 diatom genera were identified.
Cocconeis, Epithemia and Rhopalodia were the predominant genera. The diatomaceous earth which
acts as a filter aid material was tested with different additives; bentonite, lime, finely divided paper,
polymer, barite and different concentrations with different types of lost circulation materials (LCM)
to form a high fluid loss squeeze slurry. As a result the required time for collecting the filtrate was
decreased to be in the range of 50 s to 1 min and 49 s comparing with the international standard

which recommended the filtrate should be collected maximum within 2-3 min.
© 2015 The Authors. Production and hosting by Elsevier B.V. on behalf of Egyptian Petroleum Research
Institute. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org,
licenses/by-nc-nd/4.0/).
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1. Introduction ling for oil and gas. Selection of the best fluid to meet
anticipated conditions will minimize well costs and reduce
the risk of catastrophes such as stuck drill pipe, loss of circu-
lation, gas kick, etc [1-3].

Lost circulation is the term used to describe the condition
characterized by lack of mud returning to the surface after
being pumped down a well-bore. It is caused by the loss of
some or the whole of the drilling fluid or mud at any depth into

the natural fissures or due to high permeability of the forma-

Drilling fluid, or mud, may be defined as any fluid that is used
in a drilling operation. A drilling fluid is circulated or pumped
from the surface, down the drill string, through the bit, and
back to the surface via the annulus. It is the single most impor-
tant part of any earth excavation exercise, especially when dril-
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tion or by pressure induced fractures [4,5], resulting in fluid
loss and there are high costs associated with replacing drilling
fluids [6]. Egyptian oil field production is distinguished by loss
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of circulation due to the rocky nature and the high porosity of
Egyptian wells [7].

Many lost circulation materials are added to drilling fluids.
One of the lost circulation water base mud (WBM) additives
that is considered environmentally friendly is silica. Silicates
are non-toxic and are multi-functional materials that are being
used in drilling mud formulations by causing changes in den-
sity, ionic strength, and charge. Silica is needed for critical dril-
ling mud functions such as: drill-bit cooling, bit cleaning,
effective cuttings removal to surface, downhole pressure con-
trol and Shale stabilization [8].

Diatomite can be combined with other materials such as
organic fibbers to be used as a lost circulation control material
in water drilling fluids. It is typically used as a rheological
modifier or processing aid in a ‘“‘squeeze” treatment, it has a
highly permeable nature which allows it to rapidly form a plug
to bridge fractures. Diatoms produce a highly porous mineral
which can be used to seal wide fractures, as it will lose fluid
very rapidly to provide a solid plug on which an impermeable
filter cake may then form. Silica constitutes about 80-90% of
the chemical composition of the diatom frustule. Typical high
fluid loss slurry contains a mixture of diatomite, bridging
agents and barite suspended in either water or oil [9,10].

Almost any type of mud can be used as a carrying fluid for
spotting lost circulation materials, but fluids that have extre-
mely high filtration rates are best. Once the initial bridge
forms, filtration allows the filtrate to be lost from the slurry
depositing a firm filter cake within the fracture itself. This tech-
nique should be used against all types of loss zones. There are
slight differences in application to these different loss zones,
but the main distinction is increasing the size of the bridging
agent as the loss zone becomes more severe [11].

The first high solids high fluid loss squeeze was performed
with diatomaceous earth in 1956 by Carl Huber, (Phillips
Petroleum Company) and John Crocker (Magcobar) on a
Phillips Petroleum Company well north of Pampa, Texas.
Drilling Specialties Company then a division of Phillips intro-
duced the first commercial product Diaseal M® LCM, in 1964.
Today several companies have altered the formula slightly and
present it as something new to the industry [12].

This study focused on an environmentally friendly additive
diatomite and the efficiency of this slurry. The collected
Egyptian diatomite was examined in order to select the highest
silicate samples to use in drilling as a high fluid loss squeeze
slurry in sealing fractures.

2. Materials and methods

Fourteen sites were chosen to collect fossil diatomite samples
from Qasr El-Sagha located at the west of the El-Fayoum
depression 90 km southwest of Cairo. Locations of the sites
were geographically determined in latitude and longitude by
using the global positioning system (GPS).

Samples were prepared by the method described by Jouse
et al. [13] and the slides were mounted using the method
described by Proschkina—Laverenko et al. [14]. The diatom sam-
ples were counted according to the counting method described
by Vilbaste [15]. Diatomite samples were prepared for scan elec-
tron microscope (SEM) according to Hasle and Fryxell [16].

The material was analyzed using X-ray fluorescence (XRF)
by The Ministry of Petroleum, The Egyptian Mineral
Resources Authority (EMRA). Centre Laboratory Sector

(XRF Lab). The material was analyzed using the XRD test.
Particle size distribution of the sample was determined accord-
ing to API RP 13C [17].

Normal field tests were carried out on water based mud.
They cover the properties that are most important to the
Mud Engineer at the location. These are primarily performed
to keep a record of the basic physical requirements of the mud
(filtration, density, viscosity, gel strength, pH), with additional
tests to monitor the performance of high-filter-loss-slurry
squeeze [17-21].

The hydrostatic pressure that a column of mud exerts upon
any point in the hole can be calculated according to [18] as
follows:

Hydrostatic pressure (psi) = 0.052 x mud weight (ppg
“pounds per gallon”) x depth (ft.)

Rheological properties were determined according to:

a — Bingham plastic model
It was estimated according to [18] by the following
equations:

Plastic Viscosity PV (cP) = 0g00 — 0300

. . 0
Apparent Viscosity AV(cP) = %

Yield Point Y.P.(1b/100 ft*) = 030 — PV

b — Relation between shear rate, shear stress and effective
viscosity
They were estimated by the following equations:

Shear Rate y (s™!) = R x 1.7034

Shear Stress 7 (Ib/100 ft*) = 1.0678 x 0

300 %0
" R

Effective Viscosity E.V. (cp)

¢ — Power low model
It was estimated by the following equations:

T =ky"

Logt =log k + nlog y

where, 0, viscometer dial reading at Speed R, R, rotary speed,
k, consistency, n, flow index.

3. Results and discussion

3.1. Diatom diversity

This study shows that, from the collected 14 sites a total of 13
genera and 38 species were identified belonging to Bacillario-
phyta. The distribution of different diatomite species varied
from one site to another but the six most common species
are predominant in most sites (Table 1). It was observed that
Cocconeis placentula var. euglypta is predominant in almost
all sites and it frequently presents in only 5 sites. It occupies
17% of the total number of individuals counted at all sites fol-
lowed by C. placentula which represented 16% of the total
number of individuals. C. placentula is predominant in about
8 sites and frequently presents in 6 sites. Epithemia sorex,
Epithemia turgida, Rhopalodia vermicularis and Rhopalodia
gibba var ventricosa are predominant in about 5 sites and
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frequently presents in 9 sites except R. gibba var ventricosa resented 11% of the total number of individuals (Table 1)
which frequently presents in 6 sites and was common in 3 sites. (Fig. 1).

E. sorex, E. turgida and R. vermicularis represented 13% of the Fig. 2 showed that the total number of identified genera
total number of individuals while R. gibba var ventricosa rep- and species were thirteen and thirty-eight respectively. The

Table 1 The mean frequencies of diatomite samples collected from different sites from Qasr El-Sagha located at the west of El-
Fayoum depression.

Taxa Sampling sites

1 2 3 4 5 6 7 8 9 10 11 12 13 14

Division: Bacillariophyta

Genus: Amphora Ehrenberg

Amphora coffeiformis (Ag.) Kiitz — — 4F I — — — — I r — = = =
A. ovalis Kiitz I — e = = — + + = = - e — _
Genus: Anomoneis Pfitzer

Anomoneis sphaerophora (Kiitz) Pfitzer S 4 — — — — = — = — = = = -
Genus: Aulacoseira Thwaites

Aulacoseira granulata (Ehr.) Simonsen r r r c @ @ c r r r r @ @ c
A. granulata var. angustissima (O.F. Miiller) Simonsen  r r r c r r r r r r r r r r

Genus: Cocconeis Ehrenberg

Cocconeis placentula Ehr D P p f p f f f f p P P P f
C. placentula var.euglypta (Ehr.) Cl P D P f P f f f f P P P P P
Genus: Cyclotella Kiitzing

Cyclotella kiitzingiana Thwaites @ @ @ r — — — r r r = — — —
C. stelligera r r r r — + — _ + _ _ _ _
C. meneghiniana Kiitz = + = = — — — — _ _ _ _ _ _
C. ocellata Pant r r r - + + = = = + + + = =
Genus: Cymatopleura W.Smith

Cymatopleura elliptica (Bréb.) W.Sm r r r - — — — = — — — e ue _
C. solea (Bréb.) W.Sm. F 4 + = - F + + + - — = = =
Genus: Cymbella Agardh

Cymbella affinis Kiitz r r r c r T r r — — — 7 7 r
C. laencelata (Ehr.) V. H. r r r c — — r r r r — — - —
C. minuta Hilse r r r = = = = - - — — _ _ _
C. turgida (Greg.) Cl — — — + — = = + = — — _ — _
C. tumida (Bréb.) V. H @ @ @ — — r r r r - - e + —
C. ventricosa (Kiitz.) r r r @ — c @ @ c r r r r r
Genus: Epithemia de Brébisson

Epithemia adanta (Kiitz.) Bréb r r r - = = = = = - — — _ —
. e LU p p p» p p» [ f f f f f f f f
E. turgida (Ehr.) Kiitz p p»p p p p f f f f f f F f f
Genus: Gomphonema Hustedt

Gomphonema constrictum var capitatum r r r = = — — — - - - = = =
G. parvulum (Ehr.) Cl . 4 I - — — = = — — _ 4 ue —
G. gracile (Ehr.) + + + — - - — + + _ _ _ _ _
G. intricatum Kiitz I e I — — = = — — — — — — —
G. longiceps Ehr — — — + + = = - - — — _ _ _
Genus: Navicula Bory

Navicula gastrum (Ehr.) Kiitz - e — - — — - = — + — — _ _
N. pupula var. capitata Skv. & Meyer — - - — = = + — — — _ _ _ _
Navicula radiosa Kiitz S + f f c — = ¢ — ¢ — — _ _
Genus: Rhopalodia O. Miiller

Rhopalodia gibba (Ehr.) O.Miiller @ c @ f G G c @ @ ¢ c c c C
R. gibba var ventricosa (Ehr.) O.Miiller f f p p P D p f f f ¢ ¢ ¢ F
R. musculus (Kiitz.) O.Miill @ c @ c r — = = r r r r r _
R. vermicularis O.Miiller f f p P f f f p p f f f P F

(continued on next page)



412

A.M. Al-Sabagh et al.

Table 1 (continued)

Taxa

Sampling sites

1 2

3 4 5 6 7 8 9 10 11 12 13 14

Genus: Stephanodiscus Ehrenberg

Stephanodiscus astraea (Ehr.) Grun f f

S. astraea var. minutulus (Kiitz.) Grun @ @

Genus: Surirella Turpin

Surirella carboni — —
S. ovalis Bréb + +
Total number of genera 13 13
Total number of taxa 31 32

c c c r r c c c r r r C
EOE = = EF= = = = = &= = =
+ - - - - - 4+ o+ = = =

12 11 9 8 1 11 10 10 7 11
32 17 16 17 19 21 21 20 14 20 17 13

p = predominant (50-20%), f = frequent (20-5%), ¢ = common (5-1%), r = rare (1-0.2%), + = noted and — = not noted.

Figure 1 The Percentage of the most common 6 species (total
No. of individuals counted/200 valve).

highest number of species was recorded in sites two and three,
thirty-two, followed by site one which was represented by
thirty-one species. Site fourteen was represented by the least
number of genera and species. It was represented by only six
genera and thirteen species. Sites eight and nine recorded 21
species followed by sites ten and twelve which recorded 20 spe-
cies. Site seven was represented by 19 species. Sites four, six
and thirteen were represented by 17 species. Number of species
recorded in sites five and eleven was 16 and 14 respectively.

m Total number of genera

Cocconeis was the dominant genus followed by Rhopalo-
dia then Epithemia. These genera were frequently found also
with Stephanodiscus then Cymbella and Navicula. The least
noted genus was Anomoneis, it was just noted twice in
sites one and two. Surirella was noted in 8 sites. (Figs. 3
and 4)

C. placentula var. euglypta, C. placentula, E. sorex, E. tur-
gida, R. vermicularis and R. gibba var ventricosa are normally
heavily silicified and robust; their valves have thickened inter-
nal costae (Figs. 5 and 6) [22-26] .These species represent the
most predominant individuals in the diatomite deposits, col-
lected from Qasr El-Sagha located at the west of El-Fayuom
Depression. Although Aulacoseira granulata was found in
low amounts than the predominant species it was also highly
silicified (Fig. 6). This analysis indicates that the diatomite
deposits have high quality and are promising when used as a
high fluid loss squeeze slurry in the treatment of lost circula-
tion and in decreasing fluid loss.

3.2. X-ray fluorescence test (XRF)

By analyzing the material with X-ray fluorescence (XRF) the
results in Fig. 7, showed that SiO, was the highest percent in
the sample (41.64%) due to the presence of diatomite followed
by Ca0, Al,Os, Fe,O3 with percents equal to 18.39, 5.97, 4.04
respectively due to the presence of mud. The sample contains
traces of Na,O, K,0, TiO,, P,Os with 1.93%, 0.65%,
0.36%, 0.18% respectively. These results were relatively in
accordance with those of Nayak and Singh [27] who collected
samples from India where SiO, had the highest percent [29] fol-
lowed by Al,O3;, Fe203 and CaO with 14.1%, 1.2% and
0.18% respectively. Na,O and K,O had 2.55% and 0.38%
respectively but it doesn’t contain any TiO, or P,Os. In the

m Total number of spedes

Station no.

Figure 2

Number of genera and species for the fourteen sites.
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Figure 3 The Proportions of thirteen genera in fourteen sites.
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Figure 4  Proportions of the most common 3 genera in fourteen sites.

diatomite sample collected from Thailand it was reported that
SiO, had 71.9% followed by CaO, Al,O3, Fe,O3 with percents
equal to 0.17, 14.6 and 5.8 respectively. K,O and TiO, had
1.95% and 0.51% respectively but it doesn’t contain any
NazO or P205 [28]

3.3. Elements of the X-ray diffraction test (XRD)

XRD pattern of crystalline materials shows sharp peaks while
that of amorphous materials shows broad peaks (Fig. 8). A
crystal is periodically arranged in a 3D space. On the other
hand amorphous materials do not possess that periodicity

and atoms are randomly distributed in 3D space. The
scattering of X-rays by atoms is the point to be considered
in that case. When there is a periodic arrangement of atoms
the X-rays will be scattered only in certain directions when
they hit the formed lattice planes (formed by atoms). This will
cause high intensity peaks (the width of the peaks depends on
other variables). If a certain amount of amorphous impurity is
present, then the diffraction peak will be surrounded by
slightly broad peaks from the amorphous phase. Amorphous
phase: X-rays will be scattered in many directions leading to
a large bump distributed in a wide range (2 Theta) instead of
high intensity narrower peaks [29].



414 A.M. Al-Sabagh et al.
\ 4
Figure 5  Scanning electron microscope images of some characteristic diatoms present in different sites from Qasr El-Sagha. (a and b)

Epithemia turgida. (a) External view of the valve face (scale bar = 10 um). (b) Internal view of the valve face showing robust internal
costae (scale bar = 10 um). (c—e) Epithemia sorex. (¢ and d) Internal view of the valve showing thickened internal costae (scale
bar = 10 um). (¢) Magnified part of the valve view (scale bar = 2 um).

3.4. The grain size distribution test

The particle size distribution in a given sample was described
along with the help of grading curves. The grading curve for
the obtained data is displayed in Fig. 9. The steep slope of
the grading curve, which is from D to E (i.e. between 212
and 150 pm size), indicates the greater proportion of these
size particles in the sample. The uniform slope of the grading
curve, which in this case is from C to D (i.e. between 300
and 212 pm), E to F (i.e. between 150 and 106 pm) and
F to G (i.e. between 106 and 75 pm), indicates continuous
grading. Therefore, particles of sizes between 300 and
75 um size are present maximum in the sample. Flat slope
of the grading curve, which is from H to I (i.e. between
63 and 53 um) and from I to J (i.e. between 53 and
45 um), indicates lesser/negligible contribution of the parti-
cles of that size.

3.5. API tests for the high-filter-loss-squeeze slurry

3.5.1. Effect of diatomite and bentonite

The formula of the high-filter-loss-squeeze slurry was first
tested to be formed from diatomite and bentonite (Fig. 10).
The diatomite can function as a filter aid material with a high
fine solid to assist in forming a permanent seal of the perme-
able formation. Nagre et al. [30] reported that, bentonite swells
considerably when exposed to water, makes it ideal for pro-
tecting subterranean formations from invasion of drilling flu-
ids. Bentonite is widely used as a mud additive for viscosity
improvement.

The fastest complete loss of filtrate was (1:25 min.) while
using 20 ppb diatomite without any addition of bentonite.
The time increases with increasing the quantity of bentonite.
The filter cake thickness was 13.3, 10.7, 7.4 and 3.6 mm using
diatomite only with concentrations of 80, 60, 40 and 20 ppb.
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Figure 6 Scanning electron microscope images of some characteristic diatoms present in different sites from Qasr El-Sagha. (a—c)
Rhopalodia gibba var ventricosa. (a) Girdle view of the frustule (scale bar = 2 um). (b) External view of the valve face showing the heavy
silicification (scale bar = 10 pm). (c) Internal view of the valve showing thickened internal costae (scale bar = 10 um). (d) External view of
Aulacoseira granulata showing the dense rows of mantle areolae (scale bar = 10 pm).

@Si02 mT02 DOARO3 OFe203 mMnO2 mMgO
ONa20 mK20 mP205 OCl BLOI

mCao

@ So3

0.06

Figure 7 Chemical composition of natural diatomaceous earth
sample by X-ray fluorescence (XRF).

Cake thickness was increased because the sample lost its all fil-
trate so all its solid components were precipitated causing an
increase in the thickness of the filter cake. The filter aid prop-
erties of diatomite were stopped against this high concentra-
tion of bentonite. The best concentration was 40 ppb
diatomite and this is due to that the cake in the other concen-
trations had many cracks which indicated that this cake will

not firmly close the fracture in the reservoir during drilling.
Kilchrist and Verret [31] illustrated that the amount of diato-
mite employed in the HAC (Hardenable alkaline composition)
preferably should comprise at least 22.5 percent by weight of
the said composition and a better concentration is in the range
from about 22.5 to about 50 percent by weight. An especially
preferred level is from about 24% to about 35 percent by
weight. Results of this experiment showed that the addition
of bentonite had a passive effect on high filter loss squeeze
slurry especially during increasing its concentration on both
the time for filter loss and mud cake thickness.

3.5.2. Effect of lime

Lime is believed to react with diatomite and with sodium sili-
cate, if present, to form calcium silicate and sulfate. It increases
the compressive strength of the cake. Lime was added to diato-
mite without the addition of any bentonite. The preferred
amount of lime can range from about 15 to about 20 ppb, and
most preferably was 15 ppb. The time for total filtrate losses
was 1:50 min. for both 15 and 20 ppb of lime (Fig. 11). The
thickness of the mud cake was 9.2 and 8 mm for lime concentra-
tions of 15 and 20 ppb respectively so the selected concentration
was 15 ppb lime. Lime can range from about 9 to about 50
weight percent. Better results with lime range from about 22.5
to about 35 weight percent and the best from about 24 to about
35 percent by weight of the mixture [31].
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Figure 9  Grading Curve shows the particle size distribution of
diatomaceous earth.

3.5.3. Effect of hay

Agriculture waste was used as it was considered as a local
cheap material to form the function of Fibrous materials. It
is the first time hay to be used as a fibrous material in drilling
fluid generally and it is not used in high-filter loss squeeze
slurry. Hay forms a mat over the fracture to reduce its size
as a step in forming the filer cake. Many authors used agricul-
tural waste materials, for example, rice straw, sugarcane
bagasse, saw dust, cotton stables [32.33], orange mesocarp
[34], weeds, Eichoria crassipes [35].

In the present study, different concentrations of hay
were tested for enhancing the property of high-filter loss
squeeze slurry. The best concentration was 3 ppb. The filter

cake thickness was increased to reach 13.5mm in 1:36 min
(Figs. 11 and 12). Hay concentration more than 3 ppb causes
it to float on the surface without interfering with cake struc-
ture. The time was decreased and cake thickness was increased
but the homogeneity of the filter cake was still poor. It was
very important to use another fibrous material to enhance
the homogeneity of the filter cake.

3.5.4. Effect of paper

Finely divided paper was used as a suspending agent for the
fluid in aqueous slurries. The preferred amount of paper can
range from about 3 to about 7.5 ppb. The best level is to pro-
vide excellent suspending activity without unduly increasing
the viscosity or unduly restricting water loss by 5 ppb (Figs. 11
and 12). The homogeneity of the filter cake was enhanced by
mixing paper with the aqueous phase to form a paper pulp
as suspending material.

Kilchrist and Verret [31] mentioned that the amount of
paper employed to stabilize the slurry is at least 2 percent by
weight of the composition of HAC (Hardenable alkaline
composition). The amount of paper can range from about 2
percent by weight to about 30 percent by weight. A preferred
range is from about 3.5 to about 15.5 percent by weight, the
more preferred level is about 90% to about 13 percent by
weight to provide excellent suspending.

3.5.5. Effect of polymer

Addition of polyacrylamide (synthetic cross-linked polymer)
was tested in range from 0.25 to about 3 ppb. The filter cake
thickness increased to about 19.6 mm and the filtrate was com-
pletely lost in only 0:50 s (Figs. 11 and 12). The homogeneity
of the filter cake was enhanced. It will readily swell following
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Figure 12 Effect of different concentrations of hay, lime, paper

and polymer on mud cake thickness at optimum diatomite
concentration.

70
62.99 %

50 —

40 +—

2362 %

20 —

10 1| 472 % 787 %

. , =[]

Diatomite Lime Hay Paper

0.79 %

Polymer

Figure 13  Percent of mixed material forming a high filter loss
squeeze slurry.

exposure to water or aqueous based fluids forming a kind of
soft gel. Polyacrylamide is a non-toxic polymer. It is used for
water-based drilling fluids, which can effectively increase and
stabilize viscosity.

Fig. 13 showed the Percent mixed material forming a high
filter loss squeeze slurry. Burts [36] illustrated water base
mud comprising water, soluble cross linkable agent which is
chromic carboxylate, polymer and diatomite. Composition
includes 4% polymer, 1% cross linking agent and 95% diato-
mite, or 24% polymer, 6% cross linking agent and 70% diato-
mite, or 35% polymer, 10% cross linking agent and 55%
diatomite. The amount of filter aid to be utilized is generally
not dependent upon the amount of polymer or cross linking
agent, but rather, is that amount sufficient to form a plug to
retain the polymer in place until it cross links sufficiently to
remain in a place of its own.

3.5.6. Effect of barite on the slurry

Weighting Materials are substances with a high specific gravity
which can be added to the mud to increase its density, usually
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Figure 14  Effect of different mud weights on mud cake thickness and time in fresh water mud.

Table 2 Effect of 40 g/350 ml diatomite, 15 g/350 ml lime, 3 g/350 ml hay and 5 g/350 ml paper with different concentrations of LCM

on API filter press and filter cake.

CaCOs;, g/350 ml Mica, g/350 ml

Total filtrate volume, cm?®

Total time, min Mud cake thickness,

mm
0 0 275 00:50 19.6
5 268.2 01:00 20.38
10 256.8 01:10 21.2
15 246 01:21 22.1
5 0 266 01:03 20.4
5 261.2 01:13 21.2
10 250.8 01:21 22.07
15 240.9 01:31 23.09
10 0 259.8 01:16 21.1
5 2533 01:27 22.07
10 244.7 01:34 23.04
15 236.4 01:41 24.01
15 0 250.8 01:28 22.5
5 244.7 01: 38 23.4
10 236.4 01:42 24.32
15 227.3 01:49 25.3

to control formation pressure. Barite (Barium Sulfate with the
chemical formula of BaSQ,) is by far the most common
weighting material used in drilling fluids. The weighted slurry
should have about the same density as the drilling mud in
use. To prevent blowout, the uncontrolled flow of fluid from
the formation into the well, the drilling fluid must have a den-
sity effective to provide a greater pressure than that exerted by
the formation fluids. However, densities must not be too high,
because excessive hydrostatic pressure can cause further loss of
circulation [37]. Results in Fig. 14 show that by increasing mud
weight the total filtrate time increases until it reached its
maximum of 3:56 min at a mud weight of 15.

3.5.7. Effect of lost circulation materials on the slurry

The selection of an appropriate bridging material is more crit-
ical during work over operations. Calcium carbonate (acid-
soluble) and mica with different sizes and concentrations were
used (Table 2). Addition of LCM with different sizes and con-
centrations was in accordance to [38] which determines the
type of loss as follows:

1. For seeping lossAdd different LCM sizes and shapes to
obtain a 10- to 20-1b/bbl total concentration of LCM.

2. For partial lossAdd a combination of different LCM sizes
and shapes to obtain a 15-1b/bbl total concentration of LCM.
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Table 3 Effect of the slurry composition on rheological properties.

Mud weight 9.7 10 11 12 13 14 15
Os00 38 40 46 55 65 79 94
0300 24 28 33 39 46 59 72
0200 18 20 26 30 32 41 54
0100 11 13 17 20 22 26 33

0Os 3 4 6 8 9 12 15

03 2 2 3 4 5 7 10
Bingham plastic parameters

Gel 10 s (Ib/100 ft?) 3 5 5 6 7 9 11
Gel 10 min (Ib/100 ft?) 5 7 8 9 11 12 16
Thixtropy (Ib/100 ft?) 2 2 3 3 4 3 5
Plastic viscosity (cP) 14 12 13 16 19 20 22
Apparent viscosity (cP) 19 20 23 27.5 32.5 39.5 47
Yield point (Ib/100 ft?) 10 16 20 23 27 39 50
LSYP (Ib/100 ft?) 1 0 0 0 1 2 5
Power low parameters

Flow index (n) 0.663 0.621 0.569 0.572 0.596 0.576 0.555
Consistency index (Ib.s"/100 ft%) 0.384 0.539 0.89 1.045 1.045 1.461 2.015

3. For complete lossAdd a combination of different LCM
sizes and shapes to obtain 20- to 30-lb/bbl total concentra-
tion of LCM.

3.5.8. Effect of the slurry on rheological properties

Rheology refers to the deformation and flow behavior of all
forms of matter. It is defined as its internal resistance “‘fric-
tion” generated by a fluid when a force is applied to cause it
to flow. This internal friction, a result of the attraction between
molecules of liquid, is known as shear stress; the greater the
resistance, the greater the viscosity. When force is applied to
cause a fluid to flow, the resultant effect is known as shear rate.
It is defined as velocity gradient across adjacent fluid layers
while in laminar flow. Rheological fluids measurements help
in determining how this fluid will flow under a variety of differ-
ent conditions. This information is important in the design of
circulating systems required to accomplish certain desired
objectives in drilling operations [39].

The investigated structure of the high fluid loss squeeze
slurry enhances the rheological properties of the drilling fluid.
From the obtained results shown in Table 3 the rheological
property increases by increasing the mud weight. The lowest
rheological property was obtained without the addition of ben-
tonite while a mud weight of 15 was the highest rheological
property. It is obvious that, polymer and paper could be used
as a good viscosifier because they raise the gel strength of the
bentonite water suspension.

Fig. 15 showed that plastic viscosity, apparent viscosity,
and yield point were 14 cP, 19 cP and 10 1b/100 ft> without
the addition of barite and reached its maximum of 22 cP, 47
cP and 501b/100 ft> respectively at a mud weight of 15.
According to Clear [40] plastic viscosity and yield point were
14 cP and 13 Ib/100 ft? respectively in a sample containing dia-
tomite, paper, lime with no barite. Plastic viscosity and yield
point reached 13 cP, 52 1b/100ft> at a mud weight of 14 and
15 cP, 66 1b/100 ft*> at a mud weight of 16.

—=— Plastic Viscosity Apparent Viscosity Yield Point
60
50
40
30
20  ——
d_r"’_'{ff
- _~ e
10 +—— =
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9.7 10 " 12 13 14 15
Mud Weight (ppg)

Figure 15 The rheological properties of water base drilling fluid.

The pattern of the curve obtained from the shear rate and
shear stress relationship showed that the shear rate and shear
stress were related in a nonlinear manner as shown in Fig
16. This nonlinear relationship showed that the mud obeyed
the power law model for non-Newtonian fluid. In addition,
the nonlinear relationship between the shear rate and shear
stress showed that the mud is pseudo-plastic. According to
Alderman et al. [41], a fluid is pseudo-plastic when the consis-
tency curve obtained from the shear rate and shear stress rela-
tionship passes through the origin and is nonlinear. It was
observed from Table 3 that the flow index, n, is less than 1
for each type of mud with the various studied mud weights.
According to Mewis et al. [42], a fluid for which the n value
is less than 1 is said to have a pseudo-plastic flow behavior.

Fig. 17 showed that the relation between the effective vis-
cosity (cP) versus shear rate (s~') for the investigated mud
weights was decreasing the effective viscosity while increasing
the applied shear rate.
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Figure 16  The relation between shear rate and shear stress for
water base mud with different mud weights (ppg).
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Figure 17  Relation between shear rate and effective viscosity for
water base mud with different mud weights (ppg).

4. Conclusion

Egyptian diatomite can be used as a high fluid loss squeeze
slurry for the treatment of lost circulation treatment and in
decreasing fluid loss as it contains diatoms species which were
heavily silicified. By adding different additives as bentonite,
lime, finely divided paper, polymer and barite to the diatoma-
ceous earth the required time for collecting the filtrate was
decreased to be in the range of 50 s to 1 min and 49 s compar-
ing with the international standard which recommended the fil-
trate should be collected maximum within 2-3 min.
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