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1. INTRODUCTION

Lost circulation has become a common problem over the past decades, with the
rise of technologies that allowed for deeper and more complex wells. Throughout
the years, this issue has been often underestimated and has not been studied enough
quantitatively. Drilling fluid losses into fractured formations is a major challenge. Lost
circulation treatments are widely applied to mitigate the losses; however, the effective-
ness of these treatments is affected by different physical properties of the used lost circu-
lation materials (LCM). In field practice, drilling engineers are forced to understand
the types of mitigations measures they can take in the event lost circulation occurs.
In this case, LCMs, i.e., granular, flocculated or fibrous solids are added to the fluid
to seal fractures. For years, the industry has used more of a trial-and-error approach
in choosing the LCMs than anything else. To our knowledge the estimated industry cost
related to the loss of mud, treatment of the drilling fluid (to mitigate lost circulation),
downtime, and lost tools in the Gulf of Mexico: $1 billion per year. Worldwide: about $2
to 4 billion year.

This paper presents a study of the effectiveness of LCMs to seal the natural forma-
tion fractures that allows better understanding of the phenomena that affect fluid
loss during drilling. The LCMs seal effectiveness is defined by the fluid loss to the forma-
tion, durability, and resistance to the changes in differential pressure during drilling
operations. First the theoretical models; one predicting LCMs bridging in a fracture, and
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second predicting LCMs seal fractability were developed. Then, an experimental facility
to test LCM was constructed for the experimental work, where the behavior of such
materials in reducing lost circulation was observed. The LCMs seal effectiveness as
the effects of particle size distribution (PSD) of LCM, the concentration of LCM in the
drilling fluid, the width of the fracture, the fracture inclination, and the fracture configu-
ration were investigated. The results were analyzed with a computer simulator. Finally,
this simulator is intended to serve as guidance for decision making on which LCM to use
in a particular field situation.

2. THEORETICAL MODELING

In this study, the performance of the LCMs in sealing natural fractures was
described by two models. The first accounts for the LCM bridging process to minimize
fluid loss; the second, determines the fractability of the LCM seal.

2.1. Model Development for LCM Application

There are several factors that affect the formation of the LCM bridge, including
fracture geometry, fracture roughness, drilling fluid rheology, LCM shape, LCM re-
siliency, LCM type, LCM resistance to shear, LCM concentration, LCM particle size
distribution (PSD), and the number of fractures in the system. Under these circum-
stances, a stochastic model is suitable to compute the ideal concentration of LCM
particles inside the drilling fluid that would allow for minimum losses. Moreover, this
model can also give information about the time spent to seal the fracture, the location
of the bridge, as well as the flow rate after its formation.

The model was developed for the following assumptions:

— Non-Newtonian fluid: Yield Power-Law model.

— Isothermal conditions inside the fracture.

— The volume of fluid is much larger than the volume of particles.

— Laminar flow within the fracture.

— The fracture is simplified to consist of a set of two parallel plates of infinite length.

— The thickness of the LCM bridge is constant once it is formed.

— The LCM seal begins from the wellbore radius (R,,).

— Constant fracture width.

— Steady-state condition is reached once the LCM seal is formed: the flow rate in both
LCM bridge and filtration region are equal.
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The following step-by-step algorithm was applied for calculations:

1) The system that is composed of drilling fluid and fracture is divided in grids. Each
grid corresponds to the volume of an LCM particle.

2) The probability of the presence of an LCM particle in each grid is calculated per
time, as well as the probability of plugging.

3) The probability of plugging is made equal to 1. Then, we can find the time and
concentration to achieve that.

4) The time and concentration to plug the fracture is calculated based on the parti-
cles size.

5) Once the plug time is found, the goal is to estimate the position of the fluid
front (Ry).

6) The pressure at the fluid front is calculated.

7) The value of the pressure in the interface between the LCM seal and the filtration
region (P,,), according to Figure 1, is guessed [10].

8) The fluid flow rate in the filter cake region (Q;) and in the filtration region (Q,) are
computed [10].

9) If O, and Q, differ, step 6 is repeated all the way to 8. Otherwise, the final flow
rate is O [10].
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Fig. 1. Schematic of radial flow in a fracture with an LCM feal [10]

Before the LCM bridge is formed

The space between the plates simulating fracture is divided into grids. Each one
has a volume equal to the volume of an LCM particle. The end goal is to compute the
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probability of finding a column of grids plugged by LCM particles. According to
the probability theory, the random experiment is defined as: mix n; particles of LCM
in m; grids before lost circulation starts. At time #;, fluid starts flowing inside the
fracture. The events related to this experiment are represented by the symbol Af’c, which
is defined as “there is a particle in the grid (/, ¢) at time ¢”. In this case, / is the number of
rows of grids in the fracture and c is the number of columns.

For the flow of Yield Power-Law fluid in a slot, the average velocity is computed
according to Mitchell and Miska [6]. Eq. (1) gives the flow rate of the fluid:

AT g (g

q= 1)

After the LCM bridge is formed

Once the LCM seal is formed, and steady-state is achieved, the problem is
approached from a whole different angle. This part of the mathematical model is an
improvement of the previous TUDRP model presented by [10]. It is based on the
assumption that the LCM seal is a porous medium, and even after its formation there will
persist a certain amount of fluid loss. Consequently, the seal will be as effective as the
least permeable it is.

According to Zeng [10], by making the flow rate at the filter cake and filtration
region equal, we can compute its value at two fronts: in the filter cake, or at the filtra-
tion region.

In the filter cake, the flow rate can be found considering a fluid flow through
porous medium, according to Zeng [10]. The flow rate in the filtration region can be
computed by Eq. (2), from Majidi [5]:

oo s 2 o -

q= 1 (2)
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The modifications made in this model account for the fact that the fluid front
radius is a function of time, and is given according to Majidi [5], in Eq. (3):

o 1)

L )

w

With initial condition: as¢ =0 — Ry = R,.

Eg. (3) can be solved numerically. AP is computed at Ry when steady-state fluid flow
begins. Thus, it is a good approximation to say that AP = P,, — Py To find the value
of P((t), according to the definition of isothermal compressibility:

1(aV
C=‘7(a—p)r X

V=(L-Rf)A (5)

The volume of fluid is:

Solving for pressure of fluid front per time:

In(L-R,)-In(L-Ry)
+

C

Pp(t)= By (6)

Finally, the step-by-step algorithm can be followed as discussed above.

2.2. Fractability model of the LCM seal

Knowing that the performance of the LCM filter cake may depend on its stability
and its breakdown pressure, geomechanical concepts were used to calculate the
stresses in the LCM filter cake, as well as the fracture and the collapse pressures that
might cause failure.

The fractability model was developed under the following assumptions:

— Filter cake can be considered a porous medium.

— Poro-elastic properties of a filter cake are the same as of formation drilled.
— Filter cake has a ring shape.

— Plane strain.

— No heat flow.

— Isotropic rocks.
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The strain state in the filter cake was determined from a force balance in a differen-
tial element of the filter cake as presented d in a free body diagram (FBD presented
in Figure 2.

A4

Fig. 2. FBD of an element of the LCM filter cake

The sum of the forces in the radial direction is:

Gr+aﬁdr (r+dr)d6—oc,rd6 — cgdrsin i —0ogsin B \ar =0 (7)
or 2 2
Solution to Eq. (7) is given by:
,
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The boundary conditions are:
BCl:r=n,—>0,(s,)=Fh,, BCZ:r:rf%Gr(rf):Pf

The pore pressure for radial flow can be represented by Eq. (10):

Py -P,
P(r)=P,+| L —" n| = (10)
I’f Iy

w | 7 r) r?
JP(r): —rf (7ln[r—]—7)+Pw7+C (11)
ln[] v

Finally, using Eq. (11), with the appropriate boundary conditions, ©},c%y, and o,
(the stresses in the filter cake) at r = r,, are obtained according to the Egs. (12).

o, =B, -ob,

) = [ % N 2c4c22c1 B 2c4c23c1 ] P+
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Considering that ©/,c, and o, are the principal stresses, the Mohr—Coulomb and
a tensile failure criterion are applied for two cases:

Casel: 69’ >0, >0,/
The Mohr-Coulomb criterion becomes:
p = UCS +0, tan> B (13)

Then, substituting appropriate Eq. (12) in Eq. (13) and solving for P,,, we obtain:

UeS 4 % ) 2C4C22C1 B 2C4C23C1
rw I

AP
% Ty

M 1 4Cy0 —2C5C —a— (1 - o) tan” B

where Pr= P, — AP.

Case2: 6, > 69 > 0,

Solving for P,

UCS + % + 2C4C22C1 - 2C4C23C1 v
hy I

AP

M2V VGG - 2vCsCy — o— (1- o) tan” B

where Py= P, — AP.

In case of tensile failure, 65" was considered as the lowest principal stress. That is
associated with patterns of vertical fractures. Substituting Eq. (12) in Eq. (14), and solv-
ing for P,

2
Ty Ty Ty

7 J{ % L 264000 _ 2C4C23C1 J N

(16)

Pymax =

+1+GC -2CG3C -

where Py= P, — AP.

An Excel® program was used to calculate the stresses in the LCM filter cake,
the minimum, and the maximum pressures allowed inside the wellbore to avoid failure in
the LCM filter cake.
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A sensitivity analysis of the equations for maximum and minimum pressures
in the wellbore tested the influence of Poisson’s ratio, Young’s modulus, and pressure
difference. Biot’s coefficient was kept 1, because the LCM filter cake can be con-
sidered as highly unconsolidated.

Figure 3 shows the pressures are initially small in absolute values and exponentially
increase as Poisson’s ratio increases. The pressures go to infinity when the Poisson’s ratio
become 0.5. The higher Poisson’s ratio, more difficult it is for the collapse or fracture
of the LCM filter cake.
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Fig. 3. Influence of Poisson’s ratio in fracture and collapse pressures
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Fig. 4. Influence of Young’s modulus in fracture and collapse pressures

Figure 4 shows that Young’s modulus does not influence the maximum and mini-
mum pressures that the LCM filter cake can withstand.
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Figure 5 shows that, on the one hand, the higher the pressure difference in the mo-

ment of formation of the LCM filter cake, the higher is the maximum pressure

allowed in the wellbore. On the other hand, the increase in pressure difference results in

an increase in the collapse pressure.
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Fig. 5. Influence of the pressure difference between wellbore and formation fluid
in the fracture and collapse pressures of the LCM filter cake

EXPERIMENTAL STUDY

The experimental setup was constructed to simulate a lost circulation in a fracture

formation. The lost circulation facility was built inside the Fluid Characterization Lab, in
the Dynamic Testing Facility (in TUDRP labs).

3.1.
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Experimental setup

A schematic of the experimental setup is presented in Figure 6.

The system is comprised of the following components:

T1: tank where water is mixed with LCM. Its maximum capacity is 19 gallons.

P1 and P2: AMT centrifugal pumps able to apply 25 HP to the fluid. The circulation
rate can be adjusted using a Hitachi variable frequency drive.

Bypass: valve used to allow fluid circulation before the experiment actually starts.
P: pressure gauges that measure the pressures before and after the limestone core.
Limestone core: drilled using the TUDRP drilling rig. The core was cut in the mid-
dle with a rock cutting saw to simulate a fracture (Fig. 7). Two metal spacers were
put between the core pieces to separate them and control the fracture aperture.
T2: tank that collects fluid that is lost after the start of the experiment.



Flowmeter

T2

Fig. 6. Schematic of the experimental setup

Fig. 7. Fracture in the limestone core

3.2. Experimental results

The two different LCMs were tested: walnut and a cellulosic granular material.
The criterion used to stop the experiment was that each of the LCMs should either form
a seal or correspond to a fluid loss of over 2,400 milliliters (ml) of fluid.

The test matrix is presented in Table 1.
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Table 1

Test matrix

Type of LCM (aspect ratio is 1) Walnut, cellulosic material
Concentration [kg/m’] 2.5,5,10, 15,20
Volume of the System [gal] 18
Fracture Aperture [mm] 1,3
Fracture Inclination (degrees) 0, +25,-25
Rock Type Limestone
Temperature [°F] 100
Apparent Viscosity at 600 rpm [cp] 40 (for 1 mm frac), 70 (for 3 mm frac)
Yield Stress [1b/100 ft’] 0
Pressure Difference [psi] 60
Configuration Horizontal, vertical

LCM Concentration

The concentration of LCM in the drilling fluid plays a major role in its ability
to plug fractures. The very high concentrations lead to a fast plug but result in high well-
bore pressure with all the negative consequences. On the other hand, too small concen-
trations, might not be sufficient to seal the fractures. As the width of fractures
is difficult to predict, it is very important not only to determine the proper LCMs concen-
tration but also the range of the PSD for the given wellbore situation.

As shown in Figure 8 the curves of flow rate per time obtained for three different
walnuts’ concentrations almost overlap for at all three concentrations tested. The LCMs
plugged the fracture with Imm aperture mostly during the first 2 seconds. The seal
formed in these experiments is shown in Figure 9. The plugs were relatively small in
thickness and remained at the entrance of the fracture.

Figure 10 shows that the D90 of walnut is about the same size as the fracture aper-
ture. In addition, as shown in Figure 10, the D50 is 1/3 of it. In the case of the cellulosic
material, the majority of particles were too small, even though the D100 was 1/3 of
the fracture aperture.

Because of the undeniable importance of the D50 of LCM, the next set of
experiments focused on testing the influence of different concentrations when the D50
was 1/3 of the fracture aperture. The sizes remained between 297 micrometers (im)
and 420 um.
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Fig. 8. Experiments with different particle concentrations of walnut

Fig. 9. Seal formed after each experiment presented in Figure 8
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Fig. 10. The PSD of walnut corresponding to Figure 8
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When walnut 5 kg/m® was used, no plug was observed. The results for 10 kg/m® of
walnut are shown in Figure 11. After about 90 seconds of the experiment, the flow rate
reduced to almost zero. Thus, it is safe to say that for this concentration, the LCM
plugged the fracture.

For higher concentrations of walnut, the fracture was also plugged, each time slight-
ly earlier, 85 seconds and 56 seconds, respectively.
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Fig. 11. Walnut at 10 kg/m3 with size about 1/3 of the fracture aperture

When the cellulosic material was used, none of the concentrations was sufficient to
plug the fracture. In these cases, the particles that composed the cellulosic material were
considerably smaller than the fracture aperture.

LCM size

The purpose of this set of experiments was to analyze the validity of the Bridging
Theory. This theory states that a fracture will be plugged when the average size of LCMs
ranges from 1/3 to 1/7 of the fracture opening. These particles tend to form
an arc-shaped structure that blocks the fracture. Particles outside this range would not be
able to stop the lost circulation.

Additionally, the oil industry has been making use of a large range of particle size
distribution because of the uncertainties about the fracture opening. This experimental
work clarifies the different effects of size, and may be used to narrow down the large-
-range PSD often adopted in the industry.

The influence of the LCM size in the flow rate of fluid lost in the fracture with
aperture of 1 millimeter (mm) was tested experimentally. The size where the walnut par-
ticles were 1/3 of the fracture opening presented the best results in terms of plugging the
fracture faster and providing a stable seal (see Fig. 11). Upon a diminution in size, reduc-
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tion in flow rates could still be achieved, except when the size reduced to about 1/7 of the
fracture opening. In that case, no plug was observed.

Similar results were obtained for the fracture aperture 3mm where the walnut
particles having about 1/3 of the fracture opening presented the best results in terms of
plugging the fracture faster and providing a stable seal. The fracture could not be
plugged for other sizes.

To conclude, the Bridging Theory provides an accurate prediction of the sizes that
have to be used to plug a fracture; however, the larger the fracture, the less reliable
the theory becomes.

Fracture inclination

The experimental tests showed that in case of positive values of inclination (against
gravity), the fracture was plugged faster than for zero inclination. For negative values
of inclination, the results did not show considerable difference. In both cases, 1 mm
fractures were plugged in less than 7 seconds. However, when the size of the fracture
increased to 3 mm, the fracture could not be sealed.

Fracture orientation

The influence of the fracture orientation is also important. The vertical fractures are
more likely to be formed in deep wells while the horizontal fractures, with radial flow, are
more possible to occur in shallower formations.

As shown in Figure 12, the results obtained for the LCM with 10 kg/m3 con-
cen-tration applied in a 1 mm vertical fracture indicate that the flow rate of fluid lost
presented reductions, but did not completely stop. A picture of the fracture opening
in Figure 13 shows that the lower parts of the fracture were sealed, while the top
remained open.
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Fig. 12. Walnut at 10 kg/m3 with size about 1/3 of the fracture aperture
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Fig. 13. Fracture opening (1 mm) partially plugged
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Fig. 14. Walnut at 20 kg/m3 with size about 1/3 of the fracture aperture

Figure 14 shows the performance of LCM having 20 kg/m3 concentration in plugg-
ing a 3 mm vertical fracture. Once more, the flow rate presented reductions, but did not
completely stop. Figure 13 shows that the lower parts of the fracture were sealed, while
the top remained open. The comparison of the Figures 13 and 15 showed that the small-
est fracture size resulted in a better plug in both cases.
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Fig. 15. Fracture opening (3 mm) partially plugged

4. MODEL VERIFICATION

The computer program described above allows users to make predictions on
how long it takes for each particle size of LCM to plug a fracture. Furthermore, it also
forecasts the flow rate after the LCM seal is formed.

A comparison between the results provided by the computer simulator and
the experimental work is showed in Figures (9-11) 16-18.
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Fig. 16. Comparison: fracture is 1 mm and LCM is the same size
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Figure 16 shows that when the size of the particles of LCMs are about the same size
of the fracture, the model slightly under predicted for a 1 mm fracture aperture.
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Fig. 17. Comparison: fracture is 1 mm and LCM is 1/3 of fracture

Figure 17 presents a graph leading to the conclusion that the model is fairly
accurate when the fracture is 1 mm and the sizes of LCMs particles are 1/3 of the fracture
aperture.
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Fig. 18. Fracture is 3 mm and LCM is 1/3 of fracture
For the case of a fracture opening as large as 3 mm, Figure 18 shows that the model
has a tendency to over predict the plug time; however, more experiments would be neces-

sary to account for different concentrations. For 10 kg/m® the experiments, contrary to
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the model, showed no plug; nevertheless, the model predicted that a plug would be
formed in about 2.5 minutes after the experiment started. Before that, the amount of
fluid lost had already exceeded the capacity of the experimental setup.

5. CONCLUDING REMARKS

The model of the fractability of the LCM seal can be used to analyze the pressures
that would make the seal break. These breakdown pressures were higher than the
differential pressure that created the lost circulation in the beginning; nonetheless, sud-
den induction of surge and swab pressures inside the well may be enough to destroy the
seal afterwards. In addition, according to this model, Young’s Modulus does not affect
the resistance of the seal. Moreover, the higher the Poison’s ratio, the higher the resis-
tance of the LCM filter cake.

1. The D90 of the LCM particles needs to be a value close to the width of the fracture
aperture to reduce plug time.

2. The most accurate LCM performance was accounted for when the D50 was 1/3
of the fracture opening, given the concentrations studied.

3. The concentration of LCM varies with fracture aperture and LCM size. Although
10 Kg/m3 of LCM was enough to plug a 1 mm fracture, it was too low for a 2 mm
fracture. In the last case, 20 Kg/m3 had to be used.

4. The simulations showed that LCM pills containing small particles require high
concentrations to plug the fracture. By maintaining concentration constant, lower
sizes will take longer to plug the fracture if they plug them at all.

5. An accurate estimation of the fracture opening is the starting point for the proper
choice of LCM. The quality of the seal will be as solid as the data concerning frac-
ture geometry and bridge parameters such as Biot’s coefficient, Poisson’s ratio,
and porosity. Those can be estimated in a surface lab.

6. A simulation using the computer program presented here is recommended prior to
LCM application in the field. The program provides information about the PSD
that should be employed. Furthermore, the simulation giver time estimation
of when the fracture is plugged.
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