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ABSTRACT

The Averaging Model for Cuttings transport in Horizontal
Drilling was used to study the process of Cuttings transport
for the three main flow patterns: Case I The fully suspended
flow, Case II The flow with a stationary bed and Case III
The flow with a moving bed. The models for all cases are in
one-dimensional form. The one-dimensional models were
solved numerically by using the finite difference technique
in the implicit scheme. The numerical results were compared
with experimental data and theoretical results reported in the
literature and a good agreement was found.

Introduction

Due to the presence of two phases (solid and liquid)
where the solid particles tend to settle at the bottom of the
pipe (Doron and Barnea, 1993), the hydraulic transport of
solid particles in horizontal pipes is a very complex physical
phenomenon. Such phenomenon is relevant in several areas,
such as the chemical, mining and oil industries.

In the oil industry, horizontal drilling is used to exploit res-
ervoirs exhibiting thin pay zones, to solve the problems related
to water and gas conning, to obtain greater drainage area, and
to maximize the productive potential in naturally fractured
reservoirs. However, a major deterrent in horizontal drilling
is the reduction in performance of the transport of solid rocks
fragments called cuttings transport (Cho et al., 2000).

Therefore, numerous mathematical and empirical models
for the prediction of cuttings transport in horizontal and
directional wells have been developed by several researchers
(Salazar-Mendoza et al., 2005; Salazar-Mendoza, 2004; Sala-
zar-Mendoza et al., 2004; Cho et al., 2002; Cho et al., 2000;
Li and Walker, 1999; Kamp and Rivero, 1999; Sanchez et al.,
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1999; Santana et al., 1998; Nguyen and Rahman, 1998; Leising
and Walton, 1998; Doron et al., 1997; Azar and Sanchez, 1997;
Pilehvari et al., 1996; Nguyen and Rahman, 1996; Martins et
al., 1996).

A detailed review of published experimental data reveals
that the cuttings transport characteristics change with an in-
crease in wellbore angle. Leising and Walton (1998), Sifferman
and Becker (1992) and Peden et al. (1990) reported that, under
a certain range of well deviation, the cuttings bed in annuli is
unstable. Tomren et al. (1986) and Ford et al. (1990) carried out
experimental work on cuttings transport in inclined wellbores
and observed the existence of different layers that might occur
during the mud flow and cuttings in a wellbore: a stationary
bed, a sliding bed, and a heterogeneous suspension or clear
mud. Doron and Barnea (1996) carried out experimental work
on solid-liquid flow in pipes and observed the existence of
three main flow patterns: I Fully suspended flow, II Flow with
a stationary bed and III Flow with a moving bed.

The aim of this paper is to present the results from the
Averaging Model for Cuttings Transport in Horizontal Drill-
ing, that was previously derived (Salazar-Mendoza et al., 2004;
Salazar-Mendoza, 2004; Salazar-Mendoza et al., 2005), and
now it was used to study the process of Cuttings transport
for the three main flow patterns: Case I The fully suspended
flow, Case II The flow with a stationary bed and Case I1I The
flow with a moving bed. The results have been used to predict
the flow performance and to evaluate the effects of some
important parameters which affect the mechanics of cuttings
transport during horizontal well drilling. Also the numerical
results were compared with experimental data from Doron et
al. (1987) and experimental data and theoretical results from
Doron and Barnea (1993).

Model Description

The system under consideration is illustrated in Figure 1,
overleaf, where the fluid bed system is identified as the w-region
and the porous medium as the 7n-region. An exploded view
of the w-region that is made up of the solid phase (o-phase)
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Figure 1. Cutting transport system and averaging volume.

dispersed in a continuous fluid phase (5-phase) is also shown
in Figure 1. Additionally, an exploded view of the n-region
that consists of a stationary solid phase (5-phase) and the
fluid phase ((-phase) is shown there. Note that the G-phase is
flowing in both w and the 7 regions.

Results and Discussion

The simulated physical system is a pipe of 4.135 m in
horizontal length and 0.0508 m in diameter. A one di-
mensional, mesh-centered grid, consisting of 10 nodes, is
used for the three cases analyzed: Case I The fully suspended
flow, Case II The flow with a stationary bed and Case I1I The
flow with a moving bed.

In the first case, all the cross section of the pipe is occupied
by a solid-liquid dispersed flow with a low concentration of
drilling cuttings (like the w-region in Figure 1). For the second
case, a stationary bed of drilling cuttings (porous medium)
is at the bottom of the pipe above which flows a flow similar
to the Case I (Figure 1). For the third case, a moving bed of
drilled cuttings with a high concentration of cuttings flow
together a solid-liquid dispersed flow with a low concentra-
tion of cuttings. The models for all cases were obtained in
one-dimensional form.

In order to solve the mathematical models, a backward
finite difference implicit scheme with a point-distributed grid
was applied. The set of equations for mass and momentum
conservation in a discretized form can be written in matrix
form as:

A-x=b ()

in which A is the matrix’s coefficients, x is the vector of the
dependent variables and b is the vector of the known param-
eters.
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Case 1. Fully Suspended Flow

This type of flow pattern is presented
at high superficial velocities (higher than
1.6 m/s). The liquid phase used in the
simulation is water and the solid phase
consists of particles with 0.003 m of di-
ameter and a density of 1240 Kg/m? (data
given in Doron et al., 1987). The pressure
at the entrance of the pipe is 151988 Pa
and the total volume fraction of solid
particles €, varies from 0.042 to 0.155

The aim of the numerical simulations
is to obtain the pressure and velocity
profiles as a function of time and space. With the idea of
comparing the calculated pressure drop with experimental
data, the dimensionless gradient pressure (AP)* (expressed
in meter of water by meters of pipe, m/m) is calculated with
the next equation:

(Pm _Pout)/LJ

p watergr

(APY* = ( @

where P;, and P,,, are the pressure at the entrance of the
pipe and the calculated pressure at the exit of the pipe, which
length is L; P, is the water density, and g, is the gravity in
the radial direction.
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Figure 2. Dimensionless pressure gradient versus velocity for Case |
A solid-liquid dispersed flow ( p, = 1240 Kg/m3, ps = 1000 Kg/m3 ,
dP=3 mm , L=4.135mand D = 50 mm).

In Figure 2, the dimensionless pressure gradient versus
velocity is presented. It can be observed that the prediction
for various total volume fractions of drilling cuttings is similar
that the results for a flow of pure liquid, which is due to the
prediction was done with a homogeneous model, where the
mixture properties are used. The predictions are compared
with some experimental data from Doron et al., (1987), which
were measured for superficial velocities approximately from 0.2
to 1.8 m/s. For these velocities the flow pattern observed was



principally a flow with a moving bed, whereas only the data for
superficial velocities higher than 1.6 m/s correspond to the fully
suspended flow pattern. Therefore, the predictions are better
when superficial velocities tend to high values. However, the
predictions tend to move away respect to experimental data
at low superficial velocities. Then, obviously the model is not
adequate to simulate flow with a moving bed or a flow with a
stationary bed, but it is appropriate for fully suspended flow
prediction.

CASE 2. Flow with a Stationary Bed

Suppose a fully suspended flow in a horizontal pipe as the
Case 1. If the slurry flow rate is reduced, the solid particles
tend to form a moving bed at the bottom of the pipe (due to
density is higher than that of the carrier fluid). Decreasing the
flow rate further, the solid particles tend to form a stationary
bed instead of a moving bed.

The flow with a stationary bed was simulated using the
same data that for Case I and a value for the total volumetric
fraction of solid particles €, of 0.097.
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Figure 3. Flow pattern transition for a two-region model as a function of
the total volume fraction of drilling cuttings and the maximum packing at
the bottom of the pipe.

With the model and values of 0.52 and 0.65 for the maxi-
mum packing at the bottom of the pipe ,,, the Figure 3 was
obtained. This figure shows the relation H/ D as a function of €,
and €,,,, obtaining the flow pattern transition for a solid-liquid
two phase flow. From Figure 3, it can be observed that: 1) the
point (0,0) represents one phase flow, 2) the points (¢, 0) rep-
resent fully suspended flow, 3) the points (0.52, 1) and (0.65,1)
represent flow through a porous medium (stationary bed) and 4)
with the other points; it is possible to predict if the upper region
is a fully suspended flow or only a flow of pure liquid when the
bottom region is a stationary bed or a moving bed.

For this case the dimensionless gradient was calculated by

(AP)*= £, (AP),, +£, (AP), 3)
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Figure 4. Dimensionless pressure gradient versus velocity for Case Il A
flow with a stationary bed. Comparison of two-region model against
experimental data and three —layer model from Doron and Barnea (1993)

(p, =1240Kg/m*, p, =1000Kg/m*, d,=3mm, L=4.135myD =
50 mm, g, =0.097).

where (AP)Z) , (AP)T7 , €, and &, are the dimensionless
pressure gradients and the volume ?ractions for the w and 7
regions, respectively.

In Figure 4 the theoretical transition between flow with a
stationary bed (left side of the continuous line) and flow with
a moving bed (right side of the continuous line) are shown. In
this figure, can be observed that numerical results for (AP)*
are in agreement with the profile of experimental data and the
Doron and Barnea model in the velocity range from 0.6 to 0.95
m/s. The maximum error calculated between the numerical and
experimental data was 5%.

With the idea of evaluating the behavior of the volume
fraction of cuttings in the upper region ¢,w as a function of:
€y, Eqy, and H / D, the next equation was used
“)

E €

ow = ( 0'_8071817)/860

In Figure 5, overleaf, all the points on the €, w-axis (i.e.,
H | D=0) represent fully suspended flow and all the points on
the H/ D-axis (i.e., e ,w = 0) represent flow through a porous
medium (stationary bed) with a flow of only liquid phase at
the top of the pipe. The other points on solid and dashed lines
represent flow with a stationary bed (like in Figure 1).

In Figure 6, overleaf, the dimensionless pressure gradient as
a function of volume averaged velocity and the relation H/ D
is presented. It can be observed that, for a constant velocity, if
the relation H/ D grows up then, also, the dimensionless pres-
sure gradient grows up. In the practice and experimentally it is
very difficult to maintain the relation H/ D constant, however
with Figure 6 it is possible to predict how the behavior of the
dimensionless pressure gradient is as a function of volume
averaged velocity.
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In this case the dimensionless gradient was
calculated by

(APY* = £,,(AP),, + £, (AP), 5)

k

where (AP), (AP)*, g, and g, are the di-
mensionless pressure gradients and the volume
fractions for the w and -y regions, respectively.

In Figure 7 the transition between flow with
a moving bed (right side of the continuous line)
and flow with a stationary bed (left side of the
continuous line) are shown. In this figure, can be
observed that numerical results for (AP) are in
agreement with the profile of experimental data
taken from Doron and Barnea (1993) in the veloc-
ity range from 1.0 to 1.6 m/s. The maximum error
calculated between the numerical and experimental
data was 6.8%.

Figure 5. Behavior of volume fraction of drilling cuttings at the top of the pipe as a function

of: 1) the total volume fraction of drilling cuttings, 2) the maximum packing at the bottom of

the pipe, and 3) the relation H/D.
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Figure 6. Dimensionless pressure gradient versus velocity {V;} for Case
Il A flow with a stationary bed for different values of the relation H/D.

CASE 3. Flow with a Moving Bed

Suppose a fully suspended flow in a horizontal pipe as the
Case 1. If the slurry flow rate is reduced, the solid particles
tend to form a moving bed at the bottom of the pipe (due to
density is higher than that of the carrier fluid). Decreasing the
flow rate further, the solid particles tend to form a stationary
bed instead of a moving bed.

The flow with a moving bed is a intermediate flow pattern
between the fully suspended flow and the flow with a station-
ary bed. This kind of flow was simulated using the same data
that for Case I and a value for the total volumetric fraction of
solid particles €, of 0.11.
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Conclusions
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Figure 7. Dimensionless pressure gradient versus velocity for Case Il

A flow with a moving bed. Comparison of two-region model against
correlations and experimental data and three —layer model from Doron

and Barnea (1993) (p_ = 1240 Kg/m®, pj =1000 Kg/m®, d,=3mm, L
=4.135myD =50 mm, £, =0.11)-

In this work, the process of cutting transport for the three
main flow patterns was analyzed: 1) fully suspended flow, 2)
flow with a stationary bed, and 3) flow with a moving bed.
The numerical results and their comparison with experimental
data and theoretical results show that: 1) the model for a fully
suspended flow is not adequate for simulating a flow with a
moving bed nor a flow with a stationary bed, 2) the models
for a flow with a stationary bed and a flow with moving bed
allow to obtain the theoretical flow pattern transition, as
a function of total volume fraction, which depends on the
maximum packing at the bottom of the pipe, 3) the results for



the dimensionless pressure gradient, obtained for a flow with a
stationary bed and a flow with a moving bed, are in agreement
with experimental data and theoretical results reported in the
literature, as is illustrated in Figures 4 and 7.
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Nomenclature
d, particle diameter
D pipe diameter
Hn  height of the n-region, for the case of stationary bed
H~  height of the y-region, for the case of moving bed
h height of the w-region
L pipe length
(AP) dimensionless pressure gradient
P,  pressure at the entrance of the pipe
P,, pressure at the exit of the pipe
v averaging volume
Vs volume of the (-phase contained in the averaging
‘ volume
V. volume of the o-phase contained in the averaging
volume
Greek Symbols

I6] fluid phase
6 boundary layer thickness

€3 = Dé’ volume fraction of the G-phase
V. .

€y = 7, volume fraction of the o-phase

€y  Vvolume fraction of the o-phase associated with the w
region

€  volume fraction of the o-phase associated with the 7
region (stationary bed)

€,y  volume fraction of the o-phase associated with the

region (moving bed)
v moving bed
n stationary bed, porous medium
density in the B-phase
density in the o-phase
o solid phase
w fluid bed system

Subscripts

¥ identifies a quantity associated with the « region
n identifies a quantity associated with the 7 region
w7y  identifies a quantity associated with the w-y boundary
wn  identifies a quantity associated with the w-7 boundary
B, identifies the fluid phase in the -region
B, identifies the fluid phase in the 7-region
G, identifies the fluid phase in the w-region

oy identifies the solid phase in the y-region

on identifies the solid phase in the 7)-region
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ow identifies the solid phase in the w-region
w identifies a quantity associated with the w region
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