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Abstract - Helical flow in an annular space occurs during oil drilling operations. The correct prediction of
flow of drilling fluid in an annular space between the wellbore wall and the drill pipe is essential to determine
the variation in fluid pressure within the wellbore. This paper presents experimental and CFD simulation
results of the pressure drop in the flow of non-Newtonian fluids through a concentric annular section and
another section with fixed eccentricity (E = 0.75), using aqueous solutions of two distinct polymers (Xanthan
Gum and Carboxymethylcellulose). The hydrodynamic behavior in this annular system was analyzed based
on the experimental and CFD results, providing important information such as the formation of zones with

preferential flows and stagnation regions.
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INTRODUCTION

The petroleum industry has shown increasing in-
terest in studies of fluid dynamics in annular spaces,
involving oil well drilling operations with cuttings
removal using drilling fluids. Constant concerns re-
garding operational costs and the need to increase
production capacity have often led to the use of high
flow rates, with the resulting hydrodynamic losses in
the annular space between the wellbore and drill pipe
requiring significant amounts of energy (Vieira Neto
et al., 2011). The quantification of this energy there-
fore plays a relevant role in the dimensioning of
these units.

Cuttings are removed by pumping drilling fluids
from the surface into the wellbore through the inside
of drill pipe to lubricate and cool the drill bit and
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clean the cut region, thus avoiding unnecessary in-
creases in the required torque due to the accumula-
tion of particles (Nouri and Whitelaw, 1997). The
drag of these particles is strongly related to the flow
of drilling fluid, which is determined by the velocity
profiles in the annular space (Escudier et al., 2000).
Therefore, efficient drilling operations are directly de-
pendent on knowledge about drilling fluid hydraulics.

The work of Nouri et al. (1993) stands out among
experimental studies on turbulent flow in annular
sections. These authors analyzed turbulent flow in
vertical annular sections (concentric and eccentric)
without the effect of rotation of the inner cylinder.
They used Newtonian fluids and non-Newtonian
solutions (0.2% CMC), determining the mean ve-
locity profiles (axial, radial and tangential) and their
fluctuations and cross-correlations by means of the
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LDV technique (Laser Doppler Velocimetry). They
also calculated the skin friction coefficients for both
fluids, and highlighted the reduction of about 7% in
pressure drop due to increased eccentricity.

Nouri and Whitelaw (1994) continued their earlier
experimental studies (Nouri et al., 1993) on vertical
turbulent flows in a concentric annulus, this time
including rotation of the inner tube (300 rpm).
Newtonian and non-Newtonian fluids were also used
in that study, and the mean velocity profiles (axial,
radial and tangential) and their fluctuations were
determined by the LDV technique. Later, Nouri and
Whitelaw (1997) extended their studies to an eccentric
annular section with inner cylinder rotation (300 rpm),
and found that the influence of rotation of the inner
cylinder is more significant in the range of Reg < 3000,
and this influence is lower on turbulent flows.

Escudier and Gouldson (1995) also engaged in
experimental studies of the flow of Newtonian and
pseudoplastic fluids under the influence of rotation
of the central body, using LDA (Laser Doppler Anem-
ometry) as the measuring technique. They plotted
velocity profiles for different flow situations (fluid
flow rate and inner cylinder rotation), and also
highlighted the behavior of the friction factor as a
function of fluid flow rate. Glucose syrup solutions
were used as the Newtonian fluid and carboxymethyl-
cellulose (CMC) solutions as the non-Newtonian fluid.

Escudier ef al. (2000) evaluated the effect of inner
cylinder rotation on the laminar flow of Newtonian
fluids in an eccentric annular region and described
the effect of the friction factor under the influence of
flow conditions and eccentricity. Escudier et al. (2002)
extended the study to non-Newtonian fluids, com-
paring experimental and numerical simulation results
and highlighting the velocity profiles, which they
compared with those obtained in other studies re-
ported in the literature (Nouar et al., 1987; Nouri and
Whitelaw, 1997).

Fang et al. (1999) proposed numerical simula-
tions using the finite difference technique to study
the flow of pseudoplastic fluids in an eccentric an-
nulus. They discussed the effects of eccentricity and
viscosity on the friction factor associated with flow,
and compared their results with those reported by
other authors (Nouri ef al., 1993; Nouri and Whitelaw,
1997).

Today, with the rapid improvement of computa-
tional resources, numerical simulation studies using
the Computational Fluid Dynamics (CFD) technique
have become popular in several fields of engineering
(Vieira et al., 2005; Vieira Neto et al., 2008; Cunha
et al., 2009; Barrozo et al., 2010, Santos ef al., 2009,
Oliveira et al., 2009, Pereira et al., 2007), helping to

shed light on the fluid dynamic behavior of annular
flows.

Fisher et al. (2000) incorporated the effect of po-
rosity at the system’s boundary into their simula-
tions. Their aim was to determine the fluid dynamics
of the flow to predict the loss behavior of drilling
fluids and the thickness of the cake formed on the
wellbore wall, considering the influence of eccen-
tricity and internal shaft rotation. They reported re-
sults consistent with information available in the
literature, but did not compare their numerical results
with experimental data.

Ali (2002) estimated concentric annular flows of
Newtonian fluids in vertical and horizontal arrange-
ments based on CFD simulations, but did not quan-
tify the effects of internal shaft rotation.

The above-mentioned studies indicate that there
is a need for studies that combine experimental work
and CFD simulations to investigate pressure gradi-
ents, in concentric and eccentric annuli, of flows of
different non-Newtonian fluids, evaluating their ef-
fects on the hydrodynamics of these systems. Further-
more, it is also important to evaluate velocity fields
in order to identify areas of preferential flows and
stagnation zones, because they directly affect the
flow of drilling fluid in real well drilling situations.

In the present work, CFD simulations and ex-
perimental studies were performed to analyze the
pressure drop in concentric and eccentric annuli,
with and without inner tube rotation, using aqueous
solutions of two polymers (0.2% Xanthan gum and
0.2% carboxymethylcellulose) to assess the differ-
ences in non-Newtonian behavior of these fluids and
their effect on the hydrodynamics of these annular
systems. This work also involved CFD simulations
to determine velocity profiles and identify the pres-
ence of preferential flows and stagnation zones, par-
ticularly in the eccentric annulus.

MATERIALS AND METHODS
Experimental Methodology

The rheological data of non-Newtonian fluids were
best fitted by the power law model. The rheological
data of aqueous suspensions of 0.2% Xanthan Gum
(XG) and of 0.2% carboxymethylcellulose (CMC)
were measured using a Brookfield rheometer at a
temperature of 25 °C (Ataide et al., 1999). The power
law model can be expressed by Eq. (1):

r=K(5)" (1)
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Table 1 shows the power-law parameters ob-
tained by regression for both fluids, using a range of

shear rate ( ]/) from 0 to 80 s to determine the pa-

rameters.

Figure 1 illustrates the experimental apparatus
used in this study. The annular region is composed of
two cylindrical bodies: an external acrylic tube (67
mm in diameter) and an internal stainless steel tube
(32 mm in diameter), both 1.5 m long. The ratio of
the diameters is 0.48.

The fluids were moved using a helical pump (7.5
hp), while the flow rate was quantified using a mag-
netic flow meter. The rotation of the inner tube was
adjusted by a frequency inverter. The working fluids
were fed into the annular region using a flange to
support the arrangement between the inner and outer
tubes. This device allowed the main flow to be di-
verted to different positions around the annular sec-
tion through a flow distributor. The fluid discharge
system followed the same principle as the feeding
device. Each pair of flanges, when attached to the

acrylic tube, allowed the inner shaft to be positioned
to provide concentric and eccentric arrangements
(with fixed eccentricity, E = 0.75).

The pressure measuring points were distributed
along the length of the outer tube. In the eccentric
arrangement, the pressure drops were measured in
the section with the largest annular space. To evalu-
ate the effect of the inner shaft rotation on the pres-
sure drop, several experiments were performed at a
fluid flow rate of 6.8 m’/h in the following arrange-
ments: concentric without rotation and with inner
shaft rotation (300 rpm), and eccentric (E = 0.75)
without rotation and with inner shaft rotations (150
and 200 rpm).

Simulation Methodology

The procedure for the numerical simulation was
implemented using the ANSYS FLUENT® 12.1
CFD package, while the grid was constructed using
GAMBIT® 2.3.16 software.

Table 1: Parameters of the power law model for the two fluids.

non-Newtonian fluids

Parameters of the power law model

0.2% XG solution
0.2% CMC solution

K [Pa.s"] n[-] R’
0.27 0.95
0.75 0.94

Figure 1: Experimental apparatus: (1) Fluid tank; (2) Helical pump of
positive displacement; (3) Motor of 7.5 hp for the helical pump; (4) and
(5) Valve of bypass and hose; (6) Magnetic flowmeter; (7) Motor of 1.0
hp to rotate the inner tube; (8) Input flange; (9) Output flange; (10) Inner
tube of stainless steel; (11) External tube of acrylic; (12) Flow
distributors with silicone hoses; (13) Points for pressure measurement;

(14) Valve of recycling and hose.
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Governing Equations

For an incompressible isothermal laminar flow of
a fluid whose effective viscosity depends solely on
the strain rate tensor, the modeling of the flow can be
described through the continuity equation (Equation
(2)), using axial, radial and tangential components of
the momentum equation (Equations (3), (4) and (5))
in cylindrical coordinates (Bird et al., 2002).
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Figure 2: Grid refinement along the annular section: (a) concentric; (b) eccentri

(Eq. (1)), the effective viscosity (u,) concept has been

used in the present work. Thus, we use the effective
viscosity to replace the dynamic viscosity (x) in

these equations. The parameters of this model (Table
1) were implemented in FLUENT® 12.1 software.

Grid and Simulation Parameters

In the construction of the grid, the cells adjacent
to the walls of the inner and outer tubes, as well as
those in the regions of entry and exit of fluid, were
refined through a double-side scheme with a cells
growth factor of 1.1. A grid independence test was
carried out with three different grid sizes. A grid
with 192,000 cells and 20x80x120 subdivisions (ra-
dial, circumferential and axial) was chosen because
this grid gave a grid-independent solution.

Figures 2 and 3 show the refinement of the grid
along the annular section and in the region of entry
of the concentric and eccentric annuli (E = 0.75).

The simulations were performed in the steady-
state regime, with convergence criteria of l¢*. The
algorithm SIMPLE was used for coupling pressure-
velocity, the scheme PRESTO for the pressure dis-
cretization, and the scheme QUICK for the discreti-
zation of the equations of motion. The boundary con-
ditions adopted were an axial velocity of 0.69 m/s at
the entrance of the section (corresponding to a volu-
metric flow rate of 6.8 m*/h in the experimental tests)
and rotation speeds of 300 rpm in the concentric
channel of the inner tube, and of 150 and 200 rpm in
the eccentric annulus.
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(a) |

Figure 3: Grid refinement in the intake region: (a) concentric; (b) eccentric (E = 0.75).

RESULTS AND DISCUSSION

Results for the Experimental and Simulated Pres-
sure Drop

Figure 4 indicates that the introduction of the in-
ner cylinder rotation (300 rpm) in the concentric
annulus reduces the pressure drop slightly: XG (re-
duction of 4.1%) and CMC (reduction of 1.2%). It
also can be seen that the fluctuation of the experi-
mental measurements for CMC is higher than that
for XG. The simulated values over-predict the mean
values of the experimental data, but are within the
error bar.

Figure 5 shows that, in the eccentric annulus, the
introduction of the inner cylinder rotation (up to 200
rpm) increases the pressure drop: XG (increase of
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800 1 ? ?
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400 -

Pressure drop [Pa]

m Experimental XG
200 1

O Simulated XG

0 T T
0 300

(a)

Inner shaft rotation [rpm]

10.2%) and CMC (increase of 5.9%), indicating an
opposite effect to that found in the concentric chan-
nel. Likewise, the simulated values over-predict the
mean values of the experimental data, although they
are within the experimental error bar.

Simulated Profiles of Normalized Axial and Tan-
gential Velocities

Figure 6 depicts the simulated profiles of the ra-
dial distribution of the axial (Figure 6-a) and tangen-
tial (Figure 6-b) velocity normalized by the bulk
velocity (U, = 0.69 m/s), of the two polymer solu-
tions (0.2% XG and 0.2% CMC) in the concentric
annulus at a flow rate of 6.8 m*/h. In these figures, rl
is the radial distance from the outer cylinder, while S
is the annular space between the inner and outer tubes.
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Figure 4: Experimental pressure drop (mean and standard deviation) and mean simulated values in the

concentric annulus: (a) 0.2% XG, (b) 0.2% CMC.
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Figure 5: Experimental pressure drop (mean and deviation) and mean simulated values in the eccentric

annulus: (a) 0.2% XG, (b) 0.2% CMC.
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Figure 6: Simulated profiles of velocities normalized by bulk velocity (U,) for both fluids (0.2% XG and
0.2% CMC) in the concentric annulus: (a) axial velocity; (b) tangential velocity.

In Figure 6(a), note that there are significant differ-
ences in the profiles of normalized axial velocities due
to the rheological characteristics of the fluids. The
0.2% CMC solution, whose behavior index (n = 0.749)
is closer to a Newtonian fluid (n = 1), presents a
parabolic velocity profile, while the 0.2% XG solu-
tion with the lower behavior index (n = 0.27), i.e.,
with more evident characteristics of a pseudoplastic
fluid, displays a flattened profile. Note also that the
increment in rotation of the inner tube (300 rpm)
practically did not interfere in the axial velocity
profiles.

As can be seen in Figure 6(b), tangential velocity
decreased sharply as the fluid moved away from the
inner cylinder (normalized radial position equal to
1), in the case of the 0.2% XG solution, whose non-
Newtonian behavior is more evident. In contrast, the
tangential velocity of the 0.2% CMC solution de-
creased more gradually.

Figures 7 to 10 illustrate the simulated radial dis-
tribution profiles of axial and tangential velocities
normalized by the bulk velocity (U,) of the two
solutions (0.2% XG and 0.2% CMC) in the eccentric
arrangement (E = 0.75).

In the case of the larger annular space (plane 3) of
the eccentric arrangement, Figure 7(b) shows that the
simulated axial velocity profiles of the XG solution
were flat while those of the CMC solution were
parabolic. This behavior was similar to that of the
concentric annulus (Figure 6-a). Figure 7(a), which
depicts the narrowest region (plane 1), shows that the
introduction of the inner tube rotation (up to 200
rpm) increased significantly the axial flow in this
region. This increment in axial flow in plane 1
decreased the stagnation of the flow due to the high
eccentricity of the annulus. This effect is relevant in
cleaning operations and the transportation of cuttings
in horizontal drilling systems.
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Figure 7: Radial distribution of simulated profiles of
axial velocities, for both fluids, in the eccentric annu-
lus (E = 0.75): (a) plane 1, (b) plane 3.

Figure 8(a) shows the simulated profiles of axial
velocities in the region of plane 2 of the eccentric an-
nulus for both fluids. The simulated results without
the inner tube rotation presented higher values close
to the inner cylinder (normalized radial position equal
to 1). Note also that the insertion of inner cylinder
rotation (150 and 200 rpm) reversed the trend of the
velocity profiles, which became elevated close to the
wall of the outer cylinder, but with lower values than
those obtained without inner tube rotation.

Figure 8(b) shows that the two fluids behaved dif-
ferently in the simulated axial velocity profiles of
plane 4. The XG solution showed a behavior similar
to plane 2, but increasing the inner tube rotation (up
to 200 rpm) caused an increase in the axial velocity
values adjacent to the wall of the outer cylinder. In
the case of the CMC solution, also note that the in-
sertion of inner tube rotation increased the axial ve-
locities, but these higher values are located in the
central region of the annulus. This increase in axial
flow in plane 4 (bottom region of the annulus) due
to inner tube rotation also facilitates the cleaning
operations and transportation of cuttings, since it

prevents the deposition of solids at the bottom of the
annulus.
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Figure 8: Radial distribution of simulated profiles of
axial velocities of the two fluids in the eccentric an-
nulus (E = 0.75): (a) plane 2, (b) plane 4.

Figure 9(a) exhibits the simulated tangential ve-
locity profiles in the narrowest region of the annulus
(plane 1). A gradual decrease in tangential velocity
was observed when the fluid deviated from the inner
cylinder (normalized radial position equal to 1), al-
though this decrease was more gradual with the
CMC solution than with the XG solution. In Figure
9(b), note that the tangential velocity of both solu-
tions declined sharply in the region of larger annular
space (plane 3) as the fluid moved away from the
inner cylinder (normalized radial position equal to
1). An inflection point was also observed in the cen-
ter of the annular section, where the tangential ve-
locities became negative. These negative values may
indicate a minor secondary flow in the direction op-
posite to that of the inner tube rotation, particularly
in the case of the CMC solution. A possible physical
explanation for this secondary flow could be the high
eccentricity (E = 0.75) associated with the rheologi-
cal characteristics of non-Newtonian fluids.
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Figure 9: Simulated profiles of tangential velocities
of the two fluids in the eccentric annulus (E = 0.75):
(a) plane 1, (b) plane 3.

In Figure 10, note that the behavior of the tan-
gential velocity profiles in planes 2 and 4 was similar
to that in plane 3 (higher annular space). The two
fluids showed an abrupt decrease in tangential ve-
locity as they approached the center of the annulus,
and an inversion in velocity values. These negative
values may also indicate a small secondary flow
in the direction opposite to that of the inner tube
rotation, which is especially evident in Figure 10(b)
(plane 4).
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Figure 10: Simulated profiles of tangential velocities
of the two fluids in the eccentric annulus (E = 0.75):
(a) plane 2, (b) plane 4.

CONCLUSIONS

In this work, CFD and experimental studies were
conducted to analyze the pressure drop in concentric
and eccentric annuli, with and without inner tube ro-
tation, using aqueous solutions of two polymers (0.2%
Xanthan gum and 0.2% carboxymethylcellulose)

The experimental and simulated results of the two
fluids showed a decrease in pressure drop with inner
cylinder rotation in the concentric annulus. The op-
posite effect was found to occur in the eccentric ar-
rangement, i.e., the introduction of the inner tube
rotation increased the pressure drop of both fluids.

The simulated axial velocity profiles in the con-
centric annulus were flat for the XG solution and
parabolic for the CMC solution. The simulated tan-
gential velocity profiles showed a sudden decrease in
tangential velocity of the XG solution as it moved
away from the inner cylinder, while this decrease
was more gradual with the CMC solution.

The simulated axial velocities in the larger annu-
lar space (plane 3) of the eccentric arrangement
showed a behavior similar to that observed in the
concentric annulus, i.e., the profiles of the XG solu-
tion were flat while those of the CMC solution were
parabolic, due to the rheological characteristics of
these fluids. In the narrowest region of the eccentric
annulus (plane 1), it was found that the introduction
of inner cylinder rotation increased the axial flow in
this region, where previously there was no axial
flow. In the other planes of the eccentric arrange-
ment, the introduction of inner tube rotation reduced
the axial velocity in plane 2, and increased the axial
velocity in plane 4.

The narrowest region of the annulus (plane 1)
showed a gradual decrease in tangential velocity as
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the fluid moved away from the inner tube, although
this decrease was more gradual with the CMC solu-
tion. The other regions of the annulus (planes 2, 3
and 4) showed a sudden decrease in tangential ve-
locity as the fluid approached the center of the an-
nulus, after which the values became negative. Nega-
tive values of tangential velocity may indicate a
minor secondary flow in the direction opposite to
that of the inner tube rotation.
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NOMENCLATURE
E eccentricity (-)
g, &, go gravity in cylindrical coordinates m/s>
K consistency index of the “power- Pa.s"
law” model
n behavior index of the “power- )
law” model
P pressure Pa
rl radial distance from the outer m
cylinder
S annular space between the inner m
and outer tubes
t time s
u simulated axial velocity m/s
Uy bulk velocity of the fluid flow m/s
v,, Vi, Vo Velocity in cylindrical m/s>
coordinates
w simulated tangential velocity m/s

z,1,0 cylindrical coordinates (axial,
radial and angular) of the
momentum equations

Greek Symbols

14 characteristic strain rate s

U dynamic viscosity of the Pa.s
Newtonian fluids

p fluid density kg/m®

T shear stress Pa
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