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Estimation of pressure losses and deposition velocities is vital in the hydraulic design of annular drill holes in the petroleum
industry. (e present study investigates the effects of fluid velocity, fluid type, particle size, particle concentration, drill string
rotational speed, and eccentricity on pressure losses and settling conditions using computational fluid dynamics (CFD).
Eccentricity of the drill pipe is varied in the range of 0–75%, and it rotates about its own axis at 0–150 rpm.(e diameter ratio of
the simulated drill hole is 0.56. Experimental data confirmed the validity of current CFD model developed using ANSYS
16.2 platform.

1. Introduction

In the petroleum industry, predicting frictional pressure
losses and settling conditions for the transportation of
drilling fluids in the annuli are important for drilling op-
erations. Inaccurate predictions can lead to a number of
costly drilling problems. A few examples of such problems
are loss of circulation, kicks, blockage, wear, abrasion, and
improper rig power selection. (e existing empirical models
become less accurate as those involve many simplified as-
sumptions. CFD simulations help to minimize such as-
sumptions by using the physics-based Navier–Stokes
equations to model the hydrodynamics of the flow system.
Current work is focused on developing a comprehensive
CFD model which is capable of considering the effects of all
important drilling parameters, such as fluid velocity, fluid
type, particle size, particle concentration, drill pipe rotation
speed, and drill pipe eccentricity.

2. Literature Review

(e estimation of pressure loss in an annulus is more dif-
ficult compared with pipe flow due to the complexities in
hydraulics resulting from the complex geometry [1, 2]. From
an empirical perspective, the issue is usually addressed by
replacing pipe diameter in the pipe flow models with an
“effective diameter” of annulus. A number of definitions of
“effective diameter” have been proposed till date. However,
it is difficult to select a definition for a field application as
those were developed and/or applied empirically. A com-
parison of multiple definitions in predicting pressure losses
is presented by Anifowoshe and Osisanya [3]. Other issues
that make the estimation of pressure losses in drilling holes
difficult are the eccentricity and the rotational speed of inner
drill pipe. Many studies have been done on the flow of
non-Newtonian fluids in annuli to introduce empirical/
analytical models which allow to take these effects into
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account [1, 3–10]. (e results of the previous studies show
that the annular pressure losses for non-Newtonian (power
law) fluids flowing in a drill hole depend on drill pipe ro-
tation speed, fluid properties, flow regimes (laminar/
transitional/turbulent), diameter ratio, eccentricity, and
equivalent hydrodynamic roughness.

Using commercially available CFD packages like
ANSYS FLUENT to predict pressure losses for the annular
transportation of drilling fluids is comparatively a new
approach. Sorgun and Ozbayoglu [9] demonstrated the
better performance of CFD model compared with the
existing empirical models in predicting frictional pressure
losses. Sorgun [8] investigated the effect of pipe eccentricity
on pressure loss, tangential velocity, axial velocity, and
effective viscosity by using CFD. Erge et al. [6] presented a
CFD modeling approach which is applicable to estimate
frictional pressure losses in an eccentric annulus with inner
pipe rotation while circulating yield power law fluids.
However, most of these CFD studies were limited to the
laminar flow of a single phase in hydro dynamically smooth
annuli.

Annular flow of drilling fluids containing cuttings,
i.e., slurry, has not been studied in sufficient detail. Examples
of works in the field of annular slurry flow are available in
references [11–14]. (e focus of these studies was to un-
derstand the hydrodynamics of the slurry flow in annulus
from real-time experiments and to produce empirical
models based on data analysis. Recently, different re-
searchers [15–17] have used CFD in studying the trans-
portation of slurry in annuli. Ofei [15] examined the effect of
the rheological parameters of the carrying fluids on the
velocity of solid. Sorgun and Ulker [16] compared the
predictions of pressure losses obtained using artificial neural
network (ANN) and CFD. Both methods produced com-
parable results. Sun et al. [17] studied the effects of in-
clination, rotational speed, and flow rate on the distribution
of solid concentration and the frictional pressure loss.
Similar to the single-phase annular flow works, most of these
CFD studies were limited to the laminar slurry flow
conditions.

3. Methods

3.1. CFD Simulation. In the current work, the CFD simu-
lation model of the annular slurry flow is developed using
ANSYS Fluent 16.2 platform. Following previous works
[18–20], a multi-fluid granular model is used to describe the
flow behavior of a fluid-solid mixture.(e granular version of
Eulerianmodel is selected as themultiphasemodel (Appendix
C).(is is because high solid volume fraction is expected to be
used for this study and the granular version captures the
hydrodynamics of high concentration slurries consisting of
varying grain sizes. It allowsmodeling ofmultiple separate but
interacting phases. (e phases can be liquids, gases, or solids
in nearly any combination.(e Eulerian treatment is used for
each phase, in contrast to the Eulerian–Lagrangian treatment
that is used for the discrete phase model.

(e description of multiphase flow as interpenetrating
continua incorporates the concept of phasic volume fractions,

which represent the space occupied by each phase. Each phase
satisfies the laws of conservation of mass and momentum
individually. (e conservation equations are modified by
averaging the local instantaneous balance for each of the
phases [21] or by using the mixture theory approach [22]. A
detailed description is available in Appendix A.

For Eulerian multiphase calculations, the phase-coupled
SIMPLE (PC-SIMPLE) algorithm is used for the pressure-
velocity coupling. PC-SIMPLE is an extension of the
SIMPLE algorithm to multiphase flows [23, 24]. (e ve-
locities coupled by phases are solved in a segregated fashion.
(e block algebraic multigrid scheme used by the density-
based solver is used to solve a vector equation formed by the
velocity components of all phases simultaneously [25].(en,
a pressure correction equation is built based on the total
volume continuity. Pressure and velocities are then cor-
rected so as to satisfy the continuity constraints.

To ensure stability and convergence of iterative process,
a second-order upwind discretization was used for mo-
mentum equation, and first upwind discretization was
employed for volume fraction, turbulent kinetic energy, and
its dissipation. Upwinding refers to the face value derived
from quantities in the cell upstream, or “upwind,” relative to
the direction of the normal velocity. When first-order ac-
curacy is desired, quantities at cell faces are determined by
assuming that the cell-center values of any field variable
represent a cell-average value and hold throughout the entire
cell; the face quantities are identical to the cell quantities.
(us, the face value is set equal to the cell-center value of the
upstream cell when first-order upwinding is selected. In
contrast, when second-order accuracy or second-order
upwinding is desired, quantities at cell faces are computed
using a multidimensional linear reconstruction approach
[26]. In this approach, higher order accuracy is achieved at
cell faces through a Taylor series expansion of the cell-
centered solution about the cell centroid. (e total simu-
lation process is shown in Figure 1.

3.2. Turbulence Model Selection. Turbulent quantities for
fluid flow are computed using Reynolds stress model [27–
29] (Appendix D). Abandoning the isotropic eddy-viscosity
hypothesis, the RSM closes the Reynolds-averaged
Navier–Stokes equations by solving transport equations
for the Reynolds stresses, together with an equation for the
dissipation rate [30]. Here, five additional transport equa-
tions are required in 2D flows and seven additional transport
equations must be solved in 3D (please see Appendix B for
further details). (e turbulence model was selected for the
current work, analyzing the relative performance of different
models. A typical example of the analysis is presented in
Figure 2. In this figure, % difference refers to the percentile
difference between the experimental measurements of
pressure loss and the corresponding CFD predictions. In
most cases, the difference was less than 10% when RSM was
used. A list of the important results is presented in Table 1.

3.3. Length Independence Study. (e length of the flow
domain is considered long enough to achieve the fully
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developed flow. Minimum entrance length considered for
the flow development is 50Dh, where hydraulic diameter
Dh �OD–ID [36, 37]. An example of the length independent
test is shown in Figure 3. (e simulation results were not
dependent on length after 3m from the inlet.

3.4. Mesh Analysis. (e computational grids for an
annular section are generated using ANSYS Fluent, and
the meshing is finalized on the basis of proper mesh

independency check. Multiple layers of inflation near wall
are added from both inner and outer walls to compute the
characteristics of different parameters near wall more
precisely. Shear stress between wall surface and fluids is
much higher, and this inflation helps to create denser
meshing near wall. An example of computational grid
distribution and mesh independence test is shown in
Figures 4 and 5. Mesh independent results could be
produced for more than 800000 number of nodes. All the
results presented in the current work were obtained using
around 900000 nodes.

(e values of dimensionless wall distance (y+) were
checked during near wall cells generation in consider-
ation of the convergence requirement of y+ for cells
adjacent to the wall. (e value of y+ depends on the wall
shear stress, fluid density, hydraulic diameter, and mo-
lecular viscosity:

y
+

�
y

μ
���
ρτw

√
, (1)

where y is the distance from the wall to the cell center; μ, the
molecular viscosity; ρ, the fluid density; and τw, the wall
shear stress. Eventually, y+ depends on the mesh resolution
and the flow Reynolds number. Default standard wall
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Figure 1: Simulation process diagram.
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Figure 2: Performance of turbulence models in predicting pressure
loss (data source: Kaushal et al., 2005 [31]).
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functions are generally applicable if the first cell center
adjacent to the wall has a y+ value larger than 30 [38]. In view
of the minimum requirement (y+> 30), the value of y+ was
maintained above 45 in our study.

3.4.1. Convergence Rate Analysis. An optimum convergence
rate of 10−5 was selected for the termination of iteration.
Figure 6 shows an example of the analysis used to find out
the optimum convergence rate within 10−6–10−4. (e sim-
ulation results varied when the convergence value was

Table 1: Analysis of turbulence model performance.

Reference Experimental conditions
% Difference

[100(experiment−simulation)/experiment]
RSM SST k-ω Standard k-ω Standard k-ε

Kaushal et al.
(2005) [31]

Pipe orientation: horizontal

8 15 17 17.48

Pipe dia.: 0.0549m
Pipe material of construction: stainless steel (density 8030 kg/m3,

smooth wall)
Fluid: single-phase water (density: 998.2 Kg/m3, viscosity:

0.001003 kg/m-s)
Fluid velocity: 2m/s

Camçi (2003) [32]

Annulus orientation: horizontal and concentric

9 17 20 23
Annulus dimensions: 0.0432m ID, 0.123m OD

Material of construction: aluminum (smooth wall)
Fluid: single-phase water
Fluid velocity: 0.2m/s

Kelessidis et al.
(2011) [33]

Annulus orientation: horizontal and concentric

8 13 16 22.2
Annulus dimensions: 0.04m ID, 0.07m OD

Material of construction: Plexiglas (smooth wall)
Fluid: single-phase water
Fluid velocity: 1.12m/s

Skudarnov et al.
(2004) [34]

Pipe orientation: horizontal

−2 −2.8 −3 −3.2

Pipe diameter: 0.023m
Pipe material of construction: stainless steel (wall roughness: 32 µm)

Fluid: two-phase solid-liquid slurry
Liquid: water (density: 998.2 Kg/m3, viscosity: 0.001003 kg/m-s)

Solid: glass spheres (double species with densities of 2490 kg/m3 and
4200 kg/m3, 50% by 50% volume mixture, particle diameter (dm):

140 µm, volumetric concentration (Cv): 15%)
Fluid velocity: 1.724m/s

Ozbelge and
Beyaz (2001) [35]

Annulus orientation: vertical and concentric

−6 14 15 −15.1

Annulus dimensions: 0.125m OD, 0.025m ID
Material of construction: stainless steel (density 8030 kg/m3, smooth

wall)
Fluid: two-phase solid-liquid slurry

Liquid: water (density 998.2 Kg/m3, viscosity 0.001003 kg/m-s)
Solid: feldspar (mean particle diameter 0.23mm, mean density

2500 kg/m3, volumetric concentration, Cv� 1.80%)
Fluid velocity: 0.135m/s

Ozbelge and
Beyaz (2001) [35]

Annulus orientation: vertical and concentric

−4 8 13 16

Annulus dimensions: 0.125m OD, 0.025m ID
Material of construction: stainless steel (density 8030 kg/m3, smooth

wall)
Fluid: two-phase solid-liquid slurry

Liquid: water (density 998.2 Kg/m3, viscosity 0.001003 kg/m-s)
Solid: feldspar (mean particle diameter 0.23mm, mean density

2500 kg/m3, volumetric concentration, Cv� 1.80%)
Fluid velocity: 0.197m/s
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Figure 3: Length independence analysis (A) 75% eccentric, 150
RPM inner pipe rotation speed, and 400 kg/min flow rate; (B)
concentric, stationary inner pipe, and 200 kg/min flow rate.
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greater than 10−5. However, the results did not change at all
for the values less than 10−5.

3.5. CFD Model Validation. As the preliminary step, the
CFDmodeling approach is validated with respect to the data
available in open literature. Few examples of the validation
are presented as follows.

3.6. Single-Phase Flow through Annuli. Sets of experimental
data from Kelessidis et al. [33] and Camçi [32] are compared
in Figure 7 with the proposed CFD model. (e geometry is
taken from Kelessidis et al. (2011), where the inner diameter
(ID) is 0.04m, outer diameter (OD) is 0.07m, and length is
5m (horizontal concentric annuli). Fluid is taken as water
and wall material is Plexiglas (hydro dynamically smooth
wall, εa � 0). In Camçi (2003), the inner diameter is 0.0432m,

(a)

(b)

(c)

(d)

Figure 4: Mesh distribution. (a) Concentric inner pipe (number of nodes 901595). (b) 25% eccentric inner pipe (number of nodes 897540).
(c) 50% eccentric inner pipe (number of nodes 909730). (d) 75% eccentric inner pipe (number of nodes 919432).
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outer diameter is 0.123m, and length is 5m. Wall material is
aluminum (smooth wall).

In Figure 7, the graph represents log-log scale. (e
pressure gradient increasing rate in log-log scale is almost
linear for both cases. (e average percentage errors of
simulation results from Kelessidis et al. (2011) and Camçi
(2003) are 9.88% and 8.46%, respectively, which indicates a
very good agreement (it was estimated that the error of the
experimental data is approximately ±10%).

3.7. Two-Phase (Solid-Liquid) Flow through Annuli.
Pressure gradient (Pa/m) profile of water-sand slurry flow
through vertical concentric annuli is compared with Ozbelge
and Beyaz [35] experimental data in Figure 8. For the CFD
simulation, the liquid phase is considered as water (density
9982 kg/m3 and viscosity 0.001003 kg/m-s) and the solid
phase is taken as feldspar (mean particle diameter 0.23mm
and mean density 2500 kg/m3). Length 5m, outer diameter
0.125m, inner diameter 0.025m, inlet velocity range of
0.0738–0.197m/s, and overall slurry volumetric concentra-
tion range of 1.0%–1.8% with 0.23mm grain size (dp) are
considered as boundary conditions. A smooth pipe of
stainless steel (density 8030 kg/m3) is used for the simulation.
(e pipe is assumed to be vertical, i.e., gravity effect is in-
cluded, and gravity acceleration is directed opposite to the
outlet. No slip condition for liquid and solid phases is used at
the walls. Figure 9 shows the comparison of simulated and
experimental two-phase frictional pressure drop through
vertical annuli at different mixture velocity and at different
volume concentration of slurry for 0.23mm mean sand
particle diameter (dp). Simulated results are in good agree-
ment with experimental values with 2.62% average error.

4. Results and Discussion

After achieving good validation of proposed model with
experimental data, a parametric analysis is done to observe
the effect of the changing flow rate, drill pipe rotation, ec-
centricity, and particle size (detailed data tables are pre-
sented in Appendix (A and B)). (e parameters used for the
analysis are presented in Table 2.

4.1. Effect of Flow Rate. (e effect of fluid flow on maximum
bed concentration is analyzed in Figures 10–13. Water with
sand particle mixture (slurry) is used as operating fluid. Four
different conditions are taken into consideration with fix
sand inlet concentration (20%) and sand particle size
(0.1mm). (e conditions are as follows:

(i) Concentric annuli with stationary inner pipe
(ii) Concentric annuli with 150 rpm rotating inner pipe
(iii) 50% eccentric annuli with stationary inner pipe
(iv) 50% eccentric annuli with 150 rpm inner pipe

From each case of the analysis, it is observed that bed
concentration near the bottom wall decreases when the flow
rate increases. Because of gravitational force and horizontal
orientation, sand particles have the tendency to gather near

bottom wall and create a flow blockage. Decreasing flow
enhances the process. From the analysis, it is found that
below 9∗ 104 Reynolds number bed concentration near
bottom wall is more than 25% in all cases and when it goes
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Figure 8: Comparison of simulated two-phase frictional pressure
gradient at different mixture velocities and volume concentration
of slurry with Ozbelge and Beyaz, 2001 (0.125m outer diameter,
0.025m inner diameter, dm � 0.23mm) [dm � sand particle di-
ameter and Cv � sand volumetric concentrations].
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Figure 9: Effect of inner pipe eccentricity on pressure loss at
different rotational speeds.

Table 2: Variable and fixed parameters.

Parameters Value/ranges Unit
Outer diameter 0.1143 m
Inner diameter 0.0635 m
Length 5 m
Wall roughness 0 mm
Sand concentration 5–20 %
Sand particle diameter 0.1–0.005 mm
Inner pipe rotation 0–150 rpm
Inner pipe eccentricity 0–75 %
Water equivalent Reynolds number 4∗ 104–3∗ 105 Unit less
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down 4∗ 104, the percentage is above 50%. In Figure 14,
sample contour distribution of sand particles is shown at
different flow rates. Operating conditions are taken from
Figure 10. Contour distribution of annuli cross section at
3m distance from inlet displays the effect of fluid flow and
gravitational force on concentration distribution clearly.

4.2. Effect of Drill Pipe Rotation and Eccentricity. Inner pipe
of annuli can affect pressure loss by changing its eccentricity
and rotation. (e effect of inner pipe rotation and eccen-
tricity is presented in Figures 9 and 15. Single-phase water is
used as fluid in this analysis. From Figure 15, it can be
visualized that pressure loss increases with the increase of
rotational speed, and this trend is same at different flow
rates. Stationary, 50 rpm, 100 rpm, and 150 rpm rotation of
inner pipe are taken into consideration. Increasing trend is

higher at high flow rates. Because of rotational speed
particle–particle and particle–wall collision and rebound
increase, which results in higher pressure loss.

Figure 9 shows the effect of inner pipe eccentricity on
pressure loss. Concentric, 25% eccentricity, 50% eccentricity,
and 75% eccentricity are analyzed in this figure. At a fixed
flow rate (Re � 50000), with the increase of inner pipe
eccentricity, pressure loss decreases. (is trend is applicable
during inner pipe stationary condition. With inner pipe
rotation, the trend is opposite. Because of extra collision
added by pipe rotation, this change occurs.

4.3. Effect of Particle Size. In slurry flow, sand particle size
has an effective role on particle blockage near bottom wall
of horizontal annular pipe. Figure 16 analyzes the effect of
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Figure 13: Effect of fluid flow on particle concentration profile
(50% eccentric annuli with 150 rpm inner pipe).
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Figure 14: Continued.
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sand particle size at concentric and stationary inner pipe
with 5% inlet sand concentration. With the increase of sand
particle size, particle deposition near bottom wall increases
because individual particle weight increases, which

eventually results in this blockage. From previous analysis,
we have found maximum bed concentration decreases with
the increase in the flow rate (Figures 8, 10–13), but for
particle size 0.005mm, maximum bed concentration near

Sand volume fraction
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3.908e – 001
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Figure 14: Contour distribution of sand concentration profile: (a) Re � 4∗ 104, (b) Re � 7∗ 104, (c) Re � 105, and (d) Re � 2∗ 105.
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bottom wall is almost constant at different flow rates. (at
means, for smaller particle size (<0.01mm), the effect of the
flow rate on particle deposition in negligible.

To be noted, these mean particle sizes are selected from
particle size distribution (PSD) charts considered during
CFD analyzes. One of the PSD charts is shown in Figure 17,
with mean particle size 0.1mm, where 0.1mm particle size is
selected from eight different sizes based on cumulative
weight (%) of each particles. To simplify the parametric
analysis process, only mean particle sizes are shown.

5. Conclusions

In an effort to develop a widely accepted CFD model of
multiphase flow through drilling annuli, the current work
relates the overall plan and the initial progress of the project.
In summary, this study can be recounted as follows:

(i) A CFD modeling methodology to predict frictional
pressure loss and settling conditions is validated.
(e validation is presented with examples which
demonstrate its applicability in complex drilling
conditions.

(ii) (e effects of following important drilling param-
eters on pressure loss and settling conditions are
tested: fluid flow rate, rotational speed, and ec-
centricity of drill pipe and solid particle size.

(iii) Fluid flow rate has the maximum impact on particle
deposition. In all analyzed conditions, with the
decrease of fluid flow, particle deposition near the
bottom wall increases. Specific deposition velocity
depends on specific requirement of maximum de-
position near wall which can be calculated using our
approach.

(iv) With the increase of rotational speed and eccentricity
of inner pipe, the energy loss (pressure loss) of fluid
flow increases. However, at stationary condition,
pressure loss decreases with the increase of eccentricity.

(v) Preliminary results of the current research program
are presented with Newtonian fluid flow. (e
project is expected to produce a comprehensive
CFD model capable of considering all important
drilling parameters with Newtonian and non-
Newtonian fluid flow. Analysis with non-
Newtonian fluid flow is ongoing.

Appendix

A. Parametric Study Chart with Single-
Phase Fluid

(e results of the parametric study chart with the single-
phase fluid are given in Table 3.

B. Parametric Study Chart with Two-
Phase Fluid

(e results of the parametric study chart with the two-phase
fluid are given in Table 4.
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C. Description of Multiphase Model

(e volume of phase q, Vq, is defined by

Vq � 􏽚
​
aq dV, (A1)

where

􏽘

n

q�1
aq � 1. (A2)

(e effective density of phase q is
􏽢ρq � aqρq, (A3)

where ρq is the physical density of phase q.
(e equations for fluid-fluid and granular multiphase

flows are presented here for the general case of an n -phase
flow. (e volume fraction of each phase is calculated from a
continuity equation as below.

Table 3

Controlled variables CFD results
Reynolds number
(Re� dHVρ/μ)

Rotational
speed (rpm)

Eccentricity
(%)

Pressure
gradient (Pa/m)

20000 0 0 82
40000 0 0 150
50000 0 0 230
60000 0 0 320
80000 0 0 557.575
100000 0 0 920.161
20000 50 0 103
40000 50 0 158
50000 50 0 234
60000 50 0 324
80000 50 0 562.112
100000 50 0 923.5
20000 100 0 165
40000 100 0 209
50000 100 0 269
60000 100 0 345
80000 100 0 595.795
100000 100 0 933.455
20000 150 0 275
40000 150 0 293
50000 150 0 343
60000 150 0 407
80000 150 0 645.529
100000 150 0 966.1
20000 0 25 77
40000 0 25 140
50000 0 25 214
60000 0 25 299
80000 0 25 555.578
100000 0 25 902.474
20000 50 25 97
40000 50 25 150
50000 50 25 221
60000 50 25 304
80000 50 25 559.412
100000 50 25 906.422
20000 100 25 169
40000 100 25 206
50000 100 25 259
60000 100 25 327
80000 100 25 542.354
100000 100 25 916.803
20000 150 25 291
40000 150 25 298
50000 150 25 340
60000 150 25 395
80000 150 25 582.623
100000 150 25 951.93
20000 0 50 80
40000 0 50 150
50000 0 50 238
60000 0 50 342
80000 0 50 639.231
100000 0 50 955.782
20000 50 50 112
40000 50 50 178
50000 50 50 263
60000 50 50 364

Table 3: Continued.

Controlled variables CFD results
Reynolds number
(Re� dHVρ/μ)

Rotational
speed (rpm)

Eccentricity
(%)

Pressure
gradient (Pa/m)

80000 50 50 644.75
100000 50 50 965.534
20000 100 50 203
40000 100 50 251
50000 100 50 323
60000 100 50 416
80000 100 50 689.054
100000 100 50 1003.29
20000 150 50 355
40000 150 50 373
50000 150 50 428
60000 150 50 505
80000 150 50 750.208
100000 150 50 1056.07
20000 0 75 71
40000 0 75 135
50000 0 75 215
60000 0 75 310
80000 0 75 574.076
100000 0 75 907.722
20000 50 75 123
40000 50 75 197
50000 50 75 288
60000 50 75 395
80000 50 75 680.247
100000 50 75 1013.64
20000 100 75 231
40000 100 75 296
50000 100 75 388
60000 100 75 501
80000 100 75 810.132
100000 100 75 1166.54
20000 150 75 401
40000 150 75 449
50000 150 75 528
60000 150 75 631
80000 150 75 948.062
100000 150 75 1313.03
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Table 4

Controlled variables CFD results
Reynolds number
(Re� dHVρ/μ)

Rotational
speed (rpm)

Eccentricity
(%)

Particle input
concentration (%)

Particle
size (mm)

Pressure
gradient (Pa/m)

Maximum bed concentration
near bottom wall (%)

40000 Stationary Concentric 5 0.05 766.966 58.12
70000 Stationary Concentric 5 0.05 848.724 22.09
100000 Stationary Concentric 5 0.05 1120.29 12.38
200000 Stationary Concentric 5 0.05 3126.42 7.49
40000 Stationary Concentric 20 0.05 767.134 58.14
70000 Stationary Concentric 20 0.05 848.557 22.04
100000 Stationary Concentric 20 0.05 1120.29 12.36
200000 Stationary Concentric 20 0.05 3118.21 7.47
40000 Stationary Concentric 5 0.1 767.674 58
70000 Stationary Concentric 5 0.1 837.6 42.1
100000 Stationary Concentric 5 0.1 1112.26 25.91
200000 Stationary Concentric 5 0.1 3120.31 10.15
40000 Stationary Concentric 20 0.1 761.902 52.73
70000 Stationary Concentric 20 0.1 837.166 42.15
100000 Stationary Concentric 20 0.1 1111.41 26.02
200000 Stationary Concentric 20 0.1 3129.55 10.16
40000 Stationary Concentric 5 0.005 759.968 5.27
70000 Stationary Concentric 5 0.005 848.862 5.14
100000 Stationary Concentric 5 0.005 1121.32 5.1
200000 Stationary Concentric 5 0.005 3143.08 5.06
40000 Stationary Concentric 20 0.005 759.924 5.27
70000 Stationary Concentric 20 0.005 848.871 5.14
100000 Stationary Concentric 20 0.005 1121.6 5.1
200000 Stationary Concentric 20 0.005 3119.51 5.06
40000 150 Concentric 5 0.05 812.232 57.79
70000 150 Concentric 5 0.05 888.334 21.84
100000 150 Concentric 5 0.05 1162.98 12.33
200000 150 Concentric 5 0.05 3151.97 7.48
40000 150 Concentric 20 0.05 812.265 57.74
70000 150 Concentric 20 0.05 888.189 21.65
100000 150 Concentric 20 0.05 1162.52 12.32
200000 150 Concentric 20 0.05 3151.46 7.47
40000 150 Concentric 5 0.1 808.946 53.66
70000 150 Concentric 5 0.1 886.414 41.42
100000 150 Concentric 5 0.1 1155.53 25.81
200000 150 Concentric 5 0.1 3160.58 10.17
40000 150 Concentric 20 0.1 810.85 51.43
70000 150 Concentric 20 0.1 886.051 41.47
100000 150 Concentric 20 0.1 1156.06 25.85
200000 150 Concentric 20 0.1 3149.8 10.16
40000 150 Concentric 5 0.005 799.978 5.27
70000 150 Concentric 5 0.005 882.585 5.14
100000 150 Concentric 5 0.005 1162.34 5.1
200000 150 Concentric 5 0.005 3166.04 5.06
40000 150 Concentric 20 0.005 799.909 5.27
70000 150 Concentric 20 0.005 882.953 5.14
100000 150 Concentric 20 0.005 1162.38 5.1
200000 150 Concentric 20 0.005 3146.69 5.06
85000 Stationary 50 5 0.05 1042.12 33.71
100000 Stationary 50 5 0.05 1198.23 26.03
200000 Stationary 50 5 0.05 3255.59 9.96
300000 Stationary 50 5 0.05 6848.14 7.76
85000 Stationary 50 20 0.05 1055.6 33.46
100000 Stationary 50 20 0.05 1206.28 24.9
200000 Stationary 50 20 0.05 3278.31 9.9
300000 Stationary 50 20 0.05 6693.65 7.78
85000 Stationary 50 5 0.1 1011.03 26.39
100000 Stationary 50 5 0.1 1263.45 23.56
200000 Stationary 50 5 0.1 3170.89 9.91
300000 Stationary 50 5 0.1 6479.87 6.83
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1
ρrq

z

zt
aqρq􏼐 􏼑 + ∇ . aqρq ϑq

⟶
􏼒 􏼓 � 􏽘

n

p�1
_mpq − _mqp􏼐 􏼑

⎧⎪⎨

⎪⎩

⎫⎪⎬

⎪⎭
,

(A4)

where ρrq is the phase reference density or the volume
averaged density of the qth phase in the solution
domain, _mpq characterizes the mass transfer from the pth to
qth phase, and _mqp characterizes the mass transfer from the
qth to pth phase.

(e conservation of momentum for a fluid phase q is
z

zt
aqρq ϑq

⟶
􏼒 􏼓 + ∇ . aqρq ϑq

⟶
ϑq

⟶
􏼒 􏼓

� −aq∇p + ∇ . τ
�

q + aqρqg + 􏽘
n

p�1
􏼚Kpq ϑp

⟶
− ϑq

⟶
􏼒 􏼓

+ _mpq ϑpq

⟶
− _mqp ϑqp

⟶
􏼛 + Fq

⟶
+ F
⟶

lift,q+ F
⟶

vm,q􏼒 􏼓,

(A5)

where g
⟶

is the acceleration due to gravity, τ
�

q is the qth

phase stress-strain tensor, Fq

⟶
is an external body force,

F
⟶

lift,q is a lift force, and F
⟶

vm,q is a virtual mass force.
(e conservation of momentum for the solid phase is

z

zt
asρs ϑs

⟶
􏼒 􏼓 + ∇ . asρs ϑs

⟶
ϑs

⟶
􏼒 􏼓

� −as∇p−∇ps + ∇ . τ
�

s + 􏽘
N

l�1
􏼚Kls ϑl

⟶
− ϑs

⟶
􏼒 􏼓

+ _mls ϑls

⟶
− _msl ϑsl

⟶
􏼛 + Fs

⟶
+ F
⟶

lift,s+ F
⟶

vm,s􏼒 􏼓,

(A6)

where ps is the sth solids pressure, Kls � Ksl is the
momentum exchange coefficient between fluid or solid
phase l and solid phase s, and N is the total number of
phases.

Table 4: Continued.

Controlled variables CFD results
Reynolds number
(Re� dHVρ/μ)

Rotational
speed (rpm)

Eccentricity
(%)

Particle input
concentration (%)

Particle
size (mm)

Pressure
gradient (Pa/m)

Maximum bed concentration
near bottom wall (%)

85000 Stationary 50 20 0.1 1016.64 30.3
100000 Stationary 50 20 0.1 1179.16 23.6
200000 Stationary 50 20 0.1 3180.33 10.62
300000 Stationary 50 20 0.1 6636.22 7.2
85000 Stationary 50 5 0.005 1036.05 5.35
100000 Stationary 50 5 0.005 1192.55 5.3
200000 Stationary 50 5 0.005 3184.09 5.15
300000 Stationary 50 5 0.005 6544.09 5.1
85000 Stationary 50 20 0.005 1035.73 5.36
100000 Stationary 50 20 0.005 1195.77 5.3
200000 Stationary 50 20 0.005 3186.63 5.15
300000 Stationary 50 20 0.005 6519.47 5.1
85000 150 50 5 0.05 1095.77 32.5
100000 150 50 5 0.05 1259.55 24.06
200000 150 50 5 0.05 3342.23 10.21
300000 150 50 5 0.05 6794.4 7.72
85000 150 50 20 0.05 1096.93 29.37
100000 150 50 20 0.05 1277.49 22.62
200000 150 50 20 0.05 3352.92 9.85
300000 150 50 20 0.05 6849.01 7.55
85000 150 50 5 0.1 1075.24 25.28
100000 150 50 5 0.1 1226.04 24.57
200000 150 50 5 0.1 3196.13 9.8
300000 150 50 5 0.1 6533.21 6.94
85000 150 50 20 0.1 1071.57 25.25
100000 150 50 20 0.1 1244.69 22.86
200000 150 50 20 0.1 3216.8 10.19
300000 150 50 20 0.1 6656.04 7.32
85000 150 50 5 0.005 1092.88 5.35
100000 150 50 5 0.005 1257.26 5.29
200000 150 50 5 0.005 3246.63 5.15
300000 150 50 5 0.005 6567.77 5.1
85000 150 50 20 0.005 1091.97 5.35
100000 150 50 20 0.005 1261.21 5.29
200000 150 50 20 0.005 3243.02 5.15
300000 150 50 20 0.005 6561.63 5.1
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D. Description of Turbulence Model

(e exact transport equation of Reynolds stress (Rij or ui
′uj
′)

is as follows:

DRij

Dt
� Pij + Dij − εij +∅ij + θij, (A7)

where DRij/Dt is the summation of the changing rate of Rij

and transport of Rij by convection. Pij is the production rate
of Rij. Dij is the diffusion transport of Rij. εij is the rate of
dissipation. ∅ij is the pressure strain correlation term. θij is
the rotation term.

(e diffusion term used in simulation is as follows:

DT,ij �
z

zxk

μt

σk

zRij

zxk

􏼠 􏼡, (A8)

where σk � 0.82, μt � Cμ(k2/ϵ) andCμ � 0.09.
Production rate Pij of Rij or ui

′uj
′ can be expressed as

Pij � − ui
′um
′

zUj

zxm

+ uj
′um
′ zUi

zxm

􏼠 􏼡. (A9)

(e pressure-strain term ∅ij has ∅ij,1 or slow pressure-
strain term also known as the return-to-isotropy term, ∅ij,2
or rapid pressure-strain term, and ∅ij,w as wall-reflection
term. It can be presented as

∅ij � ∅ij,1 + ∅ij,2 + ∅ij,w, (A10)

where
∅ij,1 � −C1

ϵ
k

ui
′u ′j −

2
3
δijk􏼔 􏼕, (A11)

∅ij,2 � −C2 Pij −
2
3
δijP􏼔 􏼕, (A12)

where C1 � 1.8 and C2 � 0.6.
(e wall-reflection term ∅ij,w is responsible for the

normal stresses distribution near the wall. (is term is
modeled as

∅ij,w ≡ C1′
ϵ
k

uk
′um
′ nknmδij −

3
2

ui
′uk
′njnk −

3
2

uj
′uk
′nink􏼒 􏼓

Clk
3/2

ϵd

+ C2′ ∅km,2nknmδij −
3
2
∅ik,2njnk −

3
2
∅jk,2nink􏼒 􏼓

Clk
3/2

ϵd
,

(A13)

where C1′ � 0.5, C2′ � 0.3, nk is the horizontal component of
the component normal to the wall, d is the shortest distance
to the wall, andCl � C3/4

μ /k, where Cμ � 0.09 and k is the
von Kármán constant (�0.4187).

(e dissipation rate ϵij or the destruction rate of Rij is
modeled as

ϵij �
2
3
δijε, (A14)

where

ϵ � 2vsij
′ . sij
′ , (A15)

and sij
′ � fluctuating deformation rate.

Rotation term is expressed as

θij � −2ωk Rjmeikm + Rimejkm􏼐 􏼑, (A16)

where ωk � rotation vector. eikm � alternating symbol, +1, −1,
or 0 depending on i, j, and k.

Nomenclature

CFD: Computational fluid dynamics
RSM: Reynolds stress model
SST: Shear stress transport
RANS: Reynolds averaged Navier–Stokes
SIMPLE: Semi-implicit method for pressure linked

equations
dm: Sand particle diameter
Cv: Sand volumetric concentration
ID: Pipe inner diameter
OD: Pipe outer diameter
DH: Hydraulic diameter
v: Fluid velocity
vw: Water velocity
vs: Sand velocity
ε: Wall roughness
Re: Reynolds number
f: Friction factor.
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