J Adv Environ Health Res (2019) 7:86-93 DOI: 10.22102/JAEHR.2019.98697.1040

ORIGINAL PAPER

A three-dimensional numerical model to estimate the fall velocity of
sediment particles

Mohsen Monadi*, Hamed Taghizadeh, Mirali Mohammadi

Department of Civil Engineering, School of Water and Hydraulic Structures Engineering, Urmia University,
Urmia, Iran

Date of submission: 18 Oct 2017, Date of acceptance: 02 Mar 2019

ABSTRACT
The fall velocity of sediment particles plays a key role in sediment transport studies. Researchers
have attempted to determine the terminal fall velocity, and most of the studies in this regard have
been based on experimental, quasi-experimental, and in-situ measurements. The present study aimed
to use a numerical model to estimate the fall velocity of a single sediment particle in distilled and
motionless water. We used spherical quartz particles with the diameters of 0.77, 1.09, 2.18, and 4.36
millimeters and density of 2,650 kg/m>. The Flow-3D software was applied to estimate the fall
velocity based on the environment of experiment by Ferguson and Church (2004) using the void of
flow method. The main objective of this research was to demonstrate the power of the numerical
model to simulate the fall velocity of sediment particles. To validate the results of the model, they
were compared with the experimental results and 26 well-known publications during 1933-2016
using the root-square-mean and mean-absolute-percentage errors. The results showed good
agreement between the experimental and numerical data. Therefore, the proposed numerical model
could be used to determine the fall velocity of sediment particles with a wide range of diameters in

the proposed environment and particle types.
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Introduction

Study of sediment transport in river
engineering problems requires an appropriate
equation to predict the terminal settling velocity
of the sediment particles with high accuracy;
such problems include sedimentation in river
directions, designing settling basins of water
transmission branches, morphological alteration
of river banks, and sedimentation of dam
reservoirs. Errors in the prediction of the settling
velocity may increase by a factor of three or
more in the computation of the suspended load
transport. For a single particle, the fall velocity
(ws) could be determined based on the
equilibrium between gravity, buoyancy, and
drag forces. Settling velocity mainly depends on
the density, size, and shape of the sediment
particles.
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Several studies have been conducted to
determine particle fall velocity. The first study
in this regard was performed by Stokes (1851;
cited in Graf,' followed by Rouse,? and Corey.’
Fair and Geyer presented an equation based on
fall velocity and particle diameter, which had to
be solved through trial and error.* In another
research, Zanke presented a formula based on
viscosity, particle density, and diameter to
calculate the fall velocity of sediment particles.’
In addition, Yalin presented an equation based
on the combination of effective diameter and
particle Reynolds number,® and Hallermier
presented three equations with different settling
regimes for quartz in water.’

In another study, Dietrich used the data
collected from 14 experiments to develop an
equation to assess the effects of size, shape,
roundness, and density on the fall velocity of
natural sediment particles.®> On the same note,
Khan and Richardson obtained a five-parameter
equation to calculate the fall velocity of
sediment particles,” and Turton and Clark
presented a new explicit correlation for
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dimensionless terminal velocity in terms of
dimensionless particle diameter.'® Furthermore,
Van Rijn proposed three formulas for three
ranges of particle diameters,'! while Concharov
presented two equations for two ranges of
particle diameters (cited in Ibad-Zadeh).'?

Julien proposed an equation to calculate fall
velocity based on the diameter and density of
sediment particles and water viscosity,!® and
Cheng developed a formula to calculate the fall
velocity of natural sediment particles, which is
applicable to a wide range of Reynolds
numbers.'* In addition, Ahrens claimed that the
Archimedes buoyancy index is the fundamental
independent variable for Reynolds number fall
velocity and the normalized sediment scale
parameter, proposing an equation that could be
used over a wide range of conditions.!> !
Similarly, Jimenez and Madsen presented a
formula to estimate natural sediment particles in
the grain sizes of 0.063-1 millimeter.'”

Brown and Lawler proposed two new
correlations of sphere terminal velocity for two
ranges of Reynolds numbers (>2x10° and
>4,000),' while Ferguson and Church
presented a new equation for sediment fall
velocity as a function of particle diameter.!
Moreover, She et al. derived an equation to
denote a correlation between particle size and
particle fall velocity in natural sediment
particles using video imaging technique,?® and
Camenen proposed a general formula based on
the shape and roundness of the particles, which
could be applied to any particle.?!

Sadat-Helbar et al. developed a fuzzy
regression concept to estimate the fall velocity
of natural sediment particles,”> while Wu and
Wang examined several formulas for initial
porosity and fall velocity.? In another study in
this regard, Monadi et al. compared several
equations for the calculation of fall velocity,
proposing a new formula using the regression
method.?* On the other hand, Chang and Liou
proposed a formula to calculate the settling
velocity of non-cohesive sediments,?> which is
similar to the findings of Rubey?¢ and Souleby.?’

To date, no studies have been focused on
the 3D simulation of this phenomenon using a
numerical model, such as the flow-3D software.
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Although several studies have predicted settling
velocity, they have been faced with limitation in
its application in river engineering projects. For
instance, the formulas proposed by Stokes,
Rouse,” and Brown and Lawler'® are only
appropriate for spherical particles. In addition,
some of the aforementioned models and
formulas require trial and error in order to
calculate the settling velocity of a particle (e.g.,
Fair and Geyer). Furthermore, some of the
proposed correlations are only applicable to
specific domain of Reynolds number (e.g.,
Stokes, Khan and Richardson, and Turton and
Clark). Evidently, decision-making on selecting
an appropriate and optimal formula is difficult
considering the wvariety of the solutions
presented for the same problem. Therefore, an
appropriate and accurate numerical model could
help calculate the fall velocity of sediment
particles with high accuracy through validating
an optimal numerical model based on an
experimental dataset and using empirical
formulas.

The current research aimed to present a
simple formula to estimate the fall velocity of
spherical particles using a numerical model. The
formula has been derived from the proposed
numerical model by comparing the
experimental data proposed by Ferguson and
Church (2004). Additionally, the numerical
results have been compared with 26 well-known
correlations in the previous studies with the aim
of achieving a simple formula based on the
equilibrium between accuracy and simplicity
and validating the proposed numerical model.

Materials and Methods

The terminal settling velocity for a particle
occurs when the gravity force minus the
buoyancy force equals the drag force, as
follows:

F,- F,=Fq (1)

where Fj is the gravity force, F), represents the
buoyancy force, and Fs shows the drag force.
According to the findings of Stokes (1851),
the settling velocity of a spherical particle in the
particle Reynolds number (R;) is less than one
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and could be calculated using the following
equation:

1 (s-1) gDi
AU v @
where s shows the relative specific density
(ps/p), v is the kinematic viscosity of the fluid
(m?/s), Rs represents the Reynolds number
(wsDy/v), Ds is the diameter of the particle (m),
p and py are the density of the fluid and particle
(kg/m®), respectively, g denotes the
gravitational acceleration (9.81 m/s?), and wy is
the settling velocity (m/s).

To introduce the use of the Flow-3D
software to estimate the fall velocity of the
spherical sand particles with the mentioned
diameters and specific density in this study, the
following steps were performed:

1. Using the Flow-3D software, all the particles
were modeled based on the experimental
environment proposed by Ferguson and
Church (2004). The features of the model setup
are presented in Table 1.

2. The fall velocity of each particle was
calculated using the numerical model and void
of flow (VOF) method. The results are shown
in Table 2, and the velocity magnitude contours
of the particles are depicted in Figures 1-4.

3. The experimental data proposed by Ferguson
and Church (2004) for the selected particles are
presented in Table 3.

4. The fitness between the numerical and
experimental findings and 26 well-known
relations was assessed using the root-mean-
square error (RMSE) and mean absolute
percentage error (MAPE) based on Equations
3-4, and the results are shown in Table 4. The
agreement between the two datasets is shown
in Fig. 5.

N (E.-N:)2
RMSE= w x100 3
n
MAPE 100 Z|Ei-Ni 4
= X
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where £ and N are the experimental and
numerical data, respectively, and n is the
number of the data.

5. The correlation between the fall velocity and
diameter of the particles is shown in Figures 6-
7 for the numerical and experimental datasets.

6. The correlation between the non-dimensional
fall velocity and effective diameter (Dgr) of the
particles is depicted in Figures 8-9 for the
numerical and experimental datasets.

g(s-D L

DgrzD(V_2)3 (5)
where D is the particle diameter (m), g
represents the acceleration due to gravity
(m/s?), s shows the relative density of the
particles, and v is the kinematic viscosity of
the fluid (m?%/s).

Flow 3D software

The numerical model used to simulate the
settling condition was the FLOW-3D, which is
a general purpose of the CFD software for the
modeling of multi-physics flow problems, heat
transfer, and solidification based on the finite
volume method to solve the Reynolds-averaged
Navier-Stokes equations of the fluid motion in
the Cartesian coordinates. For each cell, the
average values of the flow parameters (pressure
and velocity) were computed at discrete times
using a staggered grid technique (Flow 3D,
2010).

Calibration of the computational model

The calibration and validation of the
numerical models are of paramount importance.
Therefore, it constitutes part of the analysis
tasks in most CFD models. In fact, an ongoing
effort to carry out validation against the
published or experimental data remains
essential, particularly to ensure modeling
accuracy and provide a high confidence level in
its application.
To calibrate the model, it was run with five
different mesh sizes (0.5, 0.3, 0.2, 0.1, and 0.05
of the particle diameter), and the optimal
responses were obtained at the particle diameter
of 0.1. It is also notable that with the finer mesh
size, the responses did not improve to more than
the selected mesh size. Moreover, we used the
results of 26 different relations and compared
them with the computational model using RMSE
and MAPE (Table 2). It is also noteworthy that
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in some of the formula derived for non-spherical
particles, a shape factor was used to correct the
results.

All the features of the model setup were
selected based on the environment and particle
size range via trial and error in various
numerical models. Considering the lower and

Model setup
Table 1 shows the data on the meshing and

Table 1. Features of model setup

upper sizes of the particles, the interpolation
process was performed more efficiently and
could be expanded to the interior zone.
Additionally, the selected numerical model
could achieve an appropriate pattern between
the lower and upper boundaries of the particle
sizes among the other numerical models.

boundary conditions.

Model Type VOF
. Meshing Type Matching rectangle
Meshing Numberg of}g:)mputational blocks 1 ¢ ¢
Number of computational Volume 500000
. Sphere body Solid
Boundary conditions Lateral boundaries Wall
Turbulence model RNG
Algorithm to solve the pressure equation =~ GMRES
Equations Algorithm to solve the fluid shear stress Explicit
Free surface model VOF
Time interval 0.01
Geometry Settling distance of 1.0 meter in a cylinder of length 1.2 meter

Results and Discussion

The experiments in the present study were
performed based on the procedures proposed by
Ferguson and Church (2004), and the numerical
simulations were carried out using the Flow-3D
software. The numerical and experimental fall
velocity magnitudes are presented in Tables 2,
respectively. According to the information in
these tables, the numerical results were close to
the experimental results, indicating the good
performance of the numerical model to simulate
fall velocity. Therefore, the proposed numerical
model and equations were used to determine the
fall velocity of the sediment particles in this
condition.

wvelocity magnitude contours
0.0866

00722
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Table 2. The Numerical and experimental results of fall velocity
Numerical results Experimental measurements

D (mm) Ws (m/s) D (mm)  Ws(m/s)
0.77 0.095 0.77 0.093
1.09 0.134 1.09 0.141
2.18 0.220 2.18 0.209
4.36 0.335 4.36 0.307

The simulated velocity fields for each
particle while settling in motionless water are
depicted in Figures 1-4. Accordingly, the time to
achieve uniform velocity distribution differed in
each particle depending on the size of the particles.
The time was plotted versus fall velocity (Figures
5-8). As can be seen in these figures, the increased
size of the particles was associated with the
increased time to achieve uniform fall velocity.

velocity magnitude contours

Fig. 1. Velocity magnitude contour in particle with diameter of 0.77 mm
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wvelocity magnitude contours

velocity magnitude contours

Fig. 2. Velocity magnitude contour of particle with diameter of 1.09 mm
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Fig. 3. Velocity magnitude contour of particle with diameter of 2.18 mm
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Fig. 4. Velocity magnitude contour of particle with diameter of 4.36 mm
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Fig. 5. Velocity magnitude contour of particle with
diameter of 0.77 mm
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Fig. 6. Particle velocity versus time in particle with

diameter of 1.09 mm
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Fig. 7. Particle velocity versus time in particle with
diameter of 2.18 mm

To determine the accuracy of the numerical
model, the numerical and experimental results
were calculated using RSME and MAPE (Table
3). According to the information in Table 3, the
numerical results had good agreement with the
experimental results, especially in the particles
with diameters of 0.77 and 1.09 millimeters. The
agreement between the numerical and
experimental data is depicted in Fig. 9.
Furthermore, the numerical results were
compared with 26 famous proposed relations
(Table 4).

Table 3. Root-Mean-Square and mean absolute percentage
errors in numerical model and experimental results

Diameter (mm) RSME MAPE
0.77 0.2 2.15
1.09 0.2 1.42
2.18 1.1 5.26
4.36 2.8 9.12
Total 1.5 4.5

According to the information in Table 4,
the relation proposed by Fair and Geyer (1954)
had the best agreement with the numerical
results, with the RMSE and MAPE values
estimated at 0.71 and 0.38, respectively.
However, this relation requires a trial-and-error
solution in order to calculate the fall velocity of
a particle that takes a long time and an onerous
work.

Another relation in this regard has been
proposed by Monadi et al. based on the relation
presented by Wu and Wang, which had good
agreement with the numerical results. However,
it is only valid for the sediment particles with
specific density (2.65) and sediment diameters
within the range of 0.55-4.36 millimeters. As is

A
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Fall velocity (m/s)

Time (s)

Fig. 8. Particle velocity versus time in particle with
diameter of 4.36 mm

depicted in Fig. 9, the relation proposed by
Ferguson and Church (2004) had good
agreement with the numerical results as a
universal relation. Moreover, it could be
observed that the Flow-3D software could be
used to calculate the fall velocity of the sediment
particles with high accuracy.

Table 4. Root-Mean-Square and mean absolute percentage
errors in numerical model and 26 famous relations

Author RMSE MAPE
Rubby (1933) 12.62 123.17
Fair and Geyer (1954) 0.71 0.38
Zanke (1977) 10.68 85.96
Yalin (1977) 241 6.13
Hallermier (1981) 4.54 33.74
Dietrich (1982) 20.77 2188.67
Khan and Richardson (1987) 3.80 31.53
Turton and Clark (1987) 4.76 33.83
Van Rijn (1989) 10.77 36.52
Concharov (1962) 9.47 60.00
Zhang (1993) 10.32 82.72
Zhu & Cheng (1993) 15.35 207.08
Julien (1995) 11.25 95.02
Soulsby (1997) 10.41 81.60
Cheng (1997) 11.13 109.45
Ahrens (2000) 9.83 75.12
Chang and Lui (2001) 10.22 75.41
Jimenez and Madsen (2003)  8.31 59.38
Ahrens (2003) 10.37 83.33
Brown and Lawler (2003), 4.00 33.35
Ferguson and Church (2004) 2.17 3.83
She et al. (2005) 9.82 70.63
Wu and Wang (2006) 9.63 79.36
Camenen (2007) 2.86 6.15
Sadat and Amiri (2008) 10.66 93.15
Monadi et al. (2016) based

on Wu and Wang (2006) 2.07 121
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Fig. 9. Agreement between experimental data of ferguson and
Church (2004) and numerical data

In order to develop a new and simple
correlation, the fall velocity of each particle was
plotted versus the diameter of the particle for
the numerical data (Fig. 10). In addition, a
curve fitting was used to determine the
correlation between fall  velocity and
particle diameter (R?=0.9922).
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Fig. 10. Correlation of fall velocity and diameter in numerical
data

wg=0.1357 In(D) +0.12 (10)

R2=0.9922

In another attempt, we used the non-
dimensional effective diameter (Dg-) and fall
velocity (w’s) instead of the diameter and
velocity of the particles so as to improve
Equation 10. The results are shown in Fig. 11.
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Non-dimensional Fall
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Fig. 11. Correlation between non-dimensional fall velocity and
effective diameter in numerical data

Wg:0.0539Dg1‘ (1 1)
R>=1

Conclusion

Several researchers have proposed the
correlations between fall velocity (ws) and
particle diameter (D) experimentally and
theoretically. In the present study, we derived a
simple formula using the setup of a numerical
model for quartz particles in motionless, pure
water at the temperature of 23-24 °C in the grain
sizes within the diameter range of 0.77-4.36
millimeters based on the experimental
environment proposed by Ferguson and Church
(2004), which could be used to determine the
fall velocity of sediment particles within the
mentioned range and under the mentioned
conditions. The accuracy of the numerical
model was examined using the experimental
data and 26 famous relations published during
1933-2016. To validate the numerical results,
RMSE and MAPE were used, and the obtained
values compared to the experimental results
were estimated at 1.5 and 4.5, respectively.
Furthermore, the results indicated the good
agreement between the numerical and
experimental data, as well as most of the 26
selected relations. According to the results, there
was good agreement between the numerical data
and obtained results using the relation proposed
by Ferguson and Church (2004). This was the
first study to simulate the settling of sediment
particles to calculate the fall velocity of the
particles. Due to the associated difficulties and
requiring a robust computer RAM and memory
for the simulation of this phenomenon, we only
considered a short diameter range for the
particles and only one type of material in order
to achieve accurate results. In conclusion, it is
suggested that a larger range of sediment
particles be considered in similar studies to
cover all grain sizes (from fine sand to granules).
Moreover, other materials of sediment particles
in muddy water and turbulence flow within a
vast temperature range could be considered in
other conditions in order to develop a universal
formula. According to the results of the present
study, the proposed numerical model could be
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used in other particles and conditions by
applying minor changes in the parameters.
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