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Abstract

This paper presents numerical simulation of sand erosion phenomena in curved
ducts. The Eulerian-Lagrangian approach is used to simulate the gas-solid two-phase flow
while semi-empirical model is used to calculate the erosion rate. The effect of solid phase
on the gas phase is included in the model. The model prediction is validated with the
available experimental data and good agreement was obtained. Based on many predictions
of the maximum penetration rate, a CFD based correlation is developed to calculate the
penetration rate in bends. From this equation a model to predict the erosional velocity was
developed. The present results showed that the flow velocity should be decreased as the
mass loading ratio, particle size, pipe diameter increase in order to avoid failure.
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1. Introduction

Erosion is a complex process that is affected by numerous factors and small or subtle
changes in operational conditions can significantly affect the damage it causes. This can lead to the
scenario in which high erosion rates occur in one production system, but very little erosion occurs
in other seemingly very similar systems [1]. Metal loss was primarily due to mechanical forces
which are induced by solid particles, liquid droplet, or cavitation.

The current oil and gas industries practice for sizing process piping, flow lines, pipelines and
tubing limits the flow velocity to the maximum erosional velocity, V. as calculated by American
Petroleum Institute Recommended Practice 14E (API RP 14E) equation [2]:

=S (1)

VP
For solids-free fluids values of constant, C are 100 and 125 for continues service and
intermittent service, respectively, are conservative. The recommended practice adds: "If solids
production is anticipated, fluid velocity should be significantly reduced. Different values of
constant, C may be used where specific application studies have shown them to be appropriate."
It is obvious that Eq. (1) is very simple and easy to use, but the equation does not account
for many factors contributing to erosion such as particle size and density, mass loading ratio and
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type of geometry. The only physical variable accounted for in Eq. (1) is the fluid density. The
equation suggests that the limiting velocity could be higher when the fluid density is lower. This
does not agree with experimental observation for sand erosion, because sand in gases with lower
densities will cause higher erosion rates than liquids with higher densities [2-8]. Therefore, the form
of Eq. (1) does not seem to be appropriate for situation involving sand production.

Recognizing the limitations of API RP 14E in the presence of sand, several investigators
have developed models for erosion prediction or erosional velocities. Most of these models are for
erosion in bends, since bends are especially susceptible to erosion. Many of these models are based
on an impact damage model of the form:

ER = AW \F(a,) (2)

where, ER is the erosion rate (kg of material removed/kg of sand hitting it). W,; is the particle
impact velocity on the metal surfaces. This velocity depends on the flow condition, the geometry of
the component and sand properties. 4 and »n are experimentally determined constant depending on
the material being eroded and other factors. a; is the particle impact angle and F(a;) is a material
dependent function of the impact angle between 0 and 1. Furthermore, the Tulsa model [5, 7] relies
on empirical formula to account for particle tracking while the Huser and Kvernvold [8] model
allows actual calculation and the values of 4, n and F(a;) are derived from sand-blasting tests on
small material samples [9].

The main objective of the work presented herein is to adopt a numerical procedure to predict
sand erosion phenomena in curved duct. Then the data generated from numerical prediction is to be
used to develop a CFD based correlation that can be used to calculate the erosional velocity in pipe
contains bends.

2. Mathematical model

The Euler-Lagrange approach was applied in the calculation of gas-solid flow in bends by
solving the Reynolds-averaged Navier-Stokes (RANS) equations together with a turbulence model.
The previous study by the present authors [10] showed that the RNG based k-¢ turbulence model of
[11] predicts the flow within the bend better than the standard k-¢ model, low Re k-¢ model of [12]
and the extended k-¢ model of [13]. Therefore, the RNG based k-¢ is recommended in the present
study. Movements of particles are simulated by accounting for all the important forces. The
coupling effect of solid particles on the gas phase is described through modifications of gas phase
equations. This is achieved by introducing the void fraction which is defined as the volume of a
phase divided by the volume of the two phases, and momentum exchange source term in the gas
phase equations. The gas phase is considered as a continuous phase, and the solid phase is
accounted for as a dispersed phase. Some simplifying assumptions are made to provide a reasonable
solution for engineering objectives.

2.1. Model Assumptions

1. The flow model is for a two-dimensional bend therefore, the influence of span-wise velocity
on the particle motion is not included.

2. The particles are spherical in the particle tracking procedure. However, the erosion ratio

model in the present study is based on the experimental data for sand particles (the erosion

ratio is defined as the ratio of mass loss of the target material by the mass of particles
impinging on the target material).

The effect of inter-particle collisions is ignored since inertial effects prevail.

4. The effects of turbulent flow velocity fluctuations on the particles are not considered. This
assumption reduces the applicability of the model to geometries that redirect the flow such
as elbows. There situations, however, where the effects of turbulent fluctuations on the
particle motion can not be ignored such as flow with particles in a straight pipes [6].

(98]
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5. The ratio between particle density and gas density is very high so the effects of added mass
force, pressure gradient force on the particle are neglected in the present study.

2.2. Gas Flow Modeling

The general form of elliptic differential equations governing two-dimensional, turbulent,
steady, incompressible and isothermal two-phase flow through curved duct with upstream and
downstream straight ducts is given by

Li(apy"’v@ﬁii(apud)):ii gy’ o), 1o aly, o +S, -8 +pg®  (3)
y/ dy v/ 86 y/ oy oy y/ 96 v/ oy
where, j =1,y =r for curved duct, while for straight ducts j = 0, 8 = x. and the S? and S g

are source terms of gas and dispersed phases respectively. Constants of the used turbulence
model are are taken as in [11].
The effective and eddy viscosities are taken and calculated as in [11],

2
C.p k
ﬂeﬁ—ﬂ{H ; \/E} s My = Moy — H (4)

The effect of particulate phase on the turbulent structure can be written as reported in [11] for &
and ¢ equations, respectively, as follows,

T
st =2k 22 | 1—exp(-B, 2 )
_Tp AL 7 _
[ | T
st =24 22 | 1—exp(-B, 22 ©)
_Tp L Tl ]

2.3. Particulate Phase Modeling

The solid phase is simulated using the Lagrangian approach. A few thousands of
computational particles ((i.e. parcels)) were traced through the flowfield for each coupled
iteration. After each given time step the new position of the parcels and the new transitional and
angular velocities are calculated from the equations of motion as in [14] through,

dx, =
=U, 7
% » (7)
au, —= —= —= =
y =5 v hs By +F )
do, -
I LT 9
T:nyDj,[o.stU—w,, (10)

where, X, is the particle position vector,U,U , are the gas and particle velocity vectors, @, is

. . . . . . 2 .
the particle angular velocity vector, 7' is the torque acting on the particle, 7, =0.1m,D, is the

particle moment of inertia and m, is the particle mass, £, £, F, and F; are the components

of the force arising from drag, shear lift, Magnus lift due to particle rotation and gravity,
respectively. Detailed description of these forces can be found in [10]

For the calculation of particle motion, the equations of particle motion are integrated
using fourth order Runge Kutta method. To achieve this, the local values for the linear and
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angular velocities components, the liquid viscosity, turbulent kinetic energy and its dissipation
rate at the location of the particle are required. These local values at the particle center are
linearly interpolated from values at the closest grid nodes of the fluid finite-difference scheme
enclosing the particle.

2.4. Coupling between the Two Phases

The particles occupy the computational cell and reduce the gas volume fraction. They
also exert interaction forces on the surrounding gas phase. Thus, the two phases are coupled

through the gas volume fraction and through the total source term, S that accounts for the
momentum exchange between solid particles and the gas phase (two-way coupling).

The void fraction for dispersed phase, f and for gas phase, a are calculated using trajectory
method, as given in [18] as,
nkAtk

p=>—=L ., a=1-p8 (11)

traj
here, ny is the number of actual particles in the computational particle (parcel) &, Vp is the
volume of the particle, V. is the volume of computational cell and z means summing over all
traj
trajectories passing through the computational cell. It was assumed that each parcel contains
several particles with the same properties and the number of actual particles in each parcel is
obtained by dividing the total number of flowing particles by the number of simulated parcels.
The source term of dispersed phase in the gas momentum equation is calculated as in [14] by,
Bp, &

S = o ;(ﬁD +Fyy +Fy) (12)

where, n is the number of trajectories passing through the computational cell.
2.5. Erosion Model

To compute the erosion rate, ER, a semi empirical relation for sand erosion given by
[19] is used,

ER=AF W) F(a,) (13)
where, F(a;) is a function depends on impact angle and material being eroded and is given by;
aa, +ba, a, <a,
F(al) = 2 . .2 (14)
Ycos® a, sin(@a,) +Qsin” o, + & a, >a,

The values of the empirical constants based on W,; in ft/sec are taken as in [19]. W),
and a; are the impact velocity and impact angle, respectively, as shown in Fig. 1. The Fs
coefficient accounts for sand sharpness.

If the erosion in kg/kg is multiplied by the sand flow rate the erosion rate in kg/sec will
be obtained. The penetration rate is obtained by dividing the erosion rate by the local cell area
and by the density of the wall material.

2.6. Boundary Conditions

At the inlet, the axial velocity profile for gas phase is assumed fully developed turbulent
velocity profile, where the radial velocity is assumed to be zero. At outlet, the gradient of flow
variables in the flow direction is set equal zero; 0®/0x =0.0 (Neumann conditions), and the
radial velocity v is set to zero. At the solid wall boundaries, however, u = v =0.0 , no-slip
conditions. Because the k and € equations are not solved at the grid point adjacent to the wall, a
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modeling scheme is required to simulate the variation of eddy viscosity, x. For this purpose the
mixing length approach is adopted where the eddy viscosity is modeled as a function of mixing
length as in [20].

2.7. Particle Wall Interaction

The particle-wall collision occurs when the distance between the particle centre and the
wall is less than the particle radius. The condition of rebound is achieved if the particle velocity
before collision, wy,; is greater than the critical particle velocity, w, .- as in [21]. The solution of
the momentum equations with Coulombs law of friction yields a set of equations for sliding
and non-sliding collision process [22].

3. Solution Procedure

A hybrid discretization scheme is used for the momentum, turbulent kinetic energy and
dissipation rate equations of the gas phase while the equations of particle motion are integrated
using fourth order Runge Kutta method. The mathematical model using Eulerian-Lagrangian
approach as well as wall erosion sub-model was implemented in a FORTRAN program in which
the equations of motion are repetitively solved for each representative particle. The boundary
conditions and particle-wall interaction are also incorporated. The continuous phase flow is
obtained using the SIMPLE approach described by Patankar [23]. The motion of each parcel is then
followed in a Lagrangian frame using the forces generated by fluid motion and gravity. The effect
of particles on the local flowfield must then be modeled and fed back into the flowfield for the next
iteration of gas calculations. The procedure is repeated until the maximum error in the axial gas
velocity between two successive coupled iterations is less than 0.5% of the inlet mean velocity. Fig.
2 shows the history of the axial momentum residuals. The momentum residuals fluctuate during the
two-way coupling process, even though the gas phase solution converges to a prescribed tolerance
(0.001) for every coupling. Residuals of radial momentum and continuity show a similar kind of
fluctuations. During the calculation the impact location, angle and velocity are stored and used in
the erosion sub-model after the overall convergence is achieved.

The selection of the grid size influences the obtained solution and its selection represents a
compromise between the accuracy and computer time. Therefore, at the beginning of each run, the
computer program performs the calculation for gas phase only for different grid sizes. The axial gas
velocity at bend exit is compared for different grid sizes. If the difference in axial gas velocity at
bend exit in case of fine grid and coarse grid is less than 0.5% of the mean inlet velocity, the coarse
grid was chosen. Uniform grid in both directions is used, and the value of the dimensionless wall
distance, y+ for the cell adjacent to the wall, is in the range of 30-60 for all simulations.
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Figure 1. Definition of velocities and angles ~ Figure 2. Convergence history for two-way coupling
before impact and after rebound. (0=0.33,U,=20m/s, D, =100 pm and D = 0.1 m).
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4. Results and discussion

The value of time step, A¢ and the number of computational particles are chosen to ensure
independent results. To reach this condition, several simulations are performed using different time
steps and deferent number of parcels for each condition. The effect of time step on the penetration
rate profiles is shown in Fig. 3. It can be seen that, after a certain value of A¢, the results is
independent of the time step. Similar results are reported in Fig. 4 for the effect of number of
parcels. Based on these results, the time step is selected to be 10 sec. and the number of parcels
was chosen to be 10000 parcels.

4 T r 1 1. 1 111 [ 1 1 1 7171 4 T r 1 1. 1 111 [ 1 1 1 7171
3IF 3k
Cra | ar F
1 P o 1 2000 parcels
L i: _ g“ﬂg“ﬂgi f"“\ Y e 5000 parcels
- - sec - - = = - 10000 parcels
| - = = - At =0.000001 sec |
0 L PUREE TR TR N TR TR TN THN NHN NN T SR S W 1 0 L PUREE TR TR N TR TR TN THN NHN NN T SR S W 1
0 30 60 20 0 30 60 20
Angle along the bend, 6 deg. Angle along the bend, 6 deg.
Figure 3. Effect of Lagrangian time step, 4¢ on Figure 4. Effect of number of parcels on the
the penetration rate profile (conditions as penetration rate profile (condition as in
in Fig. 2). Fig. 2).

To validate the present flow model, the predicted radial and axial velocities for both phases
and the particle concentration are compared with the measured ones of [24 and 25] and presented in
[10]. The comparisons with the experimental and numerical results of Wadke et al. [26] are
presented in the present paper. Single particle trajectory was traced numerically and experimentally
in a 90° horizontal-to-vertical curved duct. The time required for the particle to travel from feeding
point to the end of horizontal pipe and the time required for the particle to travel from the feed point
to end of the bend were measured. In the present prediction the particle is released at the feed point
at zero transitional and rotational velocities. The particle after that is transported under the effect of
gravity and aerodynamic forces. The tested bend dimensions and flow conditions were taken as in
[26]. The trajectory of such particle is shown in Fig. 5.

‘L Feed point

Length of hornizontal pipe n m

Figure 5. Particle trajectory at a velocity of 20 m/sec (the horizontal and vertical scales are not the
same).
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Figure 6 shows comparisons between the present predicted time (the time required for the
particle to travel from feed point to the end of horizontal pipe and to the end of the bend) and the
measured and predicted results of [26]. A very good agreement between the present predictions and
measured data is obtained. The present model predicts the time required for the particle to travel to
the end of the bend at higher values than those of [26] as shown in Fig. 6.b. This may be due to the
assumption, of fully developed velocity profile at every section, given in [26].

The erosion model is validated by comparing the present predictions with experimental data
reported in [4, 6-7] and with the experimental data of Bikbaev et al. [27]. Figure 7 presents a
comparison between present predictions and experimental results reported in [4, 6-7]. The sand
flow rate is 1.02 ft*/day (1.2x10” m’/hr) and the flow velocity changes from 9.15 to 30.5 m/sec. It
can be seen from Fig. 7 that the model prediction agrees very well with the experimental data.
Figure 8 shows comparisons between present predicted and measured penetration rates given by
[27] at different mass loading ratios. It can be seen from the figure that the present model predicts
the maximum penetration rate for smaller loading ratio (Mr =0.57) fairly well, as the mass loading
ratio increase the model over-predict the maximum penetration rate. The major contribution to the
discrepancy between predicted values and data of [27] may be due to the interaction between sand
particles where the present model neglects this effect.

U o L I L B B LU e . L B B e B B B
[ —  Present Prediction —  Present Prediction
| ] ]
230k o Exp. data, Ref. [26] - 230 F o> Exp. data, Ref. [26]
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= 3 [ 4 = L ]
20 F . E20F
Lof 10 F
0.0-111|n|n||n||n|n|nn|||nn- 0.0----l---l-.-l---l---I--n
0 10 20 30 40 50 60 0 10 20 30 40 50 60
Uo (m/sec) Uo (m/zec)
a- Time required for particle to travel from the  b- Time required for particle to travel from the
feed point to the end of the horizontal pipe. feed point to the end of the bend.
Figure 6. Comparisons between predicted time and the published data of [26].
SN S L L L 20T T T T T T
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Figure 7. Comparison between predicted Figure 8. Comparison between the predicted
maximum penetration rate and Exp. data penetration rate and the experimental data of [27].

reported in [4, 6-7]
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In the present work, based on many CFD predictions of erosion rate and on the curve fitting
of maximum penetration rate results, a new CFD based correlation is developed and is
recommended as an approximate engineering calculations used for calculating the effect of different
parameters on the maximum penetration rate in 90° bends. The following correlations are
recommended;

6.74x10™ F,.BH ¥ D> U,

B DV Myl 006876 P per
P, max('um/kg)_ 0.012F BH % /63 (15)
D66 A;ro.om 60.0690/6 ., D,>D per
where,
{70034 0068 3 0013
Dpcr =126— : (16)

1.71x1073 /5
e

In the above correlation D, is defined as the particle size in um at which the penetration
does not be affected by particle diameter. This behavior, from the authors' point of view, is due to
that, as the particle diameter increases the particle inertia increase, which leads to an increase in the
penetration rate. On the other hand, for constant mass loading ratio the number of particles within
the flowfield decreases, this leads to a decrease in the penetration rate. Thus, at a certain particle
diameter, D,.., depending on the flow and geometric parameters, the two effects cancel each others.

For a wide range of operating condition, the critical particle, D, is found to vary between
100 and 200 pum. It should be noted that the above correlation is based on the condition that the
sand particle density is around 2650 kg/m’ and the carrier fluid is air at standard condition (p = 1.22
kg/m® and u = 1.82x107 pa.s). If the particle density or fluid properties deviate significantly from
above values, it is recommended that the flow modeling and particle tracking procedure be used
instead of this simplified model. Furthermore, the correlation was based on simulation with particle
diameter ranging from 40 to 500 um, curvature ratio between 0.05 and 0.65, pipe diameter ranging
between 0.025 and 0.4 m.

The accuracy of Eq. (15) is demonstrated by comparing its predictions with measured and
predicted penetration rates in pipe bends by different investigators under different conditions. The
results of this comparison are given in table 1 (see appendix). The error of the predicted penetration
rates against the number of data points (as a histogram) is presented in Fig. 9. The predictions of
Salama [4] were based on the following Equation:

mo V2D
L (17)
max S D pm

m

n

In the above equation S, is a geometry dependent constant, specified by Salama [4].

Figure 9 indicates that more than 75% of the predicted penetration rate is in the error range
+50%. Although this error is high, it is quite acceptable for complex mixture and erosion prediction
where a large number of uncontrolled parameters act.

To obtain the erosional velocity limits for air-solid flows at standard pressure and
temperature, multiplying Eq. (15) by n;S (n;S :%DZUO pMr) and rearranging for the flow

velocity in terms of penetration rate in pm/sec and operating parameters as follow:
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pcr

1550P. BE 50 0068/6 0.38
MO F po3 » D, <D
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¢ 87P BH0.5960.069/5 0.38
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M}"O‘QIF'SD(;'S%DO'}“ p

The erosional velocity model proposed by Salama [4] has the following form:

0P 1/3
Mer

Vol. 2(1) 2010

(18)

(19)

where, P, = Penetration rate in mm/year and a limiting value of D, =400 pm should be used if D, >

400 pum.
30 +
w ]
= i

i=

3 20 -
= B
- -
= -
ﬂ‘-. -
o B
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% :
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Z .
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Perc entage e1ror

Figure 9. The error of the predicted penetration rates using the proposed correlation against the

number of data points.

Figure 10 presents a comparison between the predicted erosional velocity limits by the
present model, equation (18), and Salama's model, equation (19), in terms of mass loading ratio. It
can be seen from the figure that both models have the same trend and the present model accounts
for the effect of bend geometry. The figure shows also that the flow velocity should be decreased as
the mass loading ratio increases in order to avoid failure. This is due to that, as the mass loading
ratio increases the penetration rate in um/sec increases. The present model predictions indicate that
the erosional velocity increases as the curvature ratio decreases. This is due to the decrease in
penetration as the curvature decreases. The figure shows also that, as the pipe diameter increases the
erosional velocity decreases. This may be due to that, as the pipe diameter increases the sand flow
rate increases for a certain mass loading ratio which resulting in an increase in the penetration rate.

Equations (18) and (19) can be rewritten to predict the erosional velocity limits in terms of

sand flow rate, m, as follow:
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a- Large particle. b- Small particle.

Figure 10. Effect of mass loading ratio on the erosional velocity limits, (allowable penetration rate =
0.1mm/year, BH = 120 and sharp particle).

Figure 11 presents a comparison between the predictions of the present model, equation
(18), and that of Salama's model, equation (19), in terms of pipe diameter. It can be seen from the
figure that the erosional velocity limits increases as the pipe diameter increases. This is due to that,
the penetration rate decreases as the pipe diameter increases at constant sand flow rate.
Furthermore, the two models are compared in terms of sand flow rate in Fig. 12. It can be seen from
the figure that, as the sand flow rate increases the erosional velocity limits decreases. This is due to
the increase in penetration rate as the sand flow rate increases. The figures also indicate that the
mass loading ratio increases as the erosional velocity decreases. Figures 11.b and 12.b show that the
predictions of Salam's model give higher values of V. than the present predictions. This may be due
to that, the effects of secondary flow and turbulence dispersion on the particles motion, which are
neglected in the present study. Therefore, further work including the effects of turbulence
dispersion and secondary flow (3-D simulations) is needed to assess the present model.
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Figure 11. Effect of pipe diameter on the erosional velocity limits, (allowable penetration rate =
mm/year, BH = 120, sharp particle and sand flow rate 5 kg/day).
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Figure 12. Effect of solid mass flow rate on the erosional velocity limits, (allowable penetration rate
= 0.1 mm/year, BH = 120, sharp particle and D = 0.2 m).

5. Conclusion

Erosion of bends conveying sand particles entrained in air flow was numerically simulated.
Based on the obtained results, a new CFD based correlation was developed. The present results
show an acceptable agreement with the available experimental data. It is concluded that the
maximum allowable velocity should be decreased as the pipe diameter, particle size or mass loading
ratio increase. The effect of fluid properties (density and viscosity), turbulent flow fluctuations and
secondary flows may play important role in erosion prediction. These effects need to be further
investigated.

Nomenclature

(Units are as stated here, unless noted otherwise in the text of the paper)

D Diameter of bend, m

D, Particle diameter, pm

ER Erosion rate, kg wall material/kg solid particles
Mr Mass loading ratio, (g /mg )
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P, Penetration rate, pum/kg or pm/sec

Rc Mean bend radius of curvature, m

Ro Radius of bend outer wall, m

t Time, sec

v Mean radial velocity, m/s

v, Erosional velocity, m/s

Vp Mean radial particle velocity, m/s

u Mean axial gas velocity, m/s

U, Mean-bulk longitudinal velocity, m/sec
Uy, Mean axial particle velocity, m/s
Greek symbols

o Curvature ratio (D/2R¢)

% Axial coordinate along the bend, degree
O Particle angular velocity, rad/s
Appendix

TABLE 1. COMPARISONS BETWEEN THE PREDICTED PENETRATION RATES BY THE
PRESENT SIMPLIFIED CORRELATION AND PUBLISHED DATA.

Predicted maximum penetration rate, m/sec
I/J" ) Mr Measured Wang and McLaury et
m/sec Py, m/sec Salama [4] Shirazi [6] ol [7] Present
Data based on Bourgoyne [3] (D, = 350 um, D = 0.0525 m, particles are semi-rounded, BH = 120 and 140, p, = 2650 kg/
m® and p,, = 7800 kg/m’, prediction of Salama based on S,, = 33.

32 0.333 0.554 3.74E-07 2.96E-07 1.06E-06 - 5.65E-07
47 0.333 0.553 3.32E-07 9.39E-07 — - 1.55E-06
72 0.333 0.632 1.65E-06 3.84E-06 - - 5.37E-06
93 0.333 0.541 3.70E-06 7.09E-06 - - 9.14E-06
98 0.333 0.470 4.23E-06 7.22E-06 - - 9.24E-06
98 0.333 0.547 4.94E-06 8.41E-06 - — 10.6E-06
103 0.333 0.527 5.29E-06 9.39E-06 - - 11.7E-06
122 0.333 0.502 3.43E-05 1.49E-05 4.29E-05 - 1.75E-05
167 0.333 0.471 3.73E-05 3.58E-05 — - 3.76E-05
169 0.333 0.570 4.77E-05 4.48E-05 - — 4.61E-05
177 0.333 0.760 8.33E-05 6.89E-05 1.01E-04 - 6.77E-05
177 0.333 0.634 7.38E-05 5.74E-05 8.40E-05 - 5.74E-05
178 0.333 0.624 6.52E-05 5.75E-05 - — 5.74E-05
203 0.333 0.563 7.76E-05 7.69E-05 - - 7.38E-05
205 0.333 0.716 7.96E-05 1.01E-04 - - 9.43E-05
222 0.333 0.524 7.01E-05 9.33E-05 - - 8.75E-05
108 0.333 0.178 3.56E-06 3.67E-06 6.85E-06 — 4.95E-06
109 0.333 0.326 5.64E-06 6.90E-06 - - 8.78E-06
108 0.333 0.343 5.29E-06 7.04E-06 1.32E-05 — 8.96E-06
104 0.333 0.567 9.88E-06 1.04E-05 - — 12.8E-06
108 0.333 0.610 1.38E-05 1.25E-05 2.34E-05 - 1.51E-05
108 0.333 0.740 1.37E-05 1.52E-05 2.84E-05 - 1.80E-05
107 0.333 0.107 1.43E-05 2.13E-05 - — 3.03E-05
111 0.333 0.133 2.23E-05 2.97E-05 5.96E-05 — 4.08E-05
107 0.333 0.216 3.56E-05 4.33E-05 - - 5.76E-05
106 0.333 0.233 3.26E-05 4.48E-05 - - 5.95E-05
103 0.333 2.792 2.96E-05 4.98E-05 - - 5.31E-05
100 0.333 0.143 3.91E-06 - - - 3.31E-06
100 0.333 0.296 5.31E-06 - - - 6.39E-06
100 0.333 0.529 9.84E-06 — - — 1.08E-05
100 0.333 0.596 1.23E-05 - - - 1.21E-05
100 0.333 0.722 1.23E-05 - - - 1.44E-05
100 0.333 1.057 1.30E-05 — - — 2.03E-05
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100 0.333 1.374 1.84E-05 — — — 2.58E-05
100 0.333 2.187 3.08E-05 - - - 3.93E-05
100 0.333 2.329 2.88E-05 — — — 4.16E-05
100 0.333 2.735 2.78E-05 — — — 4.82E-05
116 0.190 1.160 5.74E-05 2.96E-05 - 6.02E-05 2.81E-05
141 0.174 0.517 3.32E-05 2.37E-05 3.44E-05 4.13E-05 1.99E-05
107 0.174 1.468 4.94E-05 2.93E-05 4.60E-05 5.51E-05 2.48E-05
141 0.174 0.474 3.02E-05 2.17E-05 3.15E-05 3.78E-05 1.83E-05
107 0.174 1.153 4.35E-05 2.31E-05 3.61E-05 4.33E-05 1.99E-05
111 0.154 1.911 6.15E-05 4.26E-05 6.45E-05 7.55E-05 3.29E-05
141 0.154 0.540 4.10E-05 2.47E-05 3.50E-05 4.09E-05 1.96E-05
141 0.154 0.221 1.53E-05 1.01E-05 1.44E-05 1.68E-05 0.87E-05
148 0.154 0.398 3.20E-05 2.11E-05 3.15E-05 3.45E-05 1.69E-05
111 0.111 1.396 2.12E-05 3.11E-05 — 4.63E-05 2.09E-05

Data based on Bourgoyne [29] (Dp =350 um, D =0.1575 m, particle are semi-rounded,
BH = 120, p, = 2650 kg/ m’ and p,, = 7800 kg/m’.

30.9 0.500 1.692 7.41E-07 - - - 19.9E-07

66.38 0.500 0.926 8.00E-06 — — — 9.44E-06

76.59 0.500 0.804 1.00E-05 - - - 1.21E-05

67.99 0.500 0.724 8.00E-06 - - - 8.04E-06

77.68 0.500 0.425 5.00E-06 — — — 7.04E-06

97.67 0.500 0.601 1.60E-05 — — — 1.76E-05

59.44 0.333 1.643 9.00E-06 - - - 1.11E-05

61.68 0.333 0.691 4.00E-06 — — — 5.57E-06

98.43 0.333 0.711 2.80E-05 — — — 1.95E-05

99.39 0.333 1.028 3.20E-05 - - - 2.80E-05

101.7 0.333 0.152 6.00E-06 - - - 5.26E-06

103.2 0.333 0.385 1.50E-05 — — — 1.27E-05

Data reported in [4, 6 and 7] (data of Tolle and Greenwood), D, = 300 pm, D = 0.0525 m, particles are sharp, BH = 109,

pp = 2650 kg/ m’ and p,, = 7800 kg/m’,

prediction of Salama based on S, =5.5.

9.15
12.2
15.25
18.3
21.35
244
27.45
30.5

0.333
0.333
0.333
0.333
0.333
0.333
0.333
0.333

0.037
0.028
0.022
0.019
0.016
0.014
0.012
0.011

1.90E-09
2.82E-09
6.66E-09
8.11E-09
1.08E-08
1.44E-08
1.59E-08
1.81E-08

3.37E-09
5.98E-09
9.30E-09
1.35E-08
1.83E-08
2.39E-08
3.03E-08
3.74E-08

4.402E-09
6.182E-09
7.587E-09
9.647E-09
1.19E-08
1.433E-08
1.648E-08
1.873E-08

2.36E-09
3.88E-09
5.71E-09
7.84E-09
1.03E-08
1.29E-08
1.59E-08
1.90E-08

3.32E-09
5.94E-09
8.72E-09
11.9E-09
1.55E-08
1.96E-08
2.40E-08
2.88E-08

Data reported in [4 and 7] (data of Weiner and Tolle), D,= 300 um, D = 0.0525 m, particles are sharp, BH = 109, p, =
2650 kg/ m® and p,, = 7800 kg/m’, prediction of Salama based on S, = 5.5.

21.35
30.5

0.333
0.333

0.303
0.305

5.16E-09
1.82E-08

2.43E-08
4.90E-08

1.35E-08
2.49E-08

15.6E-09
3.91E-08

Data based on Bikbaev et al. [27], D, =295 um, D = 0.05 m, particle are semi-rounded, BH = 120, p, = 2580 kg/ m® and
Pw = 7800 kg/m’.

54.8
54.8
54.8
54.8
33.1
39.2
50
54.8

0.066
0.066
0.066
0.066
0.195
0.195
0.195
0.195

0.570
1.390
2.100
2.330
4.350
3.010
2.930
2.100

2.31E-06
2.87E-06
3.74E-06
4.26E-06
1.94E-06
2.92E-06
5.03E-06
5.97E-06

1.05E-06
2.36E-06
3.43E-06
3.77E-06
3.51E-06
3.92E-06
7.25E-06
6.82E-06

Data based on Bikbaev et al. [28], D, =295 pm, D = 0.05 m, particle are semi-rounded, BH =120 p, = 2580 kg/ m’ and
Pw = 7800 kg/m’.

50
50
50
50

0.208
0.139
0.119
0.064

2.800
2.800
2.800
2.800

4.66E-06
3.97E-06
3.28E-06
2.42E-06

4.78E-06
6.04E-06
5.56E-06
3.41E-06
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