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Abstract 

This paper presents a new design and modeling of a sampling 
probe with erosion particle damage perspective using the 
Computational Fluid Dynamic (CFD) technique. The selection of 
materials for the device, must resist determine heat transfer rate 
in certain areas and abrasive erosion occasioned for friction 
between the micro particles specimens in the internal walls 
moving at high velocities. Following earlier work, the sampling 
device is redesigned and a comparison is made from erosion 
perspective. Differences were found in the internal behavior of 
fluids depending on the position in which gas is injected it can be 
detected thought CFD analysis. 
Keywords: CFD, erosion, oxidative damage, sample probe 

1. Introduction 

Any design in which have involved the concepts like jet 
flow and entrainment of particles inside a duct must 
consider the erosion effect for proper materials selection. 
Several Computational Fluid Dynamics (CFD) studies on 
the analysis of flow turbines have been done [1,2], 
including the analysis of turbulent flows [3]. Song et al. [4] 
performed the analysis of a jet type pump and Yimer et al. 
[5] realized a CFD model which principle of operation is 
based on the Venturi effect [6]. In cement industry, CFD 
has been used for the design and optimization of 
calcinators [7] and to simulate the main transport processes 
in rotary kilns [8]. 
 
A jet type operation is subjected to friction erosion 
between the fluid and the surface models that have been 
developed to study this phenomenon [9]. Kumar and 
Shukla [10] used a finite element simulation to determine 
the crater of a particle which impacts a surface. Also 
Graham et al. [11] study the erosion caused by high 
velocity fluid trough CFD analysis.  

In cement industry, a qualitative and quantitative control 
method of the samples taken prior at the pre-calciner, that 
is before the material enters to the rotary kiln, and at end-
product are necessary to ensure the quality of clinker. For 
this task a sampler probe was developed, the samples are 
found at a high temperature and under an atmosphere of 
CO2, which are susceptible to oxidation in air. In previous 
work, a sampler probe was design with ANSYS CFD 
software. A preliminary geometrical shape device was 
obtained from design of experiments and response surface 
modeling [12,13]. The objective of the current study was 
to identify the potential behavior of erosion rate in the 
system wall and evaluate the best option between two 
sampling probe designs through the use of CFD erosion 
approach. 

2. Methods 

2.1 Computational approach 

The gas flow was modeled inside the extraction probe 
chamber employing the finite volume Ansys-Fluent 15.1 
software [14]. 
In this device a 300 MPa pressure gas stream was injected 
perpendicularly to the extraction pipe, where creates 
negative pressure used in the specimen extraction. Also, a 
tangential cold gas stream for 500 MPa was injected in 
order to induce a swirl phenomenon in the chamber probe. 
This action extends the residence time and completes the 
particles cooling.  
The new designs are focused on minimizing the erosion 
effect in order to preserve the structure in present phases 
through a quick cooling in a protective atmosphere. The 
extreme conditions inside the cyclone are ≈1090 K on rich 
CO2 atmosphere. 
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The considered conditions for this simulation were: 
• Turbulent phenomenon flow. 
• Continuous phase flow coupling with a discrete phase 

in steady state was considered.  
• The wall inside the device was considered adiabatic. 

2.2 Computational solution domain 

Two computational model domain created in ANSYS 
Design Modeler is shown in Fig. 1. The first model has a 
secondary injection of cold air into the main tube, was 
named as Inlet Tangential in main Tube (ITT). The second 
model has a secondary injection of cold air into a cone, 
was named as Inlet Tangential in Cone (ITC).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1 Computational models a) Inlet Tangential in main Tube (ITT) and 
b) Inlet Tangential in Cone (ITC). 

2.3 Grid Generation 

The grid method in both designs was equal, were used 
tetrahedral cells as domain meshing and general inflation 
methods for the grid near to the walls. The Fig. 2a); 2b) 
shown the mesh for the global domain and the Fig. 2c) 
shown with more detail the internal mesh in a common 
zone. The mesh for the domain ITT has 405,035 elements 
and 133,332 nodes with 0.897 of average orthogonal 
quality and the mesh for the domain ITC has 421,569 
elements and 136,263 nodes with 0.8952 of average 
orthogonal quality. The mesh employed determines the 

accuracy of the solution. Therefore, in this work a mesh 
quality is achieved. The convergence criteria used software 
allows to choose a better mesh densely elements, 
considering the size of the device. 

 
 
Fig. 2 Mesh computational models a) ITT, b) ITC and c) Detail of 
internal mesh in general zone. 
 

2.4 Governing Fluid Flow Equations 

The governing equations of continuity (1), conservation of 
momentum (2) and energy (3) are used to solve the flow 
and heat transfer of the continuous and the dispersed 
phase. 
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Where  is the density,  is the velocity magnitude, 
 is the phase discrete source,  is the static 

pressure,  is the stress tensor, and  and  are the 
gravitational and external body forces, respectively. 
 
 

 

. 

(3) 

Where  is the total energy,  is the effective 
conductivity,  is the temperature,  is the sensible 
enthalpy,  diffusion flux and  includes the heat of 
chemical reaction. 
The first term on the right-hand side in Eq. (3) represents 
an energy transfer due to conduction, species discussion 
and viscous dissipation, respectively. 
The turbulence of fluid flow was modeled by the Reynolds 
stress model (RSM), Eq. (4), that is an elaborate type of 
Reynolds-Averaged Navier Stokes by solving transport 
equations for the Reynolds stresses, because it cans a 
better prediction for turbulent flow through of seven 
differential and simultaneous equations [14]. 
 

 

 

(4) 

Where the first term on the left-hand side is local time 
derivative,  is the convection effect, is the turbulent 
diffusion,  is the molecular diffusion,  is the stress 
production,  is the buoyancy production,  is the 
pressure strain model (In this study the Pressure-Strain 
Model was considered linear),  is the dissipation effect, 

 is the production by system rotation and  is the 
User-Defined Source Term. 

2.5 Discrete Phase Model 

The Lagrange discrete phase model (DPM) follows the 
Eulerian-Lagrange Approach, Eq. (5). The fluid was 
modeled as a continuous phase in the solution of Navier-
Stokes equations, while the disperse phase was solved by 

tracking a large number of particles through the flow field 
calculated. The exchange momentum, mass and energy of 
the dispersed phase with the continuum phase were 
considered: 
 

 

(5) 

Where  is the particle velocity,  is the drag 
coefficient,  is the Reynolds number,  is the particle 
density and  is the particle diameter. 
During the normal operation of the device, the most critical 
mechanisms considered are the wear and the erosion by 
particle impact. The overall correlation for the erosion 
rate, Eq. (6), has been established empirically [15, 16]: 

 

 

(6) 

Where E is the rate of the erosion (kg s-1),  is the 
particle flow (kg s-1),  is a material constant,  is a 
material constant that define the erosion resistance,  is 
the impact function of the angle,  is the particle velocity 
and  is the velocity exponent, normally between 2.0 [16] 
or 2.5 [17] and 3.0. With low impact angles, α ≤ 18.5°, the 
particles collides the surface and remove a small piece of 
material; the maximum erosion occurs at α = 18.5°. With 
collide angles higher than 18.5°, the particles rebound or 
accumulated in small craters that are produced at the 
surface. 
The factor angle, , was calculated in relation with 
Finnie [18, 19], where 

and 
, approximate its behavior to a 

piecewise-polynomial function (Fig. 3). 
The erosion rate (kg m-2 s-1) on the wall is defined as 
[14]: 

 

 

(7) 

 

                    

              

                                                                                                 

(2) 
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a)                                   b) 

 

 
Fig. 3 Piecewise-polynomial Finnie’s function. 
 

Haugen et al. [16] and Keating - Nesic [18] recommend a 
value for  for steel eroded by sand. 
According to the literature, the value recommended is 

 and  as a default constant 
value for angular sand (200-250µm)/ carbon steel 
systems,  and  have been taken 
in this work in (7). The accretion rate is defined as [14]: 
 

 

(8) 

 
We can see that mathematical model (8) is part of the 
erosion expression, relating the flow of each discrete phase 
particles and the wall area in which the erosion study was 
conducted. 
 

2.6 Boundary conditions 

The boundaries I-1,I-2 and I-P (Fig. 1) are pressure inlet 
condition and the boundary O is given as pressure outlet 
condition. The discrete phase enters in the system by I-P. 

3. Results and Discussion 

During clinker process, the particles are in CO2 
atmosphere and a temperature of 1090 K. Note that the 
preheated material on these conditions is very oxidative to 
be removed violently from this extreme environment. So 
their physicochemical properties will not be representative 
in order to control the clinker quality.  
When the device is inserted into the desired process point, 
the particles enter through the extraction tube and some 

collisions occur on the front wall. This effect slows down 
the particles and is subjected to an under action of the 
negative pressure obtained by the injected gas flow device. 
The flow analysis in this work is subject to erosion and the 
direction and position of the second injection of gas into 
the device for extracting, cooling, collection and reduced 
erosion of the exhaust tube during normal process 
operation. Figure 4 shows the results of potential damage 
due the erosion rate in ITT and ITC. Observe the erosion 
distribution effect of the tangential gas injection tube in 
ITT is higher than in ITC, due to high radius difference in 
the main tube. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4 Erosion rate in a) Inlet Tangential in main Tube (ITT), b) Inlet 
Tangential in Cone (ITC). 
 
Figure 5 show a comparison of the inlet tubes (I-P) 
corresponding to the extracted samples ITT and ITC. Note 
on the ITT geometry the erosion distribution is 
inappreciable than the obtained in ITC. Such difference in 
the distributions of erosion that occurs at the input 
extraction tube (I-P) is due to the difference of flows that 
occur from injection way inlet gases. 
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In figure 6 the pressure distribution generated inside of this device is observed. The developments of pressures in the ITT 
geometry show the flow in the intersection of the extraction tube and the main tube (IET). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6 Total pressure A) Inlet Tangential in main Tube (ITT), B) Inlet 
Tangential in Cone (ITC). 
 
 
Note in the ITT case, above of IET the flow originates a 
kind of large wave, while the ITC this flow behavior is a 
ripple. This effect causes a slight perturbation in the 
generation of negative pressure which is used to extract the 
particles in I-P. This could explain the difference in the 
flow behavior of particles at the entrance of the extraction 
tube (see Fig.7) 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5 Erosion rate in A) Inlet Tangential in main Tube (ITT        
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Fig. 7 Vector field of total pressure in A) Inlet Tangential in main Tube 
(ITT), B) Inlet Tangential in Cone (ITC). 
 
Table 1 summarizes the results of simulation analysis of 
this device. Note there is no significant difference 
regarding impacts number that occurs in the walls of the 
device. The difference could be observed only in the 
impacts number per unit area that occurring at a lower area 
in the ITT geometry than the ITC increasing the structural 
damage.  
Regarding the extraction pressure generated by the device 
in the ITT is 0.207 MPa geometry and ITC of 0.187 MPa 
and contains a difference only of 0.02 MPa.  
 

 
In the case of cooling effectiveness of the particles (Table 
1 and figure 8), exhibit a temperature difference up to 
1092.032 K to  301.29 K for ITT and 312.48 K to ITC 
geometries.  

4. Conclusions 

 
The new design sampling proposed, an extraction device 
for cement industry, was developed during this CFD 
design. The particles are extracted from a high-temperature 
atmosphere of CO2, so that this condition is very oxidative 
to be removed violently from this extreme environment. 
The results of potential damage by the erosion rate in ITT 
and ITC in which the effect of the erosion distribution of 

Table 1: Results summary table of Inlet Tangential in main Tube, Inlet 
Tangential in Cone (ITC). 

  ITT ITC Units 

Surface Integral Area weighted 
average. 

0.0134569 0.014171486 Kg m-2 s-1 

Standard deviation 2.21888 36.1 Kg m-2 s-1 
Gas pressure Min -207240.34 -187424.94 Pa 

Max 534635.38 507320.22 Pa 
Particle temperature Min 301.2905 312.4875 K 

Max 1092.032 1092.032 K 

 

 

Fig. 8 Temperature distribution and particle trace in the geometry of A) Inlet Tangential in main Tube (ITT), B) Inlet Tangential in Cone (ITC). 
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the injection tangential gas had a difference due to the 
trajectory radius.  In this case, the flow is forced to follow 
a circumferential path. 
Through CFD analysis could assess the damage caused by 
erosion. Due to a difference in turbulence above the 
intersection between the extraction tube and the main 
(IET), which where the negative pressure is generated by 
the gas injection. It was also possible to determine the 
influence of the input stream and in certain geometries 
generates this turbulence that could obstruct the exhaust 
duct or reduce its cycle life. 
The number of impacts of the particles on the internal 
surface of the device there is no significant difference 
regarding the ITT and ITC. The only significate difference 
is ITT geometry, these impacts occurring at a lower area 
than the ITC increasing the structural damage. 
The CFD analysis has demonstrated the utility of the 
model simulation.  A good result is obtained for the new 
design comparing with the anterior results. Considering 
that best results will be obtained if a lighter material is 
evaluated with real time measurements in the industry.  
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