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    Abstract—This paper presents the design and modelling of a 

sampling probe at high temperatures and CO2-rich atmospheres 

applications and when samples are susceptible to deterioration by 

contact with oxygen from air. Applying the simulation tool CFD 

(Computational Fluid Dynamics)-Fluent ANSYS 15.0, this study 

verifies and optimizes a first dimensional configuration of the 

probe. The optimized device considers the cooling rate and the 

internal gases velocity for negative pressure generation (Bernoulli 

effect) and its suitable for sampling in cement industry. 

 

Index Terms—Bernoulli, cement, CFD, sampling probe, 

oxidative damage. 

I. INTRODUCTION 

Any industry requires the use of devices for process 

control and quality assurance. In cement industry, the 

extraction of samples at high temperatures and inert 

atmospheresturns the extraction process into a complex 

activity by the potential degradation of the specimen in 

contact with oxygen from air. Xue [1] performed the analysis 

of a jet type pump, Yimer [2] through Computational Fluid 

Dynamics(CFD) software, which principle of operation is 

based on the Venturi effect [3]. This effect is widely used in 

the automotive, aviation and flow measurement industries 

[4]-[7] and many researchers have modelled this 

phenomenon by finite volume element [8]-[13]. In cement 

industry it has been used for the design and optimization of 

calciners [14] and to simulate the main transport processes in 

rotary kilns [15]; there are also patents focused on sampling 

systems for combustion gases from the rotary kiln. Some 

patents deal with volatile gases, chlorine and sulfur 

compounds, and for the removal of lead in the sample 

[16]-[20]. 

This paper proposes the design and modelling of a 

sampling probe for sample extraction from high temperatures 

and CO2-rich atmospheres, especially in cement industry, 

when phase assemblage may be altered by the slow cooling 

process and the presence of oxygen from air during sampling. 

II. METHODS 

A. Design considerations of specimen extraction 

probe. 

Considering the need of a procedure to extract specimens 

during the formation process of cement clinker and keeping 

the structure in present phases through a quick cooling in a 

protective atmosphere, an extraction Jet probe type is 

proposed. This design was based on fluid dynamics, 

especially on Bernoulli’s principle. 

 

 
 

Where k is a constant. 

In this equation derived from Bernoulli's principle, when 

density ρ is kept constant and disregarding the elevation, at 

speed , a drop pressure is generated, going from a 

constant value “k” until negative values of pressure. 

Moreover, considering a basic structure of two tubes 

connected in "T" shape, by passing a non-reactive high 

velocity fluid by one of the tubes, a drop pressure is generated 

and safe extraction of samples subjected to certain 

atmospheres, velocity and high temperatures is allowed.  

On the other hand, in order to maintain the microstructural 

and chemical characteristics of the extracted samples under 

the mentioned extreme conditions, it is necessary a fast 

cooling and special-atmosphere device to avoid a reversible 

reaction in clinker phases or a reaction with oxygen fastened 

by the high temperature environment. The materials inside 

the cyclone (Fig.1) are at temperatures close to 1090 K in a 

CO2-rich atmosphere. In this invention, two streams of 

CO2are injected tangentially. The first stream is used to 

generate a low pressure for the extraction of materials, and 

the second for quick cooling and mixing. For an optimal 

cooling with the minimal dimensions of this invention, a 

strategic design was used to drive the particles in a helical 

path increasing the residence time.  
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Fig. 1 Isometric view and CFD simulation inside cyclone 

process in cement industry. 

For this purpose, parametric equations of the spiral were 

considered: 

 

 

 
Getting: 

     (1) 

                  (2) 

Equation 1 is associated to the confinement of the particles 

in the system, a cylinder and its conical regions; indicates 

time. Equation 2 establishes that the injection of the fluid 

should be done with a slight angle to the plane transverse to 

the circular tube. The initial condition of these equations is 

established from the CO2 entry pressures and angles; the first 

injection generates a negative pressure and is used in the 

extraction of samples; the second propitiates the mixing 

effect. 

B.  Setup and operation of the sampling probe. 

Practical case: cement industry. 

For quality control in the production of cement, analysis of 

the samples before and after each process in the manufacture 

of cement clinker is necessary. In this process, the raw 

material in transformation is kept in CO2-rich atmosphere 

and temperatures close to 1090 K, which hinders the 

extraction of samples. 

 
Fig. 2Isometric view of the mesh of the sampling probe 

 
Fig.3.Full frontal view of the configuration of the sampling 

probe 

 

To achieve the extraction and fast cooling in a CO2-rich 

atmosphere, the device shown in Fig. 2 and Fig. 3 is 

proposed.The device consists of an extraction tube that is 

introduced into the specimens’ extraction gate in the cyclones 

(Fig. 2).  A flow of CO2(used as carrier fluid) is injected in 

both, the extraction tube and cooling inlet tube. The 

tangential position (Fig. 4) of each pivot promotes a helical 

flow of CO2. Inside the cyclone, the sample rotates and enters 

through the hole of the collecting tube.This hole is placed 

facing the direction of the particles flow within the cyclone, 

slowing the particlesby the impact with the internal wall of 

the collecting tube.Once the particle sample is stopped, lays 

under the action of the low pressure (Bernoulli’s effect), and 

it helps to generate a suction effect that takes the captured 

particles from the collection inlet tube into the cooling tube. 

A second helical effect on the cooling tube is generated by 

providing a CO2 flow in the cooling inlet tube; the primary 

objective is to force the particles to follow a helical path 

toward the same cooling tube to increase the residence time, 

strengtheningat the same time, the generation of low 

pressure.  

 
 

Fig. 4.Lateral view of the device with the details of the 

extraction tube and the gas inlets of the inputs tubes and the 

cone cooling tube. 
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Fig. 5.Longitudinal section of the device showing 

temperature contours inlet tubes, and carries cooling sieves. 

 

In this way, i) by the second cold CO2flow in the cooling 

cone, ii)the sudden change in volume of the mixture of the 

particles with the cold carrier gas and iii)the helical path, the 

original structure of the samples is maintained inside 

cyclones.Therefore, the chemical and crystallographic 

analyses performed to the particles extracted with this 

invention, is representative of the particlesinside the extreme 

atmospheres in the kiln. 

From the process mentioned above, the particles 

experiment a new volumetric expansion from the second 

conical section to the sieves-holdertube, where are captured 

by the sieves and CO2 gases leaving the sieves-holder tube 

through the venting slots. After the venting slots the conical 

lid closes the system; the lid is removable in order to place or 

remove the sieves. 

 

C. Simulation and dimensional optimization of the 

device by ANSYS - FLUENT CFD 

For the development of the present computational study, 

finite volume CFD package, Fluent ANSYS 15.1 was used. 

To verify the operation, the diffusive behavior of gases 

flowing into the proposed device was modelled using the 

Reynolds stress model turbulence model, based on the 

Navier-Stokes equations which describe the motion of fluids 

[21]. 

The operating conditions consideredwere: a stable state, g 

= -9.81 ms
-2

 and the boundary condition at the entrance of the 

particles of 2.3 kPa (into the cyclone in the extraction point). 

To obtain this boundary condition into the cyclone, this 

region was modelled with the same software (Fig.1).  

The inlet gas pressure was 10 atmospheres for both, input 

pivot and the cooling tube pivot. The mesh used to solve the 

conservation equations and the final configuration of the 

device is illustrated in Fig. 2 and Fig. 3 respectively, this 

design is under Mexican patent registration with number 

mx/a/2014/002336. 

The simulation tool is alternated with the Design of 

experiments (DOE) and theResponse Surface (RS) 

modelling; the first one to minimize calculation costs and the 

second to optimize the dimensional configuration of the 

design of the proposed device. 

The DOE method is used to analyze experimental data and 

build empirical models to obtain the approximate 

representation of the physical situation, creating a table with 

the values of the variablesto optimize. The RS methodology 

may be defined as a method to construct global 

approximations of the behavior of the system on the 

calculated results at various points in the design space. [22] 

III. RESULTS AND DISCUSSION 

In Fig. 5, the isotherms of the simulation are illustrated. 

Note that in the inlet tube, the temperature of the gases is 

close to 700 K. Likewise, in the outlet of the cooling tube the 

temperature drop near to 290K can be observed.  

The detail of the flow gases drawings is illustrated in Fig. 

6. This picture perfectly defines the helical paths of the gases, 

and shows the temperature variations with more detail.  

 

Dimensional optimization 

This design optimization is based on the construction of a 

response surface based on the design of experiments listed in 

Table I. 

 
Fig. 6. Detail 3D flow lines where gas temperatures shown 

from the inlet to the outlet of the device. 

 
Fig. 7. 3D graph of the angle between the extraction and the 

input tube (P11-ALCA) and the intake lengthtube (P18-L1) in 

function to velocity extraction (P15-vel2). 
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Fig. 8 Isometric probe (in red) where the surface taken as a 

reference for the calculation of gas velocity. 

The parameterized variables were: the main angle between 

the manifold tube and the main tube, the inlet length tube and 

the cooling length tube. 

The response variables simulated were the temperature at 

the output of the device and the gases flow rate used to 

generate the Bernoulli’s effect. 

Fig. 7 illustrates the gas rate behavior (shown in red in Fig.  

8) in function of the angle between the inlet tube and the 

extraction tube. In Table I, this behavior is shown in a 

discrete way. The optimal design angle between the two 

tubes is 0° (90° among themselves) and there is no 

considerable effect of the length inlet tube in the gas rate. 

In Fig.9, the behavior of the temperature at the exit gases is 

shown with respect to the length of the cooling and inlet 

tubes. Differently from the cooling tube, no critical 

dependence is observed for the inlet tube. The discrete value 

shown in Table Iindicates an optimal distance for a 162.2 mm 

to improve the heat dissipation rate. 

Finally, regarding Fig. 10 for simulation purposes, 228 

hypothetical particles with a uniform size of 5 microns were 

considered to observe the path from the extraction tube inlet 

until their exit into the sieve holder. The trajectory rates of the 

particles which completed the full course within the 

simulated device was about 43%. 

 
Fig. 9. 3D graph of the cooling length tube (P19-L2), the 

length of the inlet tube (P18-L1) in function of gases 

temperature outlet (P12-TEMPOUTLET). 

Table I. DOE 

The mean residence time obtained was about 5.4x10
-02

 

seconds and a thermal rate variation was close to14810 Ks
-1

. 

For the rest of the particles the mean residence time was 3.0 

seconds. 

IV. CONCLUSIONS 

Through the analysis of finite volume CFD it has been 

possible to verify the correct operation of the cement clinker 

probe sampler at high temperatures and velocity, in a 

CO2-rich atmosphere within a cyclone, used in cement 

industry. 

 
Fig. 10.3D image of the trace of uniform particle size of 5 

microns. 

The accelerated cooling rate and the generation of negative 

pressure, this last used as a condition that facilitates the 

extraction of the particles, are among the parameters 

considered in this study. Likewise, the optimal parameters 

Name ALCA L1 

(mm) 

L2 

(mm) 

Temp 

(k) 

Vel1 

(ms-1) 

1 15 30 150 303.97 -205.86 

7 15 30 165 300.48 -234.53 

2  0 30 150 302.2 -306.65 

3 30 30 150 302.59 -204.97 

4 15 27 150 301.01 -213.32 

5 15 33 150 306.1 -255.52 

6 15 30 135 305.94 -248.89 

8 2.8045 27.561 137.8 303.05 -326.26 

9 27.196 27.561 137.8 306.49 -170.53 

10 2.8045 32.439 137.8 309.22 -295.54 

11 27.196 32.439 137.8 309.05 -189.99 

12 2.8045 27.561 162.2 299.58 -321.53 

13 27.196 27.561 162.2 299.3 -245.97 

14 2.8045 32.439 162.2 300.17 -346.64 

15 27.196 32.439 162.2 299.8 -254.26 
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and the correlation of dimensional parameters studied were 

defined with ANSYS FLUENT simulations. 

The angle between the inlet tube and the extraction tube 

was 90°, the length of both, the inlet and cooling tubes, was 

162.2 mm. It was found that the length of the inlet tube has 

not a dependency to the cooling rate.  

Finally, as a supplementary work, the functioning 

optimization and the parameters for the economizing 

construction and implementation of sampling device shall be 

regarded to include the actual particle size distribution in the 

cyclone and to intensify the particle analysis, to obtain a 

closereffect of the cooling rate on the particle distribution. 
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