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Abstract

Dry powders inhalation is suitable to deliver drugs in the upper airways up to the deep lung, depending on the particles flow. Therefore, Cascade Impactors (CI) which give access to the particles aerodynamic size distribution are used to develop and control the formulation of such powders. Nevertheless, the interpretation of the experimental data is difficult because of high process variability. It is therefore the objective to improve the understanding of the particles behavior by describing accurately their flow along the CI. This study is focused on the description of the flow of alpha-monohydrate lactose particles in the upper part of the CI (nozzle) and performed with an industrial CFD software (FLUENT®). The turbulence of the continuous phase (air) is simulated via a Reynolds Stress Model (RSM) for a 60 L/min rate. The dispersed phase motion is modeled by a Lagrangian approach coupled with a stochastic model (Eddy Interaction Model). Simulation parameters are the particles diameter which varies from 10 to 100 µm and the velocity restitution coefficient after impaction on the wall. It is shown that particles flow differently depending on their diameter and their position before entering the elbow area. Thus, the process is highly sensitive to small variations in particles diameters which significantly modify the state of the powder entering into the separation part of the CI.
Keywords: Aerosols, Cascade Impactor, Computational Fluid Dynamics, Lagrangian Simulation.
1. Introduction
Aerosol dispersed phase is made of drug particles adsorbed onto inert excipient particles of 10 to 100 µm diameters. Once being expelled from the inhaler, particles enter the throat where the drug must be desorbed to flow into the deep lung, pass into the blood and thus become efficient. Non-desorbed particles are swallowed or deposited in the throat and become inefficient. Therefore, drug performance depends on the hydrodynamic behavior of the particles in the throat and the lung. To quantify the amount of particles able to reach the deep lung, formulators use CI which separate the particles according to their aerodynamic diameter. However, the interpretation of the experimental data is difficult because of high process variability. The aim of this work is therefore to identify some potential variability sources by simulating the particles flow under different operating conditions.
2. Modeling of the phase flowing
The flow studied is a two phases gas-solid flow. It is made of:
· an air continuous phase with a density c=1.225 kg.m-3 and a viscosity c=1.789 10-5 kg.m-1.s-1.

· a dispersed phase composed of spherical lactose particles with a density of p=1525 kg.m-3.

2.1. Continuous phase flow
The carrying phase (air) is supposed to be uncompressible because the observed density variations (and thus pressure when the Joule’s law hypothesis is made) are less than 10%. The dispersed phase is made of inclusions and the dispersed phase volume fraction is less than 10%. Under that condition, the interaction of particles with the continuous phase can be considered as negligible. Therefore, the equations governing the continuous phase behavior are limited to the continuity and Navier-Stokes equations. In addition, a 60 L.min-1 rate leads to a weak turbulent flow (Re=4600). Finally, the Reynolds system equations are closed by a second order model (the Reynolds Stress Model (RSM)), in which a transport equation of the Reynolds tensor (turbulent strain tensor) has been used. This model appears to be suitable to take into account intermediate turbulence areas where recirculation phenomena and streamlines of high curvature occur [1].
2.2. Dispersed phase flow
Since the volume fraction of the dispersed phase is rather low (10%), it has been possible to describe the flowing behavior of the particles according to the Lagrangian concept instead of the Eulerian one. The Lagrangian way consists in treating the dispersed phase as a collection of individual particles; each of them is tracked and the averaging occurs afterwards. In addition, the following hypothesis have been made:

· Particles are considered as non deformable spheres

· Particle-particle interactions are neglected
· Since particle-continuous phase are neglected too, the particle-air coupling is one way from the carrying fluid to the particles.
The motion of each particle is simulated via the resolution of the Newton’s law (1). Because of the high phase density ratio [2] (p=1245c), only drag and gravity forces are taken into account.
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(1)

Where : dp : particle diameter (m) ; up : particle instantaneous velocity (m.s-1) ; u : fluid instantaneous velocity (m.s-1) and Cx drag coefficient given by the Morsi and Alexander’s relation (2) [3].
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where Rep : particles Reynolds number (
[image: image3.wmf]c

p

c

p

p

u

u

d

m

r

-

=

Re

) and a1,a2, a3: Rep dependent coefficients. The fluctuating component of the fluid velocity (turbulent component) at the particle position in each direction is generated via a stochastic method called Eddy Life Time (ELT) model [4]. In this model, particles interact successively with different swirls, each of them being characterized by a three-component fluctuating velocity and a lifetime. This model is quite useful in the present study due to the simplified particle equation of motion in the case of gas-solid flows although it records discontinuous velocities which cannot be differenciated.

2.3. Meshing and geometry

The nozzle geometry and meshing are represented in Figure 1. Meshing is composed of 91,000 hexaedric meshes. Particles hydrodynamics have been characterized at 8 different  sections located all along the CI nozzle (Figure 1).
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Figure 1. Nozzle and meshing

Since CFD results give access to raw hydrodynamic data only, a self-made code has been developed in order to determine the position of the inclusions gravity centre as well as the standard deviation for the particle coordinates. Each section has been divided into 200 subsections to calculate the particles density per unit surface expressed in number of particules.m-2.
2.4. Operating parameters

The trajectories of particles having a diameter of 10 to 100 µm are simulated. Inclusions are individually dropped from the same point (x=0, y=0, z=-100 mm) at the centre of the nozzle entry section. A former study [5] has shown that inclusions instantaneously respond to the fluid velocity: as a consequence a zero initial velocity is chosen. The number of simulated inclusions is set to 500 in order to insure an acceptable balance between reproducibility and calculation time [6]. Wall-particles interactions are characterized by different boundary conditions in order to mimic a wide range of real conditions:
· Rebound with a restitution coefficient of the normal and tangential velocities varying from 0 (inert impact) to 1 (perfectly elastic rebound).
· Particle trapping by the wall each time a contact occurs. This condition is representative of reality since the airways are covered by a highly adhesive mucus layer 
3. Results
3.1. Continuous phase

It appears first that a recirculation area can be observed at the nozzle elbow level in which fluid velocities are small (Figures 2 and 3). This flow pattern can induce the recirculation of more or less particles depending upon their diameter and disturb the separation process taking place at the exit of the nozzle.
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Figure 2. Side view velocity vectors  Sec 3
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Figure 3. Side view velocity vectors 

Then another small velocity area is observed after the section 4 in the internal part of the elbow (Figure 4 and 5). However, a very low number even no particles cross this area.
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Figure 4. Velocity vectors after section 4.
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Figure 5. 10 µm particle paths – Elastic rebound

3.2. Dispersed phase
3.2.1 Section 1 and 2

Results presented in table 1 give the average impacts for the whole range of restitution coefficients in section 1 and 2. It shows that the influence of the restitution coefficient can be neglected because of the low number of wall-particle impacts. On the other hand, despite the turbulent flow patterns, the particles start to fall down along the y-coordinate in section 2. The higher the size, the lower the gravity center is. This behavior leads to assert that the mass influence is higher than the drag one in this portion of the CI.
	Size (µm)
	10
	20
	30
	40
	50
	60
	70
	80
	90
	100

	Section 1
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0

	Section 2
	6
	6
	3
	1
	1
	0
	0
	0
	0
	1


Table 1. Wall-particle impacts
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Figure 6. center of mass coordinates section 1 and 2
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Figure 7 Standard deviation (X,Y) section 1 and 2

In addition, the standard deviation data (figure 7) which reveal the intensity of the dispersion around the gravity center show that the dispersion is higher and comparable for 10 to 20 µm particles compared to larger ones. Gravity effects are balanced by turbulence ones. For 20 to 70 µm particles, the dispersion around the center of mass decreases. Inertial effects become increasingly important. Finely, the dispersion of particles larger than 70 µm is low and remains unchanged: turbulence has a lower impact on these particles while drag and inertia forces exert higher effects. These features show that a slight change in particles diameter can modify the particles path, thereby leading to different drug desorption process and uncontrolled process variability [7].
3.2.1. Section 3

The nozzle elbow has a sheer geometry which is characterized by a low velocity recirculation area. The number of particles crossing this section is often higher than the initial particle number due to the recirculation. Moreover, particles paths strongly depend on their diameter: 10 and 80 µm particles do not re-circulate, 60-70 µm slightly re-circulate while 40 to 20 µm are strongly affected by the re-circulation whatever the restitution coefficient. In addition, the number of lost particles by impaction is the lowest for 60 µm particles (Figure 8) and is higher with smaller and larger particles. Inertia effects are thus predominant for larger particles while smaller particles are affected by the dispersion effects. Finely, the highest impacted area is located between section 3 and 4 (figure 9). The flowing patterns of these particles are therefore strongly affected by the impaction and this can explain some disturbance of subsequent particles separation process.

3.2.2. Sections 4 to 8

It must be mentioned that the results appear to be quite difficult to analyze in these area. Nevertheless, it appears that particles larger than 20 m have all impacted on the wall when they reach the section 5 while particles of less than 20 m need to reach the section 8 to impact at 98.4%.
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Figure 8. Particle impacts between section 2 and 3
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Figure 9. Particle impacts between section 3 and 4

4. conclusion
Monodisperse particles hydrodynamic behavior inside the nozzle of a CI has been studied via CFD. It has been shown that the particles hydrodynamics depend upon the particles diameters once the section 2 of the nozzle has been passed through. In particular, particles smaller than 20 m behave differently than particles larger than 20m. Therefore, different subsequent paths and wall-impacts are observed according to particles diameters. It can then be concluded that the process is highly sensible to small changes in particle size, especially in the usual particle size range of aerosols. Powder samples with small particle size distribution variations will therefore undergo different interactions with the continuous phase and this will modify the state of the powder (adsorbed-non adsorbed ratio) before entering the true separator part of the CI.
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