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Abstract

In recent years, allergic diseases, particularly asthma, have been acquiring an increasing
importance in the developed countries, due to the rising of its prevalence and morbidity and
the economic burden associated. In the preventive and urgent treatment of asthma, the oral
pharmacological therapeutics assumes a major role.

Therefore, this paper will report another step further to the research been undertaken at the
University of Minho, to understand the behaviour of drug flow inside a spacer device,
combined with pressurized metered-dose inhalers (or pMDIs), based on the use of
Computational Fluid Dynamics (CFD) tools to study multiphase flows inside a Volumatic®
spacer device.

This paper will present the two respiratory cycles used in the simulations. It will also report
the analysis of the obtained results with the Volumatic® spacer using two different grid types
(T-Grid and Cooper). With the obtained conclusions, it will be identified some new geometry
possibilities for spacer devices (in terms of valve and body). Future work will be addressed to
the study of these spacer geometry modifications.

Keywords: Asthma; Respiratory flow; Volumatic® spacer; Computational Fluid Dynamics
(CFD).

Resumo

Nos ultimos anos as doencgas alérgicas, em especial a asma, tém vindo a adquirir uma
importancia crescente nos paises desenvolvidos, devido a um aumento da sua prevaléncia e
morbilidade, e dos factores econdémicos a eles associados. Na prevengido e tratamento
urgente da asma, o papel da terapéutica oral assume assim um papel de enorme relevo.

Este artigo descrevera os ultimos desenvolvimentos na pesquisa que tem sido efectuada na
Universidade do Minho, por forma a perceber o comportamento do fluxo do farmaco dentro
de uma camara de expansao, combinada com um inalador de dose pressurizada (pMDI), e
baseada no uso de ferramentas computacionais de CFD para estudo dos fluxos multi-fase
dentro da cAmara de expansao Volumatic®.

Este artigo focara a apresentagcdo de dois ciclos respiratérios diferentes usados nas
simulacdes. Ira também reportar e analisar os resultados obtidos na camara de expansao
Volumatic®, usando dois tipos de malha diferentes (T-Grid e Cooper). A partir das
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conclusdes obtidas serdo apontadas algumas novas possibilidades de alteragcdes na
geometria das camaras de expansao (valvula e corpo). As perspectivas futuras do trabalho a
desenvolver serao realizadas no estudo do fluxo a partir das modificagbes da geometria da
camara.

Palavras-chave: Asma; Fluxo respiratdrio; Camara de expansao Volumatic®; CFD.

1. Introduction

Asthma is a chronic disease most common in children and young people and, therefore, is a
major public health problem. This disease has a rate of incidence and prevalence in growth,
both in Portugal and the world, and is a major cause of hospitalization and reduced quality of
life of asthma patients. Furthermore, asthma is responsible for the death of 220000
individuals per year around the world. Oral based pharmacological therapeutic approaches
assume a major role both in the prevention and urgent treatment of asthma. This requires
among other services, the selection of the most appropriate medication for the patient.
Several inhalation devices are available for the administration of drugs, which includes
pressurized metered-dose inhalers (or pMDIs) coupled with spacers. The use of pressurized
inhalers with spacers minimizes the problems of a poor inhalation technique associated with
the use of pMDls.

Nevertheless a careful selection of the most appropriate inhalation device is necessary for
each patient. For children, it is essential to consider their small inspiratory volume and their
poor inhalation technique. Although there are a wide variety of devices for the administration
of drugs in the bronchial tree that have shown encouraging results, most of the drug does not
reach the lungs; part is kept in the mouth and in the upper airways and only less than 20% of
the drug can reach the lungs. This causes not only a loss of drug but also increases costs
and produces undesirable side effects. Therefore, it is important to study the spacers in order
to optimize the drug’s distribution through the respiratory tract, with a smaller loss of drug [1].

The present work is targeted to the CFD study and analysis of the Volumatic® spacer, in
order to understand the flow of the drug inside the spacer, during the respiratory cycle, which
is important for the design of a new spacer.

2. Methodology

The Volumatic® (by Glaxo Wellcome Inc.) is considered a spacer of large volume (750 ml). It
is made of polycarbonate and it is susceptible to electrostatic charge. It is one of the most
commonly used spacers in all countries as well as by the Portuguese health service. This
spacer, as shown in figure 1, is made up by three components: an adapter, a spacer’s body
and a mouthpiece (this latter element has a valve that ensures a unidirectional flow). At one
end of the spacer the pMDI is attached to the adapter and a mask or mouthpiece is fitted at
the other end, where the patient inspires [1, 2].

The geometric model of the spacer was created in Gambit™. This model is the basis to build
the computational mesh, to create the control volumes required to solve the mathematical
model used, as will be described later.

According to literature, a mesh consisting of hexahedrons elements (Hexahedral / Wedge
Cooper) has a high quality. However, the use of a mesh with tetrahedrons elements (T-grid
mesh) enables a significant reduction in the number of mesh elements and discretization
errors [3]. Thus, it is important to use these two types of mesh in order to compare the
simulation results.
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Figure 1. The Volumatic® spacer.

On the other hand, and according to other results [2], a new spacer geometry has also been
modeled, based on a pear-shaped body. This new design was also simulated using a
Tetrahedrical/Hybrid T-Grid mesh.

3. Mathematical and Numerical model

The CFD is a powerful simulation technique for the analysis of fluid flow and heat transfer
problems. CFD softwares are programmed using physical laws, such as the laws of
conservation of mass, momentum and energy with appropriate boundary conditions [4].

The resulting equations take into account the viscosity, mass and other characteristics of the
fluid, and are written using differential and integral calculations, which requires specialized
computational techniques to solve them.

One of the most used iterative techniques is the method of finite volumes [4]. For the use of
this method it is necessary, first, to divide the spacer area into a number of control volumes,
or elementary volumes, being necessary to create a computational mesh. This method is
widely used and successful because it maintains the conservation properties at the level of
elementary volumes.

As this method is based on the application of the conservation laws in the elementary
volumes of the domain, it is necessary that the area is divided into volumes, so that in each
one the conservation equations are obtained, which are in the form of algebraic equations
rather than partial differential equations. This set of equations forms a system, which is
solved in order to obtain the desired value of the parameters in each volume [4].

3.1 Definition of the velocity data input

In order to make the numerical simulations in Fluent™ as realistic as possible it is necessary
to produce of an input of air velocity into the geometries, just likely the real respiratory cycle.

The first step was to consider the respiratory cycle. The inspiration part is represented by a
sinusoidal form, so only the maximum value of inspiration (or Peak of Inspiratory Flow — PIF)
and the duration of the inspiration will be of interest for the simulation. In this paper, two
different respiratory cycles will be compared. In the first one, a proportion between inspiration
time and expiration time will be consider, as well as the inspiration period of just 1/3 of the
total cycle time.

The time of a total respiratory cycle in children of about 10 years old is 20 breaths per
minute, which means that each cycle has a total duration of 3 s: 1 s of inspiration and 2 s of
expiration [5].

The value of PIF was found in a spirometry study of children of about 10 years with asthma:
the mean value is 128 L/min=2.13x10" m%/s [6]. Knowing the air flow value and the area of
the face where the air enters the spacer it is possible to calculate its maximum velocity (5.33
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m/s). With this latter parameter and knowing the duration of the inspiration it is also possible
to write the sinusoidal equation for the respiration cycle which takes the form of:

U=U,, xsen(rzxt) (1)

This cycle should look similar to the following graphical representation:
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Figure 2. Respiratory cycle (of 3 s) used in the simulations.
The second respiratory cycle considered has a period of 4 s, which can be divided into
different stages: 0.4 s (ascendant phase), 1 s (maximum velocity), 1.6 s (descendent phase),

2 s (beginning of expiration) and 4 s (beginning of inspiration), reaching a maximum velocity
of 6.5m/s, as shown in figure 3:
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Figure 3. Respiratory cycle (of 4 s) used in the simulations.

Using the user defined function (or UDF) option in Fluent™, two functions were written in C
programming language to describe these two respiration cycles [7]. The duration of these
two cycles are different, as well as the proportion of the inpiration/expiration period. However,
the maximum velocity peaks are similar.

3.2 Numerical simulation

As mentioned above, the spacer used in this study was the Volumatic® as an add-on device
for pMDlIs. Ventolin is a very well-known (pMDI) drug in treatment of asthma, being one of
the most used by childrens and adults, making the Volumatic® the most used spacer. It is
also the simplest and cheapest one in the market.
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The model assumes the fluid to be incompressible, unsteady and turbulent. The turbulence
model used was the standard k-¢ model, since it is the most common, simple and well-known
model of turbulence [1, 3, 4, 8].

It was used the standard discretization method for the pressure and the second order upwind
method to the momentum, turbulent kinetic energy and turbulent dissipation rate. The
convergence factor used in the simulation had a value of 10 for the continuity, x, y and z
velocities, k and €. As far as the boundary conditions are concerned, the air velocity was
fixed at the inlet and the exit was assumed as an outflow [9].

4. Results and Discussion

Simulation results will be presented and analysed for two meshes (Cooper and
Tetrahedrical/Hybrid T-Grid) created for the Volumatic® spacer geometry. In this section
other results will also be discussed for a new pear-shaped body spacer, whose design was
based upon previous results.

4.1 Volumatic® mesh and results

A 3D model of the spacer was created, which included the adapter, the spacers’ body and
the mouthpiece. An air flow test inside the spacer, according to the second respiratory cycle
shown in figure 3, was also carried out. This geometry (highlighted in figure 4) corresponds
to the use of the Cooper mesh with 21353 elements. For the sake of completeness, it must
be referred that this mesh has 47.51% of very good elements, 50.50% of good elements and
only 0.29% of elements that are considered bad [9]. The worst part shows EquiAngle Skew
values of 0.776486.

Figure 4. Front view of the Volumatic® model, created in Gambit™.

The results are displayed in figure 5, showing the pathlines of the air flow and the velocity
magnitude of the air (in m/s), in five different periods. As shown, throughout the respiratory
cycle, the velocity near the spacer wall is (practically) zero.

During the respiratory cycle, the highest velocity magnitude obtained was at the
entrance/adapter of the spacer and remains high until, approximately, half of the spacers’
body. The increase in velocity around the area of the mouthpiece is due to the considerable
decrease in diameter from the spacers’ body to the mouthpiece. Thus, the higher velocity is
obtained in the mouthpiece at 1 s, corresponding to 19.8 m/s. After 1 s there is a decreasing
phase in the respiratory cycle and the velocity reaches its lower magnitude. After 2 s the
velocities become (practically) zero, which corresponds to the expiration phase.

It must also be emphasized that the velocity along the plane is essentially symmetrical. The
small asymmetries observed are, probably, may be due to the geometric details of the
spacers’ adapter, becoming thus a critical point in the flow, since it causes areas of
recirculation of air.
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After the first simulation, a simplified geometry of the Volumatic® spacer was drawn. The air
input, provided by the UDF mentioned above (using the 3 s respiratory cycle), is done
through the face of the origin point (0,0,0). The Volumatic® entrance section has a complex
geometry, so it was used a circle of 22.58 mm of diameter with the same area as the real
entrance of the Volumatic® spacer (400.44 mm?). The valve was removed for this second
analysis and the dimensions of the section immediately before the valve was considered for
the exit face — see figure 6 for further details on the 3D computational grid used in this
analysis.
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0,0 0,0

Figure 5. Air pathlines of the Volumatic® simulation. (The scale values are in m/s, and represent the
velocity of air.)

Using the Gambit™ package it was possible to create a Tetrahedrical/Hybrid T-Grid mesh
with interval 4 resulting in a 3D computational grid with 16078 nodes and 84683 elements —
see figure 6. The quality report showed an EquiAngle Skew with 14.98% of very good
elements, 77.66% of good elements and 7.37% of bad elements [9].

Figure 6. Front view of the 3D computational grid used in the second Volumatic® simulation.
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The results obtained are displayed in figure 7, showing the air pathlines and the air velocity in
a plane (z=0) that splits the geometry in two equal parts [4]. These results were obtained at 6
different instants of the respiratory cicle (0.2, 0.5, 0.8, 1, 2 and 3 s).

It is possible to observe the behavior and the air flow inside the spacer. In the inspiration
period (0.2, 0.5 and 0.8 s) the air flows has expected, with a maximum velocity of
approximately 6 m/s at the entrance of the spacer. In the expiration phase the air starts to
recirculate, suggesting the occurrence of a large vortex around the spacer, while the air
velocity is almost null at this instant.
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Figure 7. Air pathlines of the Volumatic® simulation (scale in m/s).

During the inspiration phase it is also visible some small vortex regions, near the walls at the
entrance. They move forward during the inspiration, untill the start of the expiration phase
when they disappear.

These vortexes are mostly likely caused to by the geometry of the spacer as the air path
lines do not follow the walls near the entrance of the spacer. With this in mind, the geometry
of the spacer was redesigned, in an attempt to smooth the wall lines to reduce the size of the
vortexes or to eliminate them.

Sharp corners and high angle walls are more suitable for creating vortexes. These vortexes
allow a higher deposition of drug particles and, therefore, a higher waste of drug [9].

A new design was carried out and the volume was kept the same as in the Volumatic®
spacer previously analysed.

4.2 Pear-shaped body mesh and results

A new pear-shaped body spacer was prototyped and again with Gambit™ a new mesh was
created using a Tetrahedrical/Hybrid T-Grid scheme with interval 4 resulting in a 3D
computational grid with 15689 nodes and 83254 elements. The quality report showed an
EquiAngle Skew with 14.87% of very good elements, 78.05% of good elements and 7.09% of
bad elements [9]. Figure 8 displays the 3D computational grid developed for this purpose.
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It must be referred that the same boundary conditions were used as before, considering the
entrance as a velocity inlet and the exit face as an outflow [9].

Figure 8. Front view of the 3D computational grid used in the pear-shaped body simulation.

The results of the air velocity and its pathlines for this new shape are shown in Figure 9:
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Figure 9. Air pathlines of the pear-shaped body simulation. (The scale values are in m/s.)

According to figure 9 it can be observed that the air flow experiments the same behavior as
in the Volumatic® simulation, with a maximum velocity around 5 m/s. The expiration phase of
the simulation, when air velocity reaches 0 m/s, a very low velocity recirculation can also be
observed inside the pear-shaped spacer.

The main difference, comparing with the Volumatic® simulation results, is at 0.2 s: at this
stage it does not show any vortex region for the simulation on this pear-shaped body; these
observations were consistent throughout the whole simulations. This can probably improve
the efficiency of the pear-shaped geometry, because of the non existence of vortexes,
reducing the possibility of drug particles deposition on the walls of the spacer [2].
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At 0.5 and 0.8 s, the vortexes appear to be smaller than those observed for the Volumatic®
spacer: the air flows more regularly in a wider extension. This can result in a better air flow to
provide a better drug delivery to the lungs.

5. Conclusions

As a further step towards the design and development of a new spacer device to improve the
efficiency of drug delivery, undertaken at the University of Minho, further numerical
simulations have been carried out on a commonly world-wide used spacer: the Volumatic®.

Based upon the results reported, it is possible to conclude that the spacer shape influences
the air flow, and that the higher deposition of drug particles are located next to the wall of the
spacer (where more recirculation zones appear during the inspiration phase).

Based on previous results a different pear-shaped spacer was modeled and prototyped.
These simulation results also showed that a little change in the geometry of the spacer can
reduce the vortex regions, which will likely improve drug deliver to the patient.

In search for a better spacer device, more adjustments and new/different geometries will be
tested in the future, and the Particle Image Velocimetry (or PIV) method will also be used to
obtain velocity measurements of the drug particles and other related properties of the flow.
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