
11th World Congress on Computational Mechanics (WCCM XI)
5th European Conference on Computational Mechanics (ECCM V)

6th European Conference on Computational Fluid Dynamics (ECFD VI)
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Abstract. The work herein reported presents the influence of dimensional wall design
in the size of the recirculation area, developed in the expansion corner of a valved hold-
ing chamber device (VHC). Those are add-on medical devices used with the pressurized
Metered Dose Inhaler (pMDI). The latest is the cornerstone in the inhalation therapy
for asthma and other respiratory diseases. According to some unpublished observations,
the utmost significant drug delivery fraction for the treatment (the fine particle fraction
below 6.0 µm in diameter) gets trapped in the recirculation areas of the holding chamber.
Reducing the size of these recirculation areas will improve the device’s drug delivery effi-
ciency. This paper makes use of computational fluid dynamic (CFD), e.g. FLUENT from
ANSYS R©, as a method to avoid the need for the construction of traditional prototypes,
thus reducing the cost of the research process. The methodology described allows the au-
tomatic calculation of the recirculation area (including the secondary recirculation zone),
making it possible to relate such pattern with the geometric details of the VHC shape.
Three alternative designs are compared. Results suggest the possibility of reducing the
recirculation area inside the device by changing the wall geometry. By analyzing the in-
fluence of the length and diameter ratio of the expansion section of the holding chamber,
it was concluded that longer lengths and lower diameter ratios yield a reduction of the
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recirculation area. The results bring a better understanding of the influence of geometry
in the recirculation area and therefore in the holding chamber efficiency.

1 INTRODUCTION

To manage airway diseases, amongst them asthma, the inhalation therapy is a cor-
nerstone. Asthma is essentially a chronic inflammatory disorder associated with airway
hyper responsiveness [1]. Affecting over 300 million people worldwide, and growing at a
rate of 50% per decade, asthma causes the death of 220 thousand individuals per year [1].
Anti-inflammatory and bronchodilator drugs are used with the objective of reducing the
inflammation of the pulmonary tissue, which causes a reduction of the bronchus diameter
[1, 2].

Therefore, it is of utmost importance to improve the delivery effectiveness of the de-
vices used in the inhalation therapy, which is the most used way of treatment, due to
its greater efficiency, faster action, lower toxicity and minor drug waste [3]. Amongst
those devices, the pressurized Metered-Dose Inhalers (pMDI) are the ones with best pa-
tient acceptance. Some may also include a spacer attached (add-on device) to improve
the pMDI effectiveness and minimize its flaws. Its major drawbacks are the high spray
velocities, which creates the so called ”cold-Freon” sensation on the back of the throat,
and the necessity of inspiratory coordination with the priming action, resulting that the
younger and/or older patients may not be able to use the device properly. This problem is
highlighted by the fact that the implementation of classes to teach the correct technique
usage provides increased efficiency [4, 5, 6].

According to existing guidelines for treatment of acute persistent asthma in children it
is advisable to use a pMDI with a spacer attached. Three distinct categories of spacers
can be found: tubular, Valved Holding Chambers (VHC) and reverse flow. Focusing in
the VHC devices, they are composed by an expansion body (allows for spray velocity
retardation and propellant evaporation) and a one-way valve (mitigates de coordination
problem) [5, 6, 7, 8].

In this way, it is important to study the efficiency of these VHC devices, mainly the
internal flow circulation and its influence in the delivery of the drug. Previous studies
[9, 10], suggest that the occurrence of recirculation vortexes tend to trap the smaller
particles. They represent the most important fraction of the spray distribution because
they are most likely to reach the blood stream, being the most effective as a bronchodilator
treatment.

In the report herein the main objective is to present and discuss an automatic method
to evaluate the size of the recirculation area present in any geometry, using the ANSYS R©

Computational Fluid Dynamics (CFD) software. A comparison between three idealized
designs of VHC body, is made in order to understand the influence of the wall shape
in the recirculation area. Several geometrical combinations of length and height of the
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expansion section for each design of the VHC are evaluated. This work follows a line of
research already published by the authors [11].

2 CFD MODEL

2.1 Solver configuration

The simulations have been carried out on the ANSYS R© FLUENT v.14.0. This solver
uses a control volume based technique to solve the conservation equations for mass, mo-
mentum, and turbulence quantities [12].

For the turbulence modeling calculations, it was used a low-Reynolds two equation
model, known as the k-ω proposed by Menter in 1994 [13], making use of the shear stress
transport (SST) formulation.

The solution of the differential equations for mass and momentum was carried out in a
coupled manner, using the COUPLED algorithm [12, 14, 15]. The standard discretization
scheme was used for the pressure and the second order upwind scheme for the momen-
tum, turbulent kinetic energy and specific dissipation rate equations. Convergence was
reached in the simulation by using a criterion value of 1.0e-5 for the continuity (pressure),
velocities, k and ω turbulence parameters.

The simulation was run in steady state and the fluid was assumed incompressible and
Newtonian. There is no energy exchange and the gravity force was neglected.

2.2 Geometry and mesh

Herein in this report three different geometries were used, referred as Profiles 1, 2 and
3. All the Profiles are similar to each other; the main difference is the type of curve
used in the two adjacent walls to the expansion corner (point B). Figure 1 represents
the three Profiles design, the geometries were considered to be axisymmetric. Profile
1 was developed based upon the principle that a smoother transition of the expansion
section allows for a controlled growth of the boundary layer and reduces the likelihood
of flow separation. For this purpose two quadratic curves were used as segments AB and
BC, presenting a zero derivative at points A and B, respectively for each curve. Profile 2
presents a linear interpolation curve for segment AB and a quadratic curve between points
B and C. For Profile 3 it was chosen a combination of two linear interpolation curves for
AB and BC.

The one-way valve design used in the Profiles has the same external dimensions from
that used in the original Volumatic R© device. This keeps the air flow results inside the
body of the VHC independent of valve design. In this study it will be simulated several
combinations of the axial and radial coordinates of point B, for all Profiles.

In the axisymmetric simulations, the 2D computational meshes were composed mostly
by quadrilateral elements. The total amount of mesh volumes created for Profiles 1, 2
and 3 (for length=30 mm and height=70 mm) were around 67600, 58000 and 57700,
respectively. These meshes were treated with refinement algorithms for proximity and
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Figure 1: Schematic representation of the three geometries

curvature. Also near wall refinements were included, as shown in Figure 2a. The wall
refinement was limited to within the laminar sub-layer (y+<0.5).

Figure 2b represents the mesh quality statistical parameters in the form of a normal
distribution, regarding the Aspect Ratio and Element Quality metrics, for the computa-
tional meshes used in both profiles. The vertical axis represents the normal distribution
frequency of the number of elements in the mesh with the corresponding quality metric
value.

The aspect ratio metric quantifies the ratio between the lengths of the element edges
(a value of 1 refers to a perfect square). Element quality provides a composite quality
metric that ranges between 0 and 1. This metric is based on the ratio of the volume to
the edge length for a given element (also a value of 1 indicates a perfect square) [16].

The mesh quality data was made for all the Profiles, presenting them similar values,
a high quality (regarding the aspect ratio and element quality metrics) for the great
majority of its elements is noticed. In Figure 2b is presented the mesh quality parameters
of Profile 1 mesh.

2.3 Boundary conditions

Air entry (left edge) was defined as a Velocity Inlet, assuming the 1/7 power law (Equa-
tion 1) for the turbulent flow profile. This profile was inputted by means of a User Defined
Function (UDF), which calculated the average velocity based in Peak of Inspiratory Flow
(PIF) from a typical respiratory cycle described elsewhere [17]. Turbulence parameters
(i.e. k and ω) were calculated and inputted to the solver by an UDF based in Equations
2 through 4.

The walls of the geometry behave as No Slip, meaning they are a zero velocity boundary.
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Figure 2: Profile 1: (a) Computational mesh used in the numerical analysis, with some
refinement details (Profile 1). (b) Normal distribution representation of the mesh quality
regarding the Aspect Ratio and Element Quality metrics for Profile 1 mesh.

Bottom edges, in Figure 1, were defined as Symmetry Axis and the exit (right edge) as
an Outflow (zero derivative for any variable).

Ux (y) = 1.2244 · Ū ·
(
R− y

R

)1/7

(1)

with R as the maximum radius of the holding chamber, y is the radial coordinate and
Ux and Ū is the axial and average velocity, respectively. This average velocity is the
maximum during the use of the VHC and therefore should provide the most unfavorable
conditions for flow recirculation.

The turbulence intensity, I, was estimated based on Equation 2, where it is calculated
from the Reynolds number based in the hydraulic diameter, Dh [12]:

I = 0.16 · Re
−1/8
Dh

(2)

Parameters k and ω, were calculated accordingly to Equations 3 and 4, respectively,
considering Cµ = 0.09.

k =

(
3

2

)
·
(
Ū · I

)2
(3)

ω =
k1/2

C1/4
µ · 0.07 ·Dh

(4)
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Figure 3: Profile 1: (a) Computational results shown through the velocity vector field and
the calculated recirculation zone. (b) Iso-contour plot of the recirculation area fraction.

2.4 Recirculation area method

Making use of the CFD-Post (from ANSYS R©) softwares capacities, an automated pro-
cedure was implemented for calculating the size of the recirculation. In this way, it is
possible to input any parametric change of the geometry and directly obtain the correct
recirculation area as an output. Later on, it will provide an array of recirculation areas,
for a given matrix of dimensional combinations, without any further user interaction with
the software. This method is fully described elsewhere [11], and a new procedure was
implemented to account for the existence of secondary recirculation zones.

3 RESULTS

Figures 3a, 4a and 5a present the computational results of air flow obtained for the three
Profiles. The simulation results are represented by the velocity vectors field throughout
the domain and the recirculation area (as a percentage of the total flow field) contour,
colored by the local value of the stream function on that region. The recirculation area,
considering length=30 mm and height=70 mm, calculated for Profiles 1, 2 and 3 were,
respectively, 60.0%, 54.9% and 56.4%.

By the combining various permutations of both dimensional parameters, the compu-
tational results are shown in Figures 3b, 4b and 5b, as iso-contour plots. These are
obtained by interpolation of the computational results of 30 dimensional combinations,
for each Profile.

From the plots depicting the recirculation area fraction (Figures 3b, 4b and 5b), it can
be observed that the recirculation increases with the height and, in general, inversely with
the length. It can also be perceived that variation in height produces larger change, in
recirculation area, than similar variations in length.

The recirculation area presents different contours for each Profile. For example, con-
sidering a dimensional combination of (length=90 mm and height=50 mm), the amount
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Figure 4: Profile 2: (a) Computational results shown through the velocity vector field and
the calculated recirculation zone. (b) Iso-contour plot of the recirculation area fraction.

(a) (b)

Figure 5: Profile 3: (a) Computational results shown through the velocity vector field and
the calculated recirculation zone. (b) Iso-contour plot of the recirculation area fraction.
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of recirculation area varies as Profile 1 >Profile 3 >Profile 2.
This allows the conclusion that, contrarily to the initial hypothesis that a smoother

curve wall adjacent to the entry lowers the recirculation, Profile 1 shows the largest
recirculation area. On the other hand, a linear interpolation for AB coupled with a
quadratic curve for BC, results in the smallest recirculation area.

The smaller recirculation area, for all Profile geometries, can be obtained in the follow-
ing position: length=150 mm and height=30 mm. With regard to the larger recirculation
area, it can be found for Profiles 1 and 2 is position: length=30 mm and height=70 mm.
While for Profile 3 with height=70 mm, it is independent of the length.

The optimization of the VHC design is constrained by several aspects; chiefly among
them the physiological characteristics of the patient (i.e. age and lung capacity), as well
as, engineering limitations (portability and need of an adequate volume for the retardation
of the spray particles).

4 CONCLUSIONS

An automatic method to compute the amount of recirculation, making use of the
capacities of the ANSYS R© tools, is reported herein. With this method a rapidly evaluation
of different dimensional combinations can be executed.

The main conclusion is that, different wall shapes adjacent to the expansion corner,
result in different amounts of recirculation. Knowing that lower the recirculation the
better, the Profile 2 is better than Profile 3 and even better than Profile 1.

Also the recirculation was observed to increase with the increment of the height and
decreases with the length. Also the height produces higher variations in recirculation than
the length.
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