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Summary 

 
Not all patients have the capacity to properly use a pressurized Metered-Dose Inhaler (pMDI) due to the need to 
breath-hand coordination. The Valved Holding Chamber (VHC) devices extend the distance between the pMDI 
and the patient’s mouth. They also contribute to the reduction of the oral pharyngeal spray deposition and allow 
the patient to breathe normally. The main objective of this work is to numerically evaluate various VHC devices 
commercially available in terms of mass deposition. Through the use of Computational Fluid Dynamics (CFD) the 
airflow velocity and turbulence fields were calculated for four geometries (i.e. A2A, Aerochamber, NebuChamber 
and Volumatic). The airflow fields at 30 L/min allowed the prediction of pMDI drug particle deposition in different 
zones of the geometry. The evaluation of VHC’s efficiency was done by calculating the different mass deposition 
fractions for each geometry zone, as well as, the exit Fine Particle Dose (FPD) and Mass Median Aerodynamic 
Diameter (MMAD). The results show that the Volumatic has the highest body deposition, while the NebuChamber 
presents the highest USP throat value. The Aerochamber shows the higher valve deposition value. A2A has a 
lower USP deposition but a high body deposition. Regarding the amount of drug reaching the Cascade Impactor 
(CI), the Aerochamber presents the best result, as well as, the highest amount of FPD delivered. Meanwhile, the 
Volumatic has the lowest MMAD value delivered but the worst FPD result. Based on the results, the 
Aerochamber presents higher FPD available to the CI / lungs. 
 
 
Introduction 

 
The goal of inhalation therapy is to improve breathing and lung function in order to relieve the symptoms of 
chronic respiratory issues, such as asthma or other chronic obstructive pulmonary disease. Anti-inflammatory 
and bronchodilator drugs are used to reduce the inflammation of the pulmonary tissue, which causes a reduction 
of the bronchus diameter [1]. In inhalation therapy, the pMDI is one of the most common oral drug delivery 
devices used by the medical community. The pMDI is a compact, low cost and easy-to-use droplet spray 
dispenser for multiple-dose treatment. A key component of the device is the actuator spray nozzle, which controls 
the atomization process and resultant spray formation in terms of spray angle and droplet size distribution [2,3]. 
pMDIs are characterized by high spray velocities which are responsible for a so called “cold-Freon” sensation in 
the patient´s throat [4]. Plus, the use of this medical device requires coordination between the inspiratory action 
and priming pMDI. Not all patients have the capacity to use properly a pMDI. In fact, some patients may not be 
able of such hand-mouth coordination skill [5,6]. 
 
In order to solve some of these pMDI drawbacks, spacers were developed. They can be classified in three 
categories: a) simple tube, b) VHC and c) reverse flow [4,7]. These add-on devices extend the distance between 
the pMDI and the patient’s mouth. And they contribute to the reduction of the high velocity impact of the spray on 
the throat and the need for inspiratory coordination. The one-way valve makes the normal respiratory cycle 
possible by not allowing the expiration flux to go back inside the VHC [4,8]. 
 
In this way, it is of utmost importance to study the efficiency of VHC devices in order to proceed to their 
optimization, by improving the drug delivery effectiveness. Several parameters such as the occurrence of flow 
recirculation vortex, velocity magnitudes and injected particles distribution inside the VHC must be studied to 
reduce the waste of the medication and make them more efficient. 
 
Through the use of numerical tools (i.e. CFD) the airflow and drug deposition of four commercial VHC devices 
was simulated. These tools have the advantage to predict different geometric scenarios and evaluate its drug 
delivery efficiency at a low cost, i.e. reducing the need of prototypes. Kleinstreuer and collaborators used CFD to 
evaluate the drug deposition in the airways with and without spacer [9]. Also the effect of different breath 
patterns, with the pMDI and Dry Powder Inhaler (DPI) devices, on the aerosol delivery was studied using 
numerical tools by Longest et al. [10]. CFD studies applied in the drug delivery scientific field are not new, 
although several topics still need to be explored as pointed in the review of Ruzycki and collaborators [11]. 
 
The main objective of this work is to evaluate different geometries of commercial VHC devices in terms of mass 
deposition in the VHC body, valve and USP throat. Also the FPD and MMAD of the drug sample that reaches the 
CI are evaluated. 
 
 
 
 



Material and Methods 

 
Geometry and Grid Generation 

In the present work, four different geometries were generated considering the geometrical dimensions for each 
commercial VHC device (see Figure 1). The VHC devices used in this study are: A2A spacer from Clement 
Clarke International (210 mL), AeroChamber Plus® Flow-Vu from Trudell Medical International (149 mL), 
NebuChamber from AstraZeneca (250 mL) and Volumatic from GlaxoSmithKline (750 mL). To each VHC 
geometry was added the USP throat geometry, as well as, the same pMDI mouthpiece shape in the VHC 
adapter. For numerical simplification purposes only half of the symmetrical geometry was simulated. 
 

 
Figure 1: Representation of the commercial VHC devices used in the numerical study: (a) A2A, (b) AeroChamber 

Plus® Flow-Vu, (c) NebuChamber and (d) Volumatic. 
 
The CFD process starts with the geometric representation of the domain, followed by its discretization into a finite 
amount of volumes, resulting in a numerical grid. For each one of the geometries, a 3D computational grid 
composed by tetrahedral elements, was generated. These grids were composed, respectively, by 4.5, 4.8, 4.7 
and 1.6 millions of elements. For volume meshing of very complex geometries, a tetrahedral mesh generally 
provides a more automatic solution with the ability to add mesh controls to improve the accuracy in critical 
sections of the geometry. Thus, a refinement algorithm for proximity was used in order to improve the solution 
accuracy. Also, wall refinements were included to accurately solve the high velocity gradient. 
 
Boundary Conditions  
The pMDI adapter zone of the VHC was defined as an inlet condition at atmospheric pressure. A symmetry 
condition was imposed at the longitudinal plane of symmetry. The walls of the geometry were set as no-slip 
condition, meaning that they have a fixed zero velocity value relating to the fluid. The outflow zone, located at the 
end of the USP throat, imposed a constant draw of 30 L/min. For particle deposition, it was considered that all the 
particles that collided with a wall would be trapped. 
 
Spray Simulation 
For the definition of the pMDI spray it was necessary to measure and research the most accurate parameters, 
based in a commercial pMDI HFA-134a device, the parameters considered are detailed in Table 1. 
 
Through the usage of Python language a script 
was programmed. It contained mathematical 
operations for the creation of an injection file 
using the characteristics reported in Table 1. In 
addition, the spray was considered the have a 
cone shape, and that the particles exiting the 
circular section of the nozzle were randomly 
distributed within it. This injection file is the 
spray input into the CFD solver. More details 
regarding the pMDI spray simulation can be 
found elsewhere [12,13]. 
 
Solver Configuration 
The numerical simulations were performed 
using FLUENT 14.0 from ANSYS® as the solver. FLUENT software uses a control volume technique to solve the 
conservation equations for mass, momentum and turbulence measurements [14,15]. Concerning to the 
turbulence calculations, a two equation model was used, known as the k-ε Standard. Also the Standard algorithm 

was used for the calculation of the boundary layer [15]. The solution of the differential equations for mass and 
momentum was defined in a sequential process, using the SIMPLE (or Semi-Implicit Method for Pressure-Linked 
Equations) algorithm. The standard discretization scheme was used to solve the pressure field whereas the 
momentum, the turbulent kinetic energy and turbulent dissipation rate equations were discretized by applying the 
second order upwind scheme. Convergence was reached in the simulation by using a criterion value of 1.0E-5 for 
the continuity (pressure), velocity, and for k and ε turbulence parameters. The simulation was obtained in steady 
state and the fluid was assumed incompressible and Newtonian. There is no energy exchange and the 
gravitational acceleration was applied with a magnitude value of 9.81 m/s

2
. 

 

Table 1: pMDI spray characteristics used in the simulation. 
 

Characteristic Value 

Active Pharmaceutical Ingredient (API) Salbutamol 
Propellant HFA-134a 
Plume Max. Velocity 90 m/s 
Plume Angle 22 º 
Nozzle Diameter 0.25 mm 
API Mass 100 μg 
Plume Duration 0.1 s 
Salbutamol Density 1230 kg/m

3
 

Size Distribution Log-Normal 
MMAD 5.47 μm 
Geometric Standard Deviation (GSD) 1.50 

 



For the particle tracking within the velocity domain field, an Euler-Lagrangian approach was used. The tracking 
was executed after the numerical convergence of the domain fields has been reached. A drag coefficient law 
based in the work of Morsi and Alexander [15] was used with a correction for the Cunningham Slip effect for 
particles under 1 μm of diameter [16,17]. A model for statistically simulate the turbulence effect on particle 
trajectory, known as stochastic tracking, was used. Five stochastic paths were considered for each particle 
tracking with different random turbulence eddy number. No electrostatic effects were taken into account during 
the particle tracking calculations. 
 
Post Processing 
For the performance evaluation of the four VHC devices, the mass deposition fraction in the body, valve and USP 
throat was calculated. Also the fraction that left the geometry to the CI, as well as, its MMAD and FPD were 
calculated. These metrics were quantified through a Python language script by several mathematical operations, 
having as input the deposition wall files from the CFD studies. 
 
 
Results & Discussion 

 
From the post-processing of the mass deposition fraction metrics (see Figure 1). It is possible to observe the 
differences between the four VHC geometries. Not only the body and the VHC, as well as, the valve and its 
volume are factors the can vary the deposition. 
 

 
Figure 2: Results of the mass deposition fraction to four VHC devices at the body, valve, USP throat and to the 

CI. 

 
The Volumatic body shows the highest deposition, due to its large volume the contact area is higher than the 
other devices. Also its high volume leads to a slower plume that eventually sediments or is trapped in the 
recirculation vortex, and is subsequently dragged to collide with the wall. A higher deposition in the USP throat is 
noticed in the NebuChamber geometry, as well as, the smaller body deposition of the devices. This effect may be 
due to the fact that its valve presents the smallest section area, this leads to higher airflow velocities in the 
centreline zone of the VHC. Therefore, the particles do not reduce their velocity and do not deposit on the body, 
travelling directly to the USP throat 90º curve. The Aerochamber shows the highest valve deposition value of the 
VHC devices tested. This may be caused by the high surface area of the valve in contact with the airflow, also 
the complex path that the particles need to travel to overtake the valve obstacle. The A2A shows low deposition 
at the USP throat and valve, although its body deposition is higher. In terms of amount of drug that reaches the 
CI, the Aerochamber presents the higher result in comparison to the other devices, followed by the A2A. 
 

 
Figure 3: Results of the FPD that reached the CI in the 

four different VHC devices. 

 
Figure 4: Results of the MMAD of the drug that 

reached the CI in the four different VHC devices. 
 

0

10

20

30

40

50

60

70

80

To CI VHC Body VHC Valve USP Throat

D
e
p

o
s

it
io

n
 F

ra
c

ti
o

n
 (

%
) 

A2A

Aerochamber

Nebuchamber

Volumatic

3.65 4.55 2.87 1.31 
0.0

1.0

2.0

3.0

4.0

5.0

F
P

D
 (
μ

g
) 

A2A
Aerochamber
Nebuchamber
Volumatic

4.67 4.74 4.72 3.12 
0.0

1.0

2.0

3.0

4.0

5.0

6.0

M
M

A
D

 (
μ

m
) 

A2A
Aerochamber
Nebuchamber
Volumatic



By examination of Figure 2 the Aerochamber presents the highest value of FPD (mass of particles <= 4.7 μm) 
delivered to the CI, followed by the A2A and the NebuChamber. Figure 3 shows the MMAD calculated the 
sample of particles that reached the CI, where the Volumatic presents the lower value, followed by the A2A and 
NebuChamber. 
 
 
Conclusions 

 
Using the reported simulation conditions the Aerochamber presents higher FPD available to the CI / lungs, 
therefore it is the best geometry. Although the values used in the spray configuration might need to suffer some 
improvements to better represent the pMDI spray droplets. This is a numerical study and still lacks for 
experimental validation thus caution should applied in the conclusions. 
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