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Summary 

Valved holding chamber (VHC) devices are an essential piece of technology for pressurized Metered-Dose 
Inhaler (pMDI) users who cannot properly coordinate their inhalation with the actuation of the spray. The unique 
design characteristics of the VHC devices, particularly the one-way inhalation valve, make this device 
performance evaluation complex to execute. Another VHC role is to reduce the throat deposition, caused by the 
pMDI high velocity spray. When it is fired it into the device, the coarser particle fraction of the emitted plume is 
reduced by directly impacting onto the walls. A computational model was developed for a better understanding of 
the geometric features that affect the reduction of the spray plume by the VHC. This model predicted the 
transport, evaporation of propellant and wall deposition of the pMDI spray inside the VHC device. A constant 
flowrate of 60 L/min, passing through the device, was assumed. This model was applied for six VHCs: 
Aerochamber, A2A Spacer, Compact SpaceChamber, SpaceChamber, Nebuchamber and Volumatic. The results 
show that the use of a VHC against a solitary pMDI, reduced the throat deposition by 57.9% (Compact 
SpaceChamber) to 79.7% (A2A Spacer). It was verified that droplets with diameter ≥ 17 µm (mainly composed by 
propellant) deposit in the further portion of the VHC body by direct impaction. Particles between 3 µm and 17 µm 
tend to sediment by gravity force. Drug particle mass deposited in the valve of the Volumatic (8.0 µg – Coin valve 
design) was highest and lowest for the Nebuchamber (1.8 µg – Duck valve design). The deposition in the VHC 
body was highest for the AeroChamber (31.9 µg) and lowest for the Nebuchamber (14.5 µg). VHC devices design 
could be improved by modifying the dimensions of the body to target a specific coarse particle diameter range 
with the help of numerical tools. 

Introduction 

Inhalation therapy success depends, in part, on the devices used in the delivery of the Active Pharmaceutical 
Ingredient (API) particles into the patient’s lungs. Additionally, a correctly executed inhalation manoeuvre with the 
delivery device is essential to an effective treatment. In the specific case of the pressurized metered dose inhaler 
(pMDI), the elderly and younger patients usually cannot correctly coordinate the inhalation with the actuation of 
the device, resulting in substantial drug loss by impaction onto the patient’s throat 

[1]
. The spacers, particularly the 

valved holding chamber (VHC), are add-on devices developed to overcome this difficulty by allowing the patient to 
freely tidal breathe the drug treatment. More so, they reduce the throat deposition in more than 80% 

[2]
, which 

minimizes the risk of health hazard by the systemic absorption of corticosteroids. The VHC device has a unique 
operating mechanism triggered by the one-way inhalation valve. This feature, present in all commercial devices, 
show different designs that can be grouped in (see Figure 1): Coin, Duck, Leaflets and Annulus Flap. Each design 
will differently influence the throat deposition and emitted plume by the VHC, the Coin design (in the Volumatic) is 
a higher obstacle to the coarse particle transport than a Leaflets valve design (the Compact SpaceChamber). The 
aim of this work is to better understand the deposition caused by different valve designs and VHC geometries 
available in the market, by applying a Computational Fluid Dynamics (CFD) model to predict the drug transport 
and surface deposition. 

Methodology 

Geometry 

Three-dimensional representations of commercial pMDI VHC devices were used in the numerical simulations, to 
predict salbutamol pMDI HFA-134a spray deposition in the device surfaces, throat and the delivered dose. The 
six commercial devices geometrically represented in this study were (see Figure 1): the Space Chamber Plus

®
 - 

SC (from Medical Developments International
®
); Compact Space Chamber Plus

®
 - CSC (from Medical 

Developments International
®
); the Volumatic

®
 - VOL (from GlaxoSmithKline

®
); the AeroChamber Plus - AC (from 

Trudell Medical International
®
); the A2A Spacer – A2A (from Clement Clarke International

®
) and the 

Nebuchamber – NC (currently off-market from AstraZeneca
®
). Their volumes are: SC – 230 mL; CSC - 160 mL; 

VOL – 750 mL; AC - 149 mL; A2A – 210 mL and NC – 250 mL. Since the simulations were performed assuming a 
constant flowrate of 60 L/min, the VHC valves were drawn open. For this task, dimensional information of the 
aperture was taken from photography of the valve operation at that flowrate. Some degree of uncertainty may 
arise from this technique, specifically for VOL and AC valves. All VHC geometries are connected to a USP 
Induction Port (IP) 90º bend, designed according to standardized dimensions. Additionally, the pMDI actuator 
alone into the IP was simulated. All geometries presented a longitudinal symmetry; hence only half domain was 
discretized to reduce the computational effort. 
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Figure 1 - Representation of the VHC devices used in this study. 

Grid 

The discretization of the geometries was carried out using the Meshing software from ANSYS
®
, by applying an 

automated method with refinement upon proximity and curvature geometric characteristics. This resulted in 
unstructured grids with 10-15 layers near wall composed by prismatic elements, to keep the y+ of the first layer 
close to unity. With first elements layer height between 0.02 – 0.05 mm, the domain maximum element was size 
kept between 3.5 – 10 mm. The resulting grids have a number of elements ranging from 89k (for the pMDI solo) 
to 883k (for the VOL). A grid uncertainty analysis 

[3]
 was performed for the CSC geometry, using three grids 

(257k, 582k and 1.3M), which showed a difference of 3.14% in the FPM emitted between the medium and the fine 
grids. This means that the medium size grid (with the characteristics described above) is adequate to perform the 
simulations. Grid analysis was performed for the Element Quality (   ≈ 0.5), Orthogonal Quality (   ≈ 0.8), Aspect 

Ratio (   ≈ 30) and Skewness (   ≈ 0.3) metrics; showing similar values for all the grids, the values are within a 

good quality range. 

Solver Configuration 

The simulations were performed in FLUENT v15 from ANSYS
®
, a commercial finite volume CFD code. The drug 

droplet/particle transport in the fluid was modelled as a discrete phase, considering an Euler-Lagrange approach 
that accounts for: drag, turbulent dispersion, propellant evaporation, gravity sedimentation, surface collision and 
heat exchange. The fluid was considered a mixture of H2O, O2, HFA-134a and N2, at 20ºC that flows at 60 L/min. 
The turbulence was modelled using a k-ω SST model allowing the calculation of large stagnation areas near the 
VHC walls. The Ventolin HFA-134a salbutamol spray has a duration of 0.1 s, with a mass of 100 µg per actuation, 
an initial velocity of 120 m/s. Its cone angle is 40º, the nozzle diameter is 0.50 mm and its injection temperature is 
-58ºC. The droplets diameter distribution was measured experimentally using laser diffraction technique (particle 
sizer model 2600 from Malvern, UK) 

[4]
. It was observed that this distribution is poly-dispersed, hence the data 

were not modelled using a statistical function (e.g. log-normal or Rosin-Rammler), but directly inputted into the 
numerical model. The droplets were considered to be a mixture of liquid propellant and solid salbutamol particles 
(m/m = 0.95%). Particle-surface collision was modelled using a two phase criteria: first entrapment of any droplet 
in which the propellant did not fully evaporated. Secondly, if the particle had no propellant a critical velocity criteria 
model was applied, as described elsewhere 

[5,6]
. This model includes the surfaces material characteristics in 

collision. The particles drag coefficient was modelled accordingly to the law proposed by Morsi and Alexander 
[7]

 
with a slip Cunningham correction factor for particles with diameters bellow 1 µm 

[8]
. 

Results 

Figure 2 presents the salbutamol mass deposited in the VHC body, VHC valve surfaces, USP IP walls and the 
Sizable Mass (SM) emitted to the lungs. Results are given for an actuation of 100 µg. 
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Figure 2 - Salbutamol mass deposited in the domain surfaces and the emitted mass from the geometry. 

 

Figure 3 provides the location of each particle deposition within the six VHC devices. The results are coloured by 
the particle/droplet diameter and the valve surfaces are coloured in dark grey. 

 

Figure 3 - Drug particles deposition locations in the domain surfaces, coloured by diameter, for the six VHC 
geometries under study. 

Discussion 

Figure 2 predicts that half (54.6 µg) of the spray salbutamol mass is lost by direct impaction in the USP IP walls. 
The majority of the droplets had no time to fully evaporate and upon colliding with the throat surfaces (the model 
applied predicted entrapment). The addition of a VHC, provided a reduction of the throat deposition between 
57.9% (for the Compact SpaceChamber) and 79.7% (for the A2A Spacer). 
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Drug deposition in the valve surfaces is higher for the Volumatic (8.0 µg - Coin design), followed by the A2A 
Spacer (3.2 µg – Leaflets design), AeroChamber (3.1 µg – Annulus Flap design), Compact SpaceChamber 
(3.0 µg - Leaflets), SpaceChamber (2.3 µg - Leaflets) and Nebuchamber (1.8 µg - Duck). The valves designs with 
obstacles to the air jet transporting particles result in higher drug deposition, such as the case of Volumatic and 
A2A post-valve cross obstacle (that creates vortices leading to greater drug loss). 

The drug deposition in the VHC body surfaces ranges as AeroChamber (31.9 µg) > Compact SpaceChamber 
(31.6 µg) > SpaceChamber (30.4 µg) > Volumatic (22.6 µg) > A2A Spacer (22.6 µg) > Nebuchamber (14.5 µg). 
The data suggest that the main deposition mechanism in the VHC is the impaction due to the spray high velocity 
and therefore the deposition should be strongly related with the VHC body length and diameter. However, it was 
expected that the Volumatic had the lowest body deposition, since it has the largest dimensions. This was not 
verified, and might be related to: simplified mathematical modelling of the collision particle-wall collision (no 
electrostatic attraction was considered and full adhesion for liquid droplets), inaccurate spray inputs or 
simplifications in the solver spray modelling. 

The emitted sizable mass, induction port and valve deposition predictions are deeply related to the limitations of 
the VHC body drug deposition predictions, hence they inherit its influence. 

Figure 3 provides information on the spray droplets/particles preferable deposition locations for each diameter. It 
can be observed that the diameters ≥ 17 µm (mainly composed by propellant) are bound to deposit downstream 
(> 50% of its length) of the VHC body. Particles with 3 µm to 17 µm suffer mainly sedimentation by gravity in the 
bottom portion of the VHC body. The IP throat (not shown in Figure 3) presented a deposition of particles < 6 µm, 
being strongly influenced by turbulence generated by the valve air jet, which is dependent of the valve cross-
section area and shape. Aerochamber valve design (Annulus Flap) shown a radially uniform distributed particle 
deposition in the upper throat wall, the same was verified for both SpaceChamber devices. 

Conclusions 

These observations suggest that the valve design has a strong influence in the throat deposition and drug 
targeting. The valve cross-section will dictate the throat deposition pattern. The regular VHC valve operation is at 
tidal breathing (and at lower flowrates) where it becomes mostly important to evaluate the valve leakage and 
inertia to opening/closing upon respiratory solicitation. 

The VHC body design could be improved to target the spray deposition, by impaction, within a desired particle 
diameter range. This can be made by changing the VHC length and/or diameter to meet the commercial pMDI 
products spray characteristics range. 

The numerical model gives a good insight of the drug particles transport inside of a VHC device, however the 
particle-wall collision model needs to be improved for better accuracy. Additionally, simulations at variable 
flowrate should be performed in the future. 
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