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Summary 

Background: The dynamics of flow through the Andersen Cascade Impactor (ACI) at start-up for the performance 
evaluation of dry powder inhalers (DPIs) are poorly understood. Recent studies by the European Pharmaceutical 
Aerosols Group (EPAG) investigated the effects of reducing the sample volume on the aerodynamic particle size 
distributions (APSD) of aerosols generated by DPIs.  When the inhaled air volume was significantly reduced 
below the internal volume of a Next Generation Impactor (NGI), size fractionation was incomplete, as expected, 
and the instrument under-reported the fine particle dose.  Surprisingly, the same effect was much less severe with 
the ACI.  The present study investigated, from a theoretical perspective, the likelihood that non-uniform particle 
transport is taking place in this impactor. 

Materials & Methods: We report the results of a computational fluid dynamic (CFD) investigation of the transient 
flow through a model of the ACI to confirm the existence of flow path channelling that could explain the 
mass-per-stage data observed previously.  

Results: The CFD results confirmed that a negative pressure wave propagates back from the vacuum source at 
the ACI exit through the CI. Air flow from the inhaler into the ACI is initiated when the suction wave reaches the 
induction port. 

Conclusions: The predicted start-up kinetics compare favourably with measurements of the air flow as a function 
of time.  Complex regimes exist in the upper stages of this CI, involving jets that provide short-circuits, and which 
are therefore believed to be responsible for the experimentally observed more rapid particle transport through the 
ACI. 

Introduction 

Pharmacopoeial methods 
[1]

 for the determination of the aerodynamic particle size distribution (APSD) of DPI 
aerosols by cascade impactors require an inhaled air sample volume of 4 L, although Mitchell et al. 

[2]
 have 

suggested that testing under more clinically relevant conditions might be preferable.  This consideration has 
stimulated interest in the study of the effects on PSD of reduced sample volumes.

[3]
  Correct determination of the 

APSD by multi-stage CI requires each size fraction to reach the appropriate impaction stage at the intended air 
flow velocity.  It is less likely that the smaller size fractions reach the correct impaction stages which are furthest 
from the inlet, as the test duration, and therefore the total volume of aerosol sampled, are systematically reduced.  
Incomplete size fractionation is expected to reduce the reported fine particle dose and increase the large particle 
dose.  Experiments reported by Mohammed et al. 

[4-6]
 confirmed both trends when the air sample volume was 

smaller than the internal volume of a Next-Generation Impactor (NGI).  However, unexpectedly, the effect was 
found to be much less severe for the Andersen Cascade Impactor (ACI), and there were indications that device 
resistance also affected the extent of size fractionation at reduced sample volume.  It was concluded that the 
APSD emitted from DPIs should continue to be characterised by sampling a fixed volume of 4 L, confirming the 
appropriateness of the pertinent pharmacopoeial procedures.  Mohammed et al. 

[6]
 further suggested that non-

uniform particle transport must be taking place in the ACI.  However, the dynamics of flow at start-up through this 
CI is poorly understood. In this paper, we have therefore extended the work of Mohammed et al., by reporting the 
results of a CFD investigation of the transient flow through a model of the ACI.  The purpose of the investigation 
was to generate visualisations of the flow patterns and confirm the existence of flow paths explaining more rapid 
transport of the smaller particle size fractions through the ACI than would be expected from a basic plug-flow-
based description of the flow behaviour through this CI. 

Materials & Methods 

A CAD model of the ACI and the induction port was generated (Figure 1).  The induction port was aligned with 
one of the vertical downward pipes of the pre-separator to produce a geometry with a vertical plane of symmetry.  
The internal air space was extracted after importing the resulting half-geometry into the CFD code Star-CCM+

®
 

(CD-Adapco, London, UK).  Figure 2 shows the air flow domain highlighting the locations of the main boundary 
conditions.  
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In the physical test set-up, the flow through a CI is driven by a vacuum pump connected to the impactor via a 
sonic flow restrictor.  The steady state flow is set to a value of 60 L/min at the inlet to the induction port, but 
Roberts and Chiruta 

[8}
 showed that the correct transient mass flow rate at the exit of the CI is given by the 

following expression: 
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where )(tmOUT
  mass flow rate leaving ACI at time t, SSOUTm ,

  steady state mass flow rate through ACI 

corresponding to 60 L/min, )(tPOUT  pressure at outlet at time t, SSOUTP , pressure at outlet in steady state. 

The suction is assumed to start instantaneously.  The induction port draws in atmospheric air, which is simulated 
by applying a stagnation pressure inlet with air pressure of 101.3 kPa and temperature of 293 K.  The solid walls 
are simulated by means of the no-slip condition, which sets all components of the air flow velocity equal to zero.  
A symmetry boundary condition is applied at the mid-plane. 

Figure 3 shows the computational mesh with 11 million elements, which was developed in Star-CCM+.  Mesh 
refinement was applied in areas such as the impactor stage nozzles, which require the resolution of rapidly 
changing flow features.  The adequacy of the mesh was demonstrated by performing a steady flow simulation at 
60 L/min.  The predicted discharge coefficient values for the eight impactor stages agreed with measured data 

[9]
 

within 10%. 

 

  

Figure 1. - CAD Model of 
Induction Port and ACI 

induction port inlet 

vacuum suction: 
mass flow outlet 

symmetry 
plane 

Figure 2. - CFD Flow Domain 

Figure 3. - Computational Mesh; (a) overview of mesh of ACI and induction port; 

(b) detail of mesh of nozzles of impactor stages 0, 6 and 7ambient air: 
stagnation pressure at 

Stage 0 : 96 nozzles 

2.55mm 

Stage 6 : 400 nozzles  

0.254mm 

Stage 7 : 201 nozzles  

0.254mm 
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Results and Discussion 

The predicted distribution of pressure inside the induction port, pre-separator and ACI during the first 25 ms after 
the instantaneous application of suction according to equation 1 at the exit boundary, is illustrated by the time-
ordered sequence of images comprising Figure 4.  A pressure range of -500 (dark blue) to 0 Pa (red) relative to 
atmospheric pressure was selected to highlight a suction wave, which started at the exit and propagated through 
the ACI towards the induction port.  The rate of propagation of the suction wave was determined by: (i) the mass 
flow in the sonic restrictor limiting the flow rate to 60 L/min in the steady state, (ii) the flow resistance across the 
impactor nozzles and (iii) the combined internal volume of the nozzle stages, pre-separator and the induction port.  
Taken together these three parameters determine the start-up kinetics of the system.  The elapsed time until 
steady state flow conditions  were established in the system was found to be around 150 ms, in good agreement 
with previous theoretical work by Roberts et al. 

[8]
 and experimental work reported in Greguletz et al. 

[10]
, providing 

further validation of the computational model. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

The pressure dropped rapidly across each of the nozzle plates but was substantially uniform in the other spaces 
of the ACI.  In contrast, the flow distribution was found to be very complex.  Figure 5 shows the flow build-up at 
the instants in elapsed time from application of suction corresponding to the time-steps chosen for Figure 4.  The 
regime involves concentrated jet flows (green) as well as large regions of stagnant fluid (blue).  These profiles 
closely match the distributions reported in steady-state flow simulations of the ACI 

[11]
, suggesting that the start-up 

kinetics are largely quasi-steady in nature.  Mixing of flows at the boundaries between the jets and stagnant 
regions could lead to entrapment of small particles in recirculating flow zones.  However, studies of particle tracks 
(not reported here due to space limitations) are indicative that the bulk of the small particles follow the high-

Figure 4. - Predicted Pressure Field Between 0 and 25 ms; Pressure Range -500 to 0 Pa  

Figure 5 - Detail of Predicted Distributions of Velocity Magnitude (range 0-10 m/s) Between 0 and 25 ms in 
Pre-separator and Upper Stages of ACI  
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velocity jet flows, which may provide the short-circuit routes responsible for the experimentally observed 
[4-6]

 non-
uniform transport of small particles through the ACI. 

Conclusions 

We have presented for the first time a set of CFD modelling results that reveal details of the start-up kinetics of 
the flow through an ACI with pre-separator, as configured for DPI performance testing. The predictions of the 
model showed good agreement with experimental steady state discharge coefficients 

[9]
.  The CFD results 

confirmed that a suction wave propagates backwards from the exit of the ACI through the instrument.  Air flow 
from the ambient environment into the instrument (i.e. from a DPI, if connected to the induction port) is initiated 
when the suction wave reaches the induction port.  The start-up time of the system was around 150 ms, which 
was in good agreement with previous theoretical 

[8]
 and experimental 

[10]
 work, and is determined by three factors: 

(i) the mass flow restriction in the sonic orifice, (ii) the flow resistance across the impactor nozzles and (iii) the 
internal volumes of the nozzle stages.  The pressure rapidly drops across each of the nozzle plates, but is 
substantially uniform in the other spaces of the ACI.  The flow distribution on the other hand was found to be very 
complex.  The flow regime involves jet flows similar to those seen in steady-state simulations of the ACI 

[11]
, which 

represent short-circuits that are likely responsible for the presence of non-uniform particle transport in the ACI 
observed in experimental studies 

[4-6]
 with the same apparatus configuration. 
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