
Drug Delivery to the Lungs 27, 2016 –Daryl L. Roberts 

Further Investigation of the Maldistribution of Aerosol Deposits on the Upper Stages of the Andersen 8-
Stage Non-Viable Cascade Impactor (ACI): Evidence for Pre-Classification of Incoming Aerosol   

Daryl L. Roberts
1
 and Jolyon P. Mitchell

2
 

1
MSP Corporation, 5910 Rice Creek Parkway, Suite 300, Shoreview, Minnesota  55126, USA 

2
Jolyon Mitchell Inhaler Consulting Services Inc., 1154 St. Anthony Road, London, Ontario, N6H 2R1, Canada  

Summary 

In a previous study of the Andersen 8-stage non-viable cascade impactor (ACI), we observed maldistribution of 
monodisperse particles of known aerodynamic diameter between the four concentric rings of nozzles associated 
with stages 0 and 1 of an ACI (operated at 28.3 L/min without pre-separator). In the current study, we investigated 
this behavior by recovering the calibration particles from each ring of deposits separately. The performance of 
stages 0 and 1 were close to expectations when deposits from all four rings were assessed as a single entity.  
However, the fraction of the total deposits in the individual rings was not only different than the ideal value of 25% 
but changed with the size of the calibration particles. For example, the fraction of the total deposit in the 
outermost ring of both stages increased as the calibrant particles decreased in size. This outcome can happen 
only if the smaller particles are preferentially dispersed to the outermost ring, indicating an airborne pre-
classification of large from small particles before the incoming aerosol enters into the nozzles. This undesirable 
airborne size classification is consistent with the focused recirculating dispersion of a laminar jet in the Andersen 
cone predicted by its large expansion angle (110º). We conclude that when a polydisperse aerosol enters the ACI, 
the particle masses collected on stages 0 and 1 bear no known relationship to the aerodynamic particle size of 
this aerosol in the size range where these two stages are operational. 

Introduction 

The Andersen 8-stage non-viable cascade impactor (ACI), although developed originally for room air quality 
assessment 

[1]
, has become one of several cascade impactors (CIs) recognized in the pharmacopeial compendia 

as appropriate apparatuses for the assessment of the aerodynamic particle size distribution (APSD) of aerosols 
from orally inhaled products (OIPs) 

[2,3]
. CIs size-fractionate particles on the principle of differing particle inertia in 

a laminar flow regime 
[4]

, enabling size measurements to be related directly to the aerodynamic diameter size 
scale 

[5]
, accepted as being predictive of likely deposition of drug particles in the human respiratory tract from the 

OIP being assessed 
[6]

. In its simplest form with no pre-separator present in the flow path, there is an underlying 
tacit assumption that the flow entering the CI is reasonably uniform (ideally laminar) and with a uniform 
distribution of aerosol particles and that all 96 nozzles at the first size-fractionating stage receive the same input 
aerosol 

[7]
. Even if a pre-separator is used to remove coarse particles incapable of being size-fractionated properly 

by the CI, it is still assumed that the flow leaving the pre-separator will rapidly become uniform and remain so 
before passing through the nozzles of the impactor stages 

[8]
.   

In a previous study, we evaluated an ACI operated at 28.3 L/min in the configuration without pre-separator, as 
would be the case for the assessment of aerosols from pressurized metered dose inhalers 

[9]
. We reported that 

each ring of the four concentric rings on stages 0 and 1, each comprising 24 nozzles, has a different collection 
efficiency profile for monodisperse calibration particles of differing sizes, even though we also found that these 
stages, considering all nozzles together, do exhibit the efficiency curves typical of published literature 

[9]
. Our 

evidence for maldistribution among the rings was essentially visual, and the effect could be seen most clearly 
when the calibration particles were smaller than the average 50% efficiency size, such as when 8-µm particles 
were collected beneath stage 0 (Figure 1). The purpose of the present study was to investigate the reason(s) that 
each ring had a different efficiency for the calibration particles by separately determining the mass of these 

calibration particles on EACH of the four rings of nozzles for stages 0 and 1. This process was intended to allow 
efficiency curves for each ring to be determined, curves that logically, when added together, would yield the 
efficiency curve for each stage as a whole. 

Materials and Methods 

We generated airborne, fluorescent, monodisperse microspherical particles of oleic acid containing 1% w/v 
uranine dye with a Flow-Focusing Monodisperse Aerosol Generator (Model 1520 FMAG™, MSP Corp.) in 
separate experiments in which the size of calibrant particles was varied. We introduced room air containing 
calibrant aerosol at a constant flow rate of 28.3 L/min into and through an ACI (Copley Scientific Ltd., Nottingham, 
UK) with a control valve and vacuum source located downstream. Particle size was confirmed by means of an 
Aerodynamic Particle Sizer

®
 aerosol spectrometer (TSI Corp., St. Paul, MN). Aerosolization times were chosen to 

provide sufficient deposit for subsequent assay. Rather than determine the collection efficiency curves for stages 
0 and 1, as was done in the previous investigation 

[9]
, we separately and manually recovered the mass of calibrant 

on each of the four concentric rings of deposits located on the collection surface of each of these stages by 
means of Q-tips wetted with 2-propanol. Particle mass from each sample was quantified fluorometrically 

[10]
. 
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Figure 1 — 8.0-µm Particles Deposited Non-Uniformly on Stage 0; Average Cut-Point Size (D50) is 9.0 μm 

Results 

Table 1 summarizes the findings, showing the fraction of the total deposit recovered from each ring (1=innermost 
ring, 4=outermost ring). Repeatability was checked by running three replicates for the 9.0-µm particles (both 
stages) and 5.0-µm particles (stage 1); the coefficients of variation were < 10%. Ideal behavior would be that 25% 
of the particle mass would be found on each ring. Table 2 shows the total collection efficiency for each plate, 
measured separately by washing the entire plate. We reported previously that the size at which the collection 
efficiency of each stage was 50% (D50) was the same as that reported in the pharmacopeial compendia (9.0 µm 
for stage 0 and 5.8 µm for stage 1) 

[9]
. In this previous study we showed that the plate collection was somewhat 

less than the entire stage collection (which includes the wall losses), and the plate collection efficiencies shown in 
Table 2 are consistent with these earlier results. 

Table 1: Capture of Various Sizes of Monodisperse Microsphere Calibration Aerosols under Each Concentric Ring for 
Collection Plates 0 and 1 of an ACI Operated at 28.3 L/min (n=1 at each condition) 

 

Diameter of Calibrant (µm 
aerodynamic diameter) 

Stage 

Mass of Calibrant Collected Under Individual Rings of 
Nozzles as Fraction of Total Mass on All Rings (%) 

Ring 1 Ring 2 Ring 3 Ring 4 

8.0 

0 

53.5 14.1 13.1 19.2 

9.0 67.0 14.0 5.7 13.3 

10.0 77.7 11.6 3.6 7.0 

11.0 74.4 16.4 3.9 5.4 

5.0 

1 

47.2 9.7 12.7 30.4 
9.0 40.1 24.3 16.6 18.9 

10.0 48.6 25.4 15.9 10.1 
11.0 64.8 20.4 8.1 6.7 

Ideal Behavior Irrespective of 
Calibrant Size 

 25.0 

 
 
Table 2.  Overall Collection Efficiency for Collection Plates 0 and 1 of the ACI as a Function of Calibrant Particle Size 

Diameter of Calibrant (µm 
aerodynamic diameter) 

Overall Collection Plate Efficiency (%) 

Stage 0 Stage 1 

11 76 88 

10 74 90 

9 60 94 

8 36 not measured 

5 not measured 8 
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Discussion  

In the previous investigation, we concluded from the visual data that the cut-point size (D50) at which a particular 
nozzle ring collects incoming particles must be different from one ring to another 

[9]
. This conclusion was (and 

remains) the logical explanation of the observed findings from that study – and this conclusion means that the 
velocity of air approaching and passing through each nozzle is NOT the same but rather depends on its radial 
distance from the central axis of the nozzle plate. Indeed, and referring to the 8-µm aerodynamic diameter 
particles used to create Figure 1, the velocity through the nozzles of ring 1 must be the highest, implying the 
collection efficiency curve for this individual ring has the smallest D50. This value is therefore smaller than the 
mass-average D50 for the stage, which is approximately 9.0-µm aerodynamic diameter. The D50 value for ring 4 
must also be smaller than the mass-average D50, but larger than that of ring 1; the D50 values for the individual 
rings 2 and 3 must then be larger than the mass-average D50 for the stage, to complete the assessment. 

These qualitative observations are important for understanding the data shown in Table 1. On the basis of these 
qualitative observations alone, one would expect the fraction of the collected material to be different on each ring.  
However, because the air flow velocity through each nozzle is independent of the size of the calibration particles, 
we also expected the mass fraction to remain constant and independent of particle size. We conclude that an 
alternative physical process, something other than maldistribution of the air flow itself, is responsible for the Table 
1 data.  Stated another way, it is one thing that each ring did not collect 25% of the mass; a constant mass 
fraction could be explained by air flow maldistribution alone. However, these fractions were not constant. 

The key issue we believe lies in the expansion of the laminar jet formed when the air flows into the cone of the 
ACI and expands into the air space before entering the nozzles of stage 0. The flow Reynolds number at the 
entrance of the cone is 1670 at the chosen volumetric flow rate of 28.3 L/min, suggesting laminar flow exists at 
that location.  In a regular expanding cone-shaped geometry, it is well understood that smooth expansion of a 
laminar jet takes places if the expansion angle is smaller than 15º 

[11]
. As the angle increases over 20 degrees, 

flow separation at the wall begins, leading to recirculation zones for angles over 40º (Figure 2). However, the 
interior angle of the ACI cone is 110º, ensuring a focused jet flow and flow recirculation zones are formed, as in 
the right-most diagram of Figure 2. As the incoming air flow turns back around toward the entrance of the cone at 
the base of the recirculation, particle trajectories in flight differ on the basis of aerodynamic size because of the 
differing inertia of the particles.  This process results in a simultaneous focusing of large particles toward the 
central axis and of smaller particles towards the periphery before they enter the nozzles of stage 0. Under such 

circumstances, ring 4 will preferentially collect the smaller particles, as observed in Table 1. 

   

 

 

Figure 2 — Air Patterns in Laminar Jet Expansion (simplified from Table 7-6 of reference [
11

]) 

Something similar appears to occur with stage 1, because of the short-circuiting of the air flow through the central 
large hole in the collection plate of stage 0 as this air flows to the nozzles of stage 1. There is a greater tendency 
than on plate 0 for the small particles to prefer collection at ring 4, consistent with the data in Table 1, because air 
also flows around the periphery of plate 0 on its way to stage 1. Therefore we conclude that stage 1 is also not 
operating as a proper size fractionator in the ACI configuration studied, because pre-classification is occurring in 
the space between the collection surface of stage 0 and the entry to the nozzles of stage 1.    

The key consequence from the foregoing is that for a polydisperse aerosol, such as those associated with almost 
all OIPs, our data indicate that airborne size fractionation will occur in the gas phase before the air flows through 

the nozzles of both stages 0 and 1.  So the size distribution of particles ENTERING each ring of nozzles will differ 
from the inlet distribution and will differ from ring to ring. We already know from our previous work with 
monodisperse calibrant aerosols that the D50 values of each ring are different. Hence it follows that the mass 
captured on the collection plate of either stage will bear no known relationship to the aerodynamic particle size of 
the airborne particles entering the ACI cone (which of course is the aerosol that the patient would inhale), thereby 
invaliding the common interpretation of the size of the particles captured on the collection plate. 
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It is important to note that the non-ideal behavior reported here cannot be found by standard impactor calibration 
methods, in which the entire deposit on a stage or plate is recovered as one entity. This limitation may therefore 
explain why the effects we describe have hitherto been unreported. The impactor designer can avoid the problem 
altogether if the first stage of the impactor is a single nozzle on axis with the flow entering the apparatus, as in the 
Marple-Miller Impactor 

[12]
 and the Next Generation Impactor 

[13]
.   

Conclusions 

We have established that differences exist in the cut-point sizes of individual nozzle rings associated with stages 
0 and 1 of an ACI operated at 28.3 L/min and have further provided evidence that undesirable airborne pre-
classification of large from small particles is occurring before the incoming aerosol enters the nozzles of either 
stage. These findings indicate that the ACI is not reliable as an apparatus for the accurate assessment of aerosol 
aerodynamic particle size distribution in the size range where these two stages are operational. Nevertheless, the 
implication for the testing of OIPs may be slight because most formulations have only a small fraction of their 
mass larger than about five microns. Our findings may indeed make it more important for regulatory agencies to 
focus on the mass of particles smaller than five microns aerodynamic diameter. But in any case, users should be 
aware of these limitations and in consequence be cautious of aerodynamic particle size distribution assessments 
made by the ACI if their product contains a significant portion of its emitted mass in the critical range from about 5 
to 10 µm aerodynamic diameter, where these stages are operative. 
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