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Summary: 

 
Background: Flow uniformity is assumed in cascade impactors used in the particle size assessment of aerosols 
from orally inhaled products.  We have observed severe radial maldistribution of the deposits on stages 0 and 
1 of the Andersen 8-stage non-viable impactor (ACI) which we have studied by calibrating an ACI with 
monodisperse particles.   
Materials and Methods: We introduced a 28.3-L/min steady flow of monodisperse uranine-containing particles 
into the ACI and varied the inlet particles to include sizes above, near, and below the 50% cut-point (D50) sizes 
of stages 0 and 1.  We photographed the deposit patterns. 
Discussion: There are four concentric rings of 24 nozzles each on stage 0 and 1 of this impactor. We found 
radial, but no angular, maldistribution indicating that each ring of each stage has its own efficiency for particle 
capture.  The deposition pattern indicates that the inner ring has a D50 value smaller than that of the stage as a 
whole and that the two middle rings have D50 values larger than that of the stage as a whole.   
Conclusion: These observations are consistent with studies reported by previous investigators of size 
distribution measurements made with transient, small total air volumes and of computer flow simulations at 
steady flow conditions.  During unsteady, start-up flow, typical of dry-powder testing conditions, the actual D50 
values of stage 0 and stage 1 are likely to be smaller than their steady-state values reported in the 
pharmacopeial compendia, since flow through the inner ring is clearly the path of least resistance. 

 
 

Introduction: 

 
The inhaler testing community is regularly seeking ways to improve the efficiency and effectiveness of 
aerodynamic particle size measurements of aerosols emitted by orally inhaled products [1].  Cascade 
impaction is still the only method providing the ability for direct chemical assay of the active drug compound in 
a given range of particle sizes based on the aerodynamic size scale that is most pertinent to describe likely 
deposition in the respiratory tract [2].  Regardless of the impactor being used, it is assumed that the flow of gas 
is the same through each nozzle of each size-fractionating stage.  The nozzles are arranged in four concentric 
circles (labeled rings number 1, 2, 3, and 4 (Figure 1) for stages 0 and 1 of the ACI).  

 

 
 
Figure 1.  Plan View of Stage 0 or 1 of the ACI Defining Angular and Radial Nozzle Arrangement 



 

 

 
Evidence has come to light that the flow profile across at least the uppermost stages (stages ‘0’ and ‘1’), in 
which the collection plates are annular, is non-uniform during the course of an evaluation of the behavior of the 
ACI at small sample volumes in connection with dry powder inhaler testing [3, 4].  This finding has also recently 
been identified in a computational fluid mechanics-based study of the ACI carried out independently [5].  The 
present experimental study was undertaken with the purpose of investigating with monodisperse particles of 
known aerodynamic diameter whether such non-uniform flow distribution could be observed via observing the 
nature of the deposited particles on these stages. 

 
  
Materials and Methods: 

 
We generated airborne monodisperse microspherical particles with the Vibrating Orifice Aerosol Generator 
(VOAG; TSI Inc., Shoreview, MN) using oleic acid containing 1% w/v uranine dye, so that the particles could be 
easily seen and also quantified fluorometrically [6].  We passed air at a constant flow rate of 28.3 L/min through 
an ACI (Copley Scientific Ltd., Nottingham, UK) with a vacuum pump located downstream and determined the 
stage efficiency curves for the uppermost stages 0, 1, and also the succeeding stage 2.  The shape of the 
collection plates for stages 0 and 1 is annular, thereby providing two routes (radially outwards to the plate 
periphery or inwards to the annulus) for the air flow to transfer to subsequent stages. In contrast, the stage 2 
and all subsequent collection plates are complete discs, so that the gas flow must spread radially to the 
periphery of each plate to transfer to the next stage.  We observed, and selectively photographed, the deposits 
on stages 0, 1, and 2 for each of the eleven particle sizes needed for establishing the stage calibration curves 
(particles with mean diameters ranging from 4 μm to 11 μm).   
 
Results: 
 

The full stage efficiency curves indicated that the size at which the collection efficiency of each stage was 50% 
(D50) was the same as that reported in the pharmacopeial compendia [7, 8]; see Figures 2a and 2b, showing 
measurements for stages 0 and 1 respectively.  

 

            
 
Figure 2.  Measured Particle Capture Efficiency Curves for Stages 0 and 1 of the Andersen Impactor 

Operated at 28.3 L/min; D50 values of 9.0 and 5.8 µm, respectively 

 
When the sizes of the monodisperse particles were just under the stage D50 value, the deposits could be seen 
to accumulate preferentially on the innermost ring of the collection plate (Figures 3b and 4b), virtually 
disappearing from rings 2 and 3.  When the particles were 20% to 30% larger than the D50 value of the stage, 
little radial maldistribution could be observed (Figures 3a, 4a).  There also appeared to be no angular 
maldistribution, regardless of particle size. 



 

 

                                      
a)  Stage 0 with 11 µm particles   b)  Stage 0 with 8 µm particles 

 
Figure 3.  Monodisperse Particles Deposited on Stage 0 of the ACI (stage D50 is 9.0 µm)  

             
a) Stage 1 with 8 µm particles   b)  Stage 1 with 5 µm particles 
 

Figure 4. Monodisperse Particles Deposited on Stage 1 of the ACI (stage D50 is 5.8 µm)  
 

Discussion: 

 
The non-uniform radial deposition patterns observed for stages 0 and 1 of the ACI indicate that each of the four 
concentric rings on these stages behaved differently than each other in terms of their inertial size-fractionating 
properties. It therefore follows that each ring has its own D50 value, a figure different than the stage-average 
D50 size that would result when washing the entire plate area during a typical calibration of the impactor.  In 
particular, when the particle size entering the ACI was just under the stage-average D50 value, intermediate 
ring numbers 2 and 3 (see Figure 1) were virtually void of deposits, indicating that their D50 sizes must be 
substantially larger than the stage-average D50 values measured herein, and listed in the compendia for both 
these stages.  Using the same argument, the abundant deposits found on the innermost ring 1 for either stage 
indicates that its D50 size must be smaller than the stage-average D50 value.  We have not, as yet, undertaken 
the quantification of the relative mass of deposit accumulating on each ring, but intend to do so in future work.  
 
This severe radial non-uniformity of deposits is consistent with the maldistribution of shear stress at the surface 
of stage 0 and stage 1 plates calculated by Dechraksa, et al. [5] from computational fluid dynamics modeling of 
the ACI when operated at a steady flow rate of 28.3 L/min (see Figure 7 in their article).  Indeed their colored 
shear stress diagram is strikingly similar to the deposit distributions shown in Figures 3b and 4b of this work. 
 
Similar non-uniform deposition was also evident in the calibration of the ACI reported by Vaughan [9], in which 
the spatial distributions of monodisperse phosphor particles of a controlled size were studied visually by 
fluorescence in ultraviolet light.  However, the collection plate deposition patterns shown in Figures 5a and 5b 
were not published in the original article, as the focus of his work was on estimating losses due to internal wall 
deposition.  Importantly, the radial distributions observed by this author for stages 2 and below were more 
uniform, although there was evidence of ‘streaking’ in the outward direction, most likely caused by cross-flow 
moving towards the periphery of these solid disc collection plates. 

 



 

 

                           
 
 

a) Phosphor Deposits on Stage 0   b) Phosphor Deposits on Stage 1 

 
Figure 5 – Fluorescent Phosphor Particle Deposition Profiles on Collection Plates of Stages 0 and 1 of 

an ACI Operated at 28.3 L/min Observed by Vaughan [9] using Ultra-Violet Light  

 

 
Other investigators have shown that the mass of incoming aerosols comprising polydisperse particles 
deposited on all ACI stages is nearly invariant with the total volume of air passed into the impactor, even in 
unsteady flow (dry-powder testing) when the volume of air passing through the impactor is only one-fourth of 
the internal volume of the impactor [3, 4].  This surprising outcome is best explained by the presence of flow 
channeling down the central axis of this impactor through the uppermost stages which have annular collection 
plates.  In unsteady flow, the innermost rings of stages 0 and 1 would be expected to dominate the deposition 
process even more than shown in Figures 3b and 4b, because these inner rings represent the pathway of least 
flow resistance.  Therefore, for each of these stages, ring 1, with its D50 size smaller the corresponding stage-
average D50 value, dominates deposition behavior even more so under unsteady flow conditions than under 
steady flow conditions.  Therefore, in dry-powder testing, ACI stages 0 and 1 will likely exhibit D50 values 
smaller than those published in the USP and EP. 

 
Conclusions: 

 
Non-uniform particle deposition profiles were clearly evident on the annular collection plates of both stages 0 
and 1 of the ACI operated at 28.3 L/min, the cause most likely being maldistribution of the air flow passing 
through these stages having annular collection plates.  Although the mass of particulate matter accumulating 
on the individual rings 1 to 4 of each stage remains to be quantified and compared with deposition behavior in 
subsequent stages in which the collection plates are solid discs, the observations are consistent with both 
computational modeling studies [5] and experimental results of previous investigators [9].  As a result, 
interpretations of ACI data, especially at small total sample volumes that are known to be associated with 
unsteady conditions [3, 4] cannot simply assume the stage-average, steady-state D50 values apply for these 
uppermost stages.  Indeed, for each of these stages, ring 1, with its D50 size smaller the corresponding stage-
average D50 value, dominates deposition behavior even more so under unsteady (dry-powder) flow conditions 
than under steady flow conditions.  A further investigation of the individual ring deposits at both steady and 
unsteady flow conditions will be necessary to provide a clear quantitative understanding of the size of particles 
captured on these stages of the ACI. 
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