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Summary 

The behavior of cascade impactors has been studied under non-ideal nozzle conditions, including those that can 
arise in practical laboratory use.  This study is a first step towards establishing a new method of setting specifications 
on used impactor nozzle dimensions, one that is derived from the drug product’s mass-per-stage specifications 
established, for example, at the time of regulatory approval, rather than on the original as-manufactured nozzle 
dimensions.  Next Generation Impactors (NGIs) were tested with purposely occluded nozzles with a commercial 
beclomethasone dipropionate (BDP) metered-dose inhaler (MDI), measuring the collected drug mass and the 
pressure drop across stages with ordinary (unblocked) and blocked nozzles and noting changes in these quantities. 

The pressure drop across unblocked stages varied with flow rate in accord with theory, as did the pressure drop 
across any given stage when nozzles were increasingly blocked at a fixed flow rate.  To quantify the change in 
collected particle mass when nozzles were blocked, this study focused on NGI stage 5 at an inlet flow rate of 30 
L/min.  The collected drug mass on stage 5 increased with increasing proportion of blocked nozzles, but generally 
less than expected from a first-order model, possibly because of shifts in the individual nozzle behavior, especially 
when >10% of the nozzles were blocked.  Nevertheless, this model enables an approach to impactor quality that is 
independent of as-manufactured nozzle dimensions and that can rely upon stage pressure drop values.  The overall 
approach rests firmly on known impaction principles and is worth further development. 

Key Message 

Mass-per-stage specifications established at the time of regulatory approval or by other used-defined means, can 
assist with setting specifications for in-use cascade impactors.  These in-use specifications are independent of as-
manufactured nozzle dimensions and can be monitored by stage pressure drop measurement. 

Introduction 

Quality control testing of inhalable drug products includes measuring the size distribution of the aerosol generated 
by representative samples of the commercial batches of these devices.  Cascade impactors are key to this testing, 
one of several instruments necessary for measurement of the aerodynamic particle size distribution (APSD; other 
equipment like flow meters and means of drug assay are also necessary).  All analytical equipment needs to be 
calibrated.  For this reason, the NGI was calibrated with particles, at its inception, and with quantitative specifications 
on the dimensions of the nozzles, so that users know the D50 cut-points of each stage.1 

The common question asked by the user community is whether the same quantitative constraints on the NGI nozzle 
dimensions must be maintained with in-use impactors, and if not, then what specifications may be acceptable.  The 
task of the user is to define the quality specifications necessary for an impactor to meet that user’s stated purpose.  
In contrast, the task of the impactor manufacturer is to make equipment that is quantitatively controlled and generally 
meets the needs of the global user community.  The question arises whether the user community can establish in-
use quality specifications less strict than those of the manufacturer.  This article explains, along with supporting 
experimental data for a specific solution-MDI product, an approach to quantitative constraints on the NGI stage D50 
cut-points based on user-established mass-per-stage (or grouped stage) specifications, such as those of a 
registered drug product.   

Materials and Methods 

The study included NGIs (serial numbers 323, 465, 466, 501) used under controlled laboratory conditions for 
approximately a decade and with nozzles within specifications of used impactors, determined by periodic optical 
inspection.  The flow resistance was measured of each stage of these impactors, before the nozzles were purposely 
occluded, at inlet flow rates from 15 to 80 L/min.  Also with up to 25% of the nozzles on stages 4, 5, or 6 blocked, 
the stage pressure drops were measured at inlet flow rates of 30 and 60 L/min (±2%).  Developmental equipment 
from FIA AB (Södra Sandby, Sweden), with two differential pressure transducers with full-scale ranges of 600 Pa 
and 6 kPa, allowed measurement of the pressure drop of stages 2 to 7 to an accuracy of less than 1% of typical 
values, with methods similar to those described by previous investigators. 2,3

In the particle sizing portion of the study, a BDP MDI was tested (solution in ethanol and HFA-134a propellant; 100 
µg per dose; Teva GmbH, Ulm, Germany) at an inlet flow rate of 30 L/min and with the impactors “as is” and then 
with purposely blocked nozzles on stage 5 (nominally 2%, 4%, 6%, 10% and 25% blockage).  For blocking nozzles, 
transparent tape (3M Scotch Crystal tape) was used at the entrance to the nozzles, for example, as shown in Figure 
1 for stage 5 with eight nozzles blocked (blue marks added for clarity). 
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Figure 1 – Blocking of Nominally 5% of the Nozzles on Stage 5 (8 blocked out of 152 nozzles) 

Results – Pressure Drop Tests 

The pressure drop across each stage, with no blocked nozzles, increased with the square of the inlet flow rate, in 
accord with Bernoulli theory (reference 4, Appendix A4).  This theory predicts that the pressure drop depends on 
the square of the air velocity in the nozzles and in its simplest form can be written 

ΔP = K*Q2      (1) 

Equation 1 applies to each individual stage, with Q equal to the inlet impactor flow rate.  Table 1 gives the average 
value of K for stages 2 to 7 in the flow range 15 to 80 L/min (least-square fit of each impactor’s data to equation 1). 

Table 1 – Pressure Drop Flow Coefficients K† for NGI Stages Two to Seven 
 

NGI Serial 
Number 

Stage Number 

2 3 4 5 6 7 

0323 0.0207 0.0329 0.0724 0.1459 0.2955 0.6722 

0465 0.0211 0.0323 0.0714 0.1427 0.2920 0.7061 

0501 0.0202 0.0322 0.0716 0.1387 0.2973 0.7821 

Average 0.0207 0.0325 0.0718 0.1424 0.2949 0.7201 

 †R2 values greater than 0.99 in all cases; pascal per (L/min)2 
 
Bernoulli theory also predicts that the open nozzle area, squared, times the pressure drop ∆P across any individual 
stage should be a constant at a given inlet air flow rate.  Regarding the open area of each nozzle on a stage to be 
the same leads to equation 2, where N is the number of open nozzles: 

ΔP*N2 = Constant      (2) 

Equation 2 was confirmed for all stages with purposely blocked nozzles (stages 4, 5, and 6, and at inlet flow rates 
of 30 L/min and 60 L/min; up to 22% of the nozzles blocked; R2 values ≥ 0.99 for all cases).  Figure 2 shows that 
data collected for three NGIs follow equation 2 for both 30 L/min and 60 L/min. Twenty-two percent blocked nozzles 
is an extreme condition compared to the mildly partially occluded nozzles more representative of in-use impactors.  
The confirmation of the Bernoulli relationship (equation 2), even in such an extreme case, verifies that the same 
relationship will apply to normal in-use impactors. 

 

 

Figure 2 – Pressure Drop at Fixed Inlet Flow Rate Follows Theory (Stage 5; 30 L/min and 60 L/min) 
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Theoretical Development of Impactor Specifications:  

Because the Bernoulli-style relationships hold both for changing flow rates and for blocked nozzles at a fixed flow 
rate, conventional impaction theory should apply when nozzles become partially or completely occluded, So, the 
D50 cut-point of the stage with blocked nozzles should still follow Stokesian theory5, which indicates that D50 divided 
by the square root of the number of open nozzles will remain constant, as in equation 3: 

𝐷50

√𝑁
⁄ = Constant     (3) 

 
Equation 3 indicates that the mass on a stage will increase when nozzles get blocked. 

To derive a first-order model of the effect of occluded nozzles, we treat the particle capture efficiency curves of 
each impactor stage as step-functions.  If the aerosol is log-normally distributed with a mass-median aerodynamic 

diameter (MMAD) of �̅� and a geometric standard deviation (GSD) of 𝜎𝑔, the fraction of the impactor-sized mass 

collected on stage “n” is given by  
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Here, D50,k (k=n or n-1) denotes the cut-point for stage k, and the error function (erf(x)) is a known tabulated function6 
and is available for example in Microsoft EXCEL™.  
 
Since the D50 value of stage n changes with blocked nozzles in accord with equation 3, the expected change in the 
mass fraction on the stage with blocked nozzles, ∆f, is given by equation 5: 
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Here, we have dropped the stage subscript “n” to eliminate confusion with the number of open nozzles, N, and we 
use the subscript 0 to denote the initial, clean stage condition with zero blocked nozzles.  [We have also taken D50 
for stage n-1 to be a constant, which was the case in our experiments; simultaneous change in D50,n-1 and D50,n can 
be accommodated in the theory for real in-use impactors but lengthens the algebra].   

In practice, ∆f can be monitored by measuring the stage pressure drop – which we can see by inserting equation 2 
(which we verified experimentally) into equation 4: 
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In this way, monitoring changes in ∆P can indicate if the impactor is suitably within specifications. 

Results – API Mass per Stage 

Five series of measurements were made of the mass of active pharmaceutical ingredient (API) on stage 5 with 30 
L/min inlet flow rate.  With no blocked nozzles, we found that the BDP inhaler emitted an aerosol particle sizes 
typical of those reported by others7 (MMAD of 1.0 micron and a GSD of 1.6).  The series of blocked-nozzle testing 
consisted of blocking nominally 2%, 4%, 6%, 10%, and 25% of the nozzles on stage 5 (3, 6, 9, 15, and 38 blocked 
nozzles; total of 152 nozzles on stage 5).   

Figure 3, comparing the measured and theoretical increase in mass on stage 5 when blocking of nozzles is 
increasing, shows that equation 5 reasonably represents the measured results for nozzle blockages of 5% or less, 
a shift of about 2.5% in the D50 value of stage 5 (per equation 3).  However, the observed change in collected drug 
mass remains significantly smaller than predicted when the blocked area reaches double-digit percentages, 
surprisingly only a 4% increase for 10% blockage and an 8% increase for 25% blockage. 

A previous report of approximately uniform blocking of nozzles, but with the Andersen impactor, showed reasonable 
adherence to impactor theory (nozzles blocked fully or partially, up to 25%8).  The drift away from the theory 
observed in the present study may result from the blocking pattern in combination with physical differences between 
the NGI and the Andersen.  For example, the deposits under NGI nozzles are largely not circular, a result of the 
non-axisymmetric design of the NGI cup.  In the current study it was observed that more blocked nozzles enables 
more circular deposits (Figure 4a,b), indicating possibly a tightening and shifting of the stage efficiency curve.  Also, 
the first-order model assumes that the MMAD and GSD of the aerosol has not changed, an approximation that will 
need to be examined more fully for a generalized theory.  Nevertheless, in a practicing laboratory, nozzle blockage 
is likely to be in the single-digit percentages where the first-order model is adequate. 
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Figure 3 – Change in Collected Mass with Nozzle Blockage, Stage 5, 30 L/min Flow Rate 

   

Figure 4a, b – Stage 5 deposits with 2% blockage (3 nozzles; L) and 25% blockage (38 nozzles; R) 

Conclusions – Toward a New Method of Impactor Qualification for Registered Products 

A satisfactory impactor is one that does not, by itself, change the mass per stage by a significant portion of the 
product quality specifications.  Allowed shifts in D50 can be expressed in terms of effective diameter derived from 
traditional stage mensuration data3 or from more readily measured stage pressure drop data2 (equation 6) and 
notably with no reference to as-manufactured quantitative nozzle specifications.  The initial experimental results 
shown here support a first-order model that reasonably predicts the mass-per-stage changes that would occur if 
nozzle area were occluded in the single-digit percentages typical of well-maintained impactors in routine use, such 
as those used in quality control for registered drug products.  Further development of this model could lead to quality 
specifications for in-use cascade impactors that are rooted in the product quality specifications and less strict.  
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