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Summary 
 
Background: We report here on the second of a two-part study aimed at characterizing and assessing the flow-time 

profiles of typical test equipment used for pressurised metered dose inhaler/dry powder inhaler (pMDI/DPI) products. 
The main objective was to generate flow-time profile data descriptive for typical test setups and sampling units and 
that may be useful for comparison. Methods: The measurement method used a thermal mass flow sensor and a 

proprietary flow recording software to store and assess recorded flow-time data sampled at the inlet of test systems 
(TS), cascade impactors (CI), and sample collection tubes (SCT) for delivered dose testing. Three orifices were used 
to simulate a typical range of DPI device resistance by generating a pressure drop of approximately 4 kPa at the 
respective test flow rates. Flow profiles that result from a defined air flow time of 4 sec at different air flow rate levels 
were measured. Results: Ninety-two experimental arrangements across nine companies were examined and a total 

of 815 individual flow profile measurements were performed. Various total air flow volumes, flow peaks, rise times and 
slope values per flow level of 30, 60, and 90 L/min were determined for different TSs, CIs, and SCTs. Rise time t90% 
(with 4 kPa orifice at inlet side) showed the following order: NGI>ACI>AIM>SCT>TS. Conclusions: The results 

demonstrated that the experimental methods were both straightforward and precise. A broad data base of flow-time 
data descriptive for compendial equipment as typically used in the industry for pMDI/DPI testing was established. 
 
Introduction 
The flow-time characteristic of test equipment used for pMDI/DPI testing, i.e. the air flow kinetics, determines the 
operational flow rise in sampling devices such as CIs and thereby can influence the particle collection behaviour. 
Moreover, dose emission and aerosolisation performance of the tested inhalable product may be influenced. 
Therefore, deviations or irregularities in operational flow rate determining the rise time or the slope of the flow-time 
curve (i.e. the flow acceleration), or flow peaks have the potential to affect the aerosol aerodynamic particle size 
distribution (APSD). Equipment for pMDI/DPI testing developed strictly in accordance with Ph. Eur. [1] and USP [2] 
can differ in small details that might have an influence on the flow-time profile during inhalation testing. In part 1 of the 
study [3] the sampled volume (=area under the flow vs. time curve, AUC) as an indicative parameter of test system 
performance was assessed for typical compendial equipment as used across the industry for pMDI/DPI testing. The 
part 2 of the flow profile study reported herein focussed on the evaluation of experimental flow-time patterns by 
recording flow rate-time profiles at the inlet side of a range of typical test equipment during the inhalation device 
testing. The main objectives are as follows: 
1. Compare flow-time characteristics of the compendial equipment as typically used in the industry; 
2. Determine related test parameters describing the flow-time profile such as AUC, rise time (t10%, t50%, t90%), slope 

values during the rise to steady-state flow rate, and observed flow peaks from start-up to the steady-state flow rate; 
3. Evaluate the typical variability associated with these parameters; 
4. Check the influence of different test setups and typical sampling units on the resulting flow-time profile; 
5. Evaluate the influence of the device resistance on flow-profiles by using orifices that generate a pressure drop of 

approx. 4 kPa at the respective test flow rates; 
6. Generate a data base of flow-time data that is descriptive for typical test setups and sampling units as used in the 

industry for pMDI/DPI testing in order to provide real-life data for reference and the opportunity of data comparison. 
 

Methods 

Ten companies participated in a round robin test, measuring flow-time profiles that result from a defined air flow time 
(4.0 sec) at three different air flow rate levels of 30, 60, and 90 L/min when using the company internal test setup and 
method for compendial pMDI/DPI testing. Typically, these test systems (TS) consisted of the following basic 
components: vacuum source (pump), on-off valve (closure valve, time controlled), needle valve for flow control, 
pressure sensors, and air flow meter. Following experimental setups were assessed: 

 Company internal TS only (without sampling unit, TS open to atmosphere) +/- 4 kPa orifice 

 Company internal TS + typical sampling unit for pMDI/DPI testing +/- 4 kPa orifice (to simulate device resistance) 
using following sampling units (as available): 



 

 

- Andersen CI (ACI) 
- Next Generation Pharmaceutical Impactor (NGI) 
- Sample collection tube (SCT) as used for delivered dose testing 
- Abbreviated impactor measurement (AIM)-based equipment (e.g. Fast Screening Impactors) 
 

Each company completed testing on at least one TS representing a typical setup for their testing. The configuration of 
the sampling unit (ACI, NGI, SCT, and AIM respectively) was chosen as relevant for its product testing by the 
respective company. The configuration (e.g. with or without pre-separator, different stage configurations, filters etc.) 
was not changed during the related replicated test runs. The measured test parameter was the flow rate in L/min at 
standard conditions (21.1°C, 101.3 kPa) over time, determined at the inlet side (inlet of TS or inlet of sampling unit) by 
means of a calibrated, high-resolution thermal mass flow sensor (model: TSI4040, accuracy: ±2% of actual reading, 
response time: >4 ms, TSI Inc., USA). The electronic signal was processed for flow-time data recording by a purpose-
developed proprietary recording software (FlowMonitor V1.2, Almirall Sofotec GmbH, Germany) that is based on 
LabVIEW™ (National Instruments). For this, the flow sensor was connected to a standard Windows laptop PC via its 
serial interface (RS-232), and recording was performed with a data rate of 5 ms. The recording software stores flow-
time data in csv-text files, integrates the flow-time profile to calculate the volume (=AUC), and also determines the 
observed maximum peak flow rate (=Qpeak) in the flow-time record. Assuming an ideal rectangular flow-time profile, 
the nominal volumes corresponding to the three flow levels are 2.0 L (@30 L/min), 4.0 L (@60 L/min), and 6.0 L (@90 
L/min) for a 4.0 sec time period. A triplicate flow-time measurement was performed for each test. The resulting csv-
text files were exported to Microsoft® Excel® for further data processing in order to calculate rise time values tx% in 
ms (t10%, t50%, t90%) and the slope in L/min/ms (t20%/t80%; slope corresponds to flow acceleration rate) on the rise side of 
the flow profile. For each test parameter, the arithmetic mean and its associated standard deviation (SD) as well as 
relative SD (RSD) were calculated. Rise time is defined as duration in “milliseconds”, starting from the last data point 
with a flow rate of 0 L/min before the flow ramp is detected, to reach the respective percentage of the steady-state 
reference flow level (e.g. t90%: time to reach 90% of the steady-state reference flow level). Calculation of rise time and 
slope values were based on linear point-to-point interpolation using the two enclosing xy-data points and the equation 
type y=mx+b (where y=normalized flow rate as percentage of the steady-state reference flow level in the respective 
test run, m=slope, x=time in ms, b=intercept). Three orifices were already designed for study part 1 [3] and also used 
in study part 2 to simulate device resistance by generating a pressure drop of approx. 4 kPa at the respective test flow 
rate. An example of the typical test setup is shown in Figure 1. The round robin tests were controlled by 
accompanying system suitability tests (SST) in order to prove suitability of the used test equipment (volume 
verification of the flow sensor using a 3 L calibration syringe; leakage SST by a pressure based leak rate method [4]). 
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Figure 1: Flow sensor (TSI4040) + 4 kPa orifice connected to sampling unit (SCT) + company test system. 

 
Results and discussion 

A wide range of different experimental setups, including various company-specific TSs, as well as different types of 
sampling apparatus, such as CIs of various configurations were evaluated, providing a broad overview of flow-profile 
characteristics. Ninety-two experimental arrangements across nine companies were examined and a total of 815 
individual flow profile measurements were performed. Point of use system suitability of the equipment for flow-profile 
recording was proven at each company, with values for the volume verification in the range of 2.94 – 3.09 L 
(mean=3.04 L, RSD=1.15%), demonstrating the accuracy of the flow sensing equipment. SST leak rate values were in 
the range from 0.0 to 9.8 kPa/min (mean=1.2 kPa/min), demonstrating the low leakage capability across different 
experimental arrangements. One company was omitted from flow profile data analysis since a TS was used that is not 
intended for typical DPI/MDI testing (SST data were used but flow-time results were excluded from data evaluation). 
Study results are summarized in Table 1 and in Figure 2. Comparable air flow volumes (=AUC) were found by all 
configurations at each flow rate with low variability as verified by assessment of the RSD. Exceeding Qpeak values as 
indicator of flow peaks overshooting the targeted reference flow (>10% of reference flow level) were observed mainly 
in flow profiles for TS open to atmosphere i.e. without connected sampling unit. In nearly all cases, these flow peaks 
disappeared when a sampling unit and/or the 4 kPa orifice was in place as part of the testing chain which is explicable 
by its resistance and the related damping effect on the air flow kinetics. The 4 kPa orifice increased the rise time of the 
respective experimental setup significantly as shown for t90% values, indicating that an increase in resistance in the 
testing chain leads to slower air flow kinetics. The increased rise times of the NGI compared to those of the ACI are 



 

 

likely a result of the larger internal volume of the NGI [5]. Indeed, the ratio of the NGI rise time to the ACI rise time 
approximately equals the internal volume ratio when the flow orifice is in place. The rise time at 30 L/min with 
connected 4 kPa orifice was typically longer than at higher flow rates. This observation could be related with the 
highest flow resistance of the corresponding 4 kPa orifice for 30 L/min testing as well as with the fact that flow control-
valves (e.g. needle valves) are more closed at this lower flow level than at higher flow levels leading to an additional 

inner resistance of the testing chain to air flow. While overall data sets in Table 1 for each type of test setup showed 
variability reflecting the variety of configurations within industry, triplicate test runs per respective experimental setup 
were observed to be highly reproducible with a high degree of overlay in the entire flow profiles indicating appropriate 
and high quality level of the test equipment used by each company. 
 
Table 1: Descriptive statistics for flow profile measurements from all experimental arrangements. 

 

Test 
parameter 

Experimental 
test setup 

@ 30 L/min 
NV*: 2.0 L 

@ 60 L/min 
NV*: 4.0 L 

@ 90 L/min 
NV*: 6.0 L 

Volume 
(=AUC)** 

TS/ACI/NGI/SC
T/AIM/ +/- orifice 

2.05 L  
RSD=1.74%, n=276 

4.07 L 
RSD=1.25%, n=276 

6.05 L 
RSD=1.97%, n=263 

Qpeak** TS/ACI/NGI/SC
T/AIM/ +/- orifice 

31.3 L/min 
RSD=6.69%, n=276 

62.5 L/min 
RSD=4.33%, n=276 

94.3 L/min 
RSD=11.47%, n=263 

t90%*** TS 12 ms 
RSD=28.0%, n=45 

13 ms 
RSD=24.2%, n=45 

13 ms 
RSD=25.3%, n=44 

 TS + orifice 31 ms 
RSD=57.3%, n=45 

20 ms 
RSD=42.0%, n=45 

17 ms 
RSD=41.3%, n=45 

 ACI 41 ms 
RSD=40.5%, n=21 

53 ms 
RSD=33.1%, n=21 

53 ms 
RSD=48.7%, n=21 

 ACI + orifice 270 ms 
RSD=12.8%, n=21 

157 ms 
RSD=16.2%, n=21 

107 ms 
RSD=31.9%, n=21 

 NGI 47 ms 
RSD=79.4%, n=30 

88 ms 
RSD=57.5%, n=30 

104 ms 
RSD=40.2%, n=30 

 NGI + orifice 418 ms 
RSD=16.4%, n=30 

258 ms 
RSD=22.9%, n=30 

192 ms 
RSD=24.0%, n=30 

 SCT 33 ms 
RSD=100.8%, n=27 

34 ms 
RSD=99.0%, n=27 

34 ms 
RSD=104.2%, n=27 

 SCT + orifice 62 ms 
RSD=76.6%, n=27 

46 ms 
RSD=85.4%, n=27 

41 ms 
RSD=93.8%, n=27 

 AIM 17 ms 
RSD=72.5%, n=15 

22 ms 
RSD=96.4%, n=15 

13 ms 
RSD=16.7%, n=9 

 AIM + orifice 207 ms 
RSD=45.4%, n=15 

104 ms 
RSD=57.4%, n=15 

53 ms 
RSD=10.6%, n=9 

Slope*** 
t20%/t80% 

TS 3.72 L/min/ms 
RSD=31.4%, n=45 

7.15 L/min/ms 
RSD=30.0%, n=45 

10.30 L/min/ms 
RSD=33.9%, n=44 

 TS + orifice 1.67 L/min/ms 
RSD=53.5%, n=45 

4.42 L/min/ms 
RSD=39.6%, n=45 

8.46 L/min/ms 
RSD=44.3%, n=45 

 ACI 1.55 L/min/ms 
RSD=57.2%, n=21 

1.76 L/min/ms 
RSD=44.1%, n=21 

2.56 L/min/ms 
RSD=58.1%, n=21 

 ACI + orifice 0.14 L/min/ms 
RSD=12.9%, n=21 

0.48 L/min/ms 
RSD=16.4%, n=21 

1.04 L/min/ms 
RSD=24.0%, n=21 

 NGI 1.80 L/min/ms 
RSD=47.8%, n=30 

0.99 L/min/ms 
RSD=33.2%, n=30 

1.15 L/min/ms 
RSD=31.7%, n=30 

 NGI + orifice 0.09 L/min/ms 
RSD=20.5%, n=30 

0.29 L/min/ms 
RSD=23.4%, n=30 

0.55 L/min/ms 
RSD=20.9%, n=30 

 SCT 2.37 L/min/ms 
RSD=86.4%, n=27 

4.59 L/min/ms 
RSD=82.5%, n=27 

6.84 L/min/ms 
RSD=81.4%, n=27 

 SCT + orifice 0.85 L/min/ms 
RSD=70.9%, n=27 

2.96 L/min/ms 
RSD=90.1%, n=27 

4.87 L/min/ms 
RSD=73.0%, n=27 

 AIM 3.46 L/min/ms 
RSD=28.7%, n=15 

6.25 L/min/ms 
RSD=47.0%, n=15 

10.27 L/min/ms 
RSD=16.6%, n=9 

 AIM + orifice 0.21 L/min/ms 
RSD=33.0%, n=15 

0.87 L/min/ms 
RSD=34.7%, n=15 

2.23 L/min/ms 
RSD=10.2%, n=9 

*Nominal volume: theoretical value when applying an inhalation time of 4 sec at the respective test flow rate level, and 
assuming ideal rectangular flow-time profile. 
**Total mean over all measured flow profiles (across all company setups) per flow rate level. 



 

 

***Mean per respective setup over all companies per flow rate level. Associated RSD values reflect the bandwidth of 
data across different companies and different configurations of the respective type of sampling unit used in the study. 
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Figure 2: Flow-time profile examples for different experimental setups (TS (a), ACI (b), NGI(c)) at 60 L/min, full  
view of data record and enlarged view of rise side. 

 
Conclusions 

 The defined method for flow profile recording used in this study is a straightforward and precise method, able to 
measure the flow-time characteristics of equipment typically used for emitted dose and APSD testing of pMDI/DPIs. 

 Inter laboratory variability concerning the test method was minimized by using a pre-defined test protocol and one 
standard setup for the flow data recording comprising a calibrated flow sensor, a proprietary recording software, a 
standard Windows laptop PC, and corresponding materials such as 4 kPa orifices, that all were part of the round 
robin package used by each participating company. 

 Overall data per each type of test setup (TS, ACI, NGI, SCT, AIM, +/- orifice) assessed across different companies 
showed a bandwidth and variability reflecting the inter laboratory variety of different sampling unit configurations 
and different equipment within the industry e.g. different impactor stage configurations, different filter materials, but 

also different vacuum sources, tubings, and switching valve types as part of the test chain. 

 Triplicate test runs for a respective experimental test setup showed highly reproducible, overlaying flow profiles 
indicating appropriate and high quality level of the used test equipment in the industry. 

 Rise time t90% (with 4 kPa orifice at inlet side) showed the following order: NGI > ACI > AIM > SCT > TS, indicating 
a longer rise time with the NGI than with the ACI, likely a result of the larger internal volume of the NGI. 

 A broad data base of flow-time data descriptive for compendial equipment as typically used in the industry for 
pMDI/DPI testing was established and can be used for comparison as well as for follow-up studies. 

 
Outlook: This report gives an overview of the generated flow-time data. Further subgroup evaluations within the 
different experimental setups are planned to be reported as follow-up publication. Moreover, it is planned to use the 
data to support and to verify CFD based CI stage modelling work as currently ongoing for another EPAG study. 
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