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Abstract 

The transport of pharmaceutical dry powders (mannitol) is 
investigated inside an optically accessible inhaler-like device, 
using both far and near-field high-speed microscopic backlit 
imaging. The device was designed to study the effect of intake 
flow modifications on the dispersion characteristics of common 
dry powder inhalers (DPIs). Design modifications included 
impaction grids, vortex/swirl paths and localized turbulence 
(inlet/outlet conditions). Quantitative imaging enabled the 
isolated investigation of particle-air flow interaction induced by 
these specific design features at realistic inhalation flowrates. 
This research forms a new platform to characterize the dynamic 
behavior of powder dispersion in DPIs and to help isolate 
fundamental mechanisms which enable effective powder 
dispersion.  
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1 Introduction 

Implementation of specific design features in dry powder 
inhalers (DPIs) can reduce the dependence of pulmonary drug 
delivery systems on patient characteristics [1]. Inefficient 
powder dispersion can result in delivered DPI dose loads 
ranging from 40% to as low as 12% in practice [2]. Treatment 
of upper respiratory diseases can therefore benefit from 
improved understanding of device performance, drug powder 
formulation, and inhalation flow [3]. Understanding the 
mechanisms to enhance de-agglomeration and fine powder 
dispersion within the inner geometry of DPIs is crucial, 
although quantitative characterisation of these processes 
remains limited.  

This paper investigates the optically dense particle-laden flow 
inside the mixing chamber of a swirling DPI. This region 
exhibits key dispersion mechanisms; such as agglomerate-wall 
(impaction), agglomerate-agglomerate (collisions) and 
agglomerate-turbulence (shearing/wakes). The research is 
motivated by two main issues: (i) to develop an improved 
understanding of the evolution of pharmaceutical drug powders 
inside inhalers; provided through high-speed imaging in well-
controlled particle laden flows, (ii) to establish a database for 
the fluidisation of API powders in typical inhaler-like devices 
that is amenable to modelling and that serves as a platform for 
the development of DPI designs and predictive tools. 

Figure 1 - Exploded view of optically-accessible dry powder inhaler 
with main components. Three inflow modes are presented in top-view 
and labelled a) Free b) Grid and c) Slot (respective inflow modifiers 
coloured red). 

2 Experimental Methodology  

2.1 An Optically-Accessible Inhaler-like Device 

An optically-accessible inhaler, shown schematically in Figure 
1, is studied to isolate the effects of inflow conditions on the 
dispersion of pharmaceutical dry powders during typical 
inhalation routines. Examining the exploded view, the device is 
comprised of 4 main components: housing (top and base plate), 
separator (mid-plate), outflow (outlet adapter) and inflow 
modifiers (slots and grids). Looking at the Figure 1a) topview, 
the housing when combined encloses the internal channels of 
the inhaler and directs two inlet streams, labelled inlet “A” (air 
only, 12 mm W x 5 mm H cross-section) and inlet “P” (air with 
pharmaceutical powder, 12 mm W x 5 mm H cross-section) into 
a swirl mixing chamber (16 mm radius). Inlet P has a 2mm deep 
powder insert centred 14 mm from the inflow entrance and 
mimics the cross-section of typical size 3 DPI gelatin capsules. 



Inlet A is intentionally offset from Inlet P by 4 mm to generate 
clockwise swirl. The swirling particle laden flow is directed 
from the mixing chamber to the outflow “O” by the separator. 
The outflow O (5 mm W x 6 mm H cross-section) is connected 
to a vacuum pump which directly controls the inhalation profile 
(steady-state) applied over the acquisition window of the 
imaging setup, discussed in Section 2.3. A key contribution of 
this work is the direct control of localised turbulence and swirl 
intensity, while the inhalation and powder characteristics are 
maintained. This is achieved using inflow modifiers which are 
physical obstacles placed at the intake of the inhaler.  

Three inflow modes are studied here and labelled in Figure 1: 
a) “Free” flow (no modifiers), b) “Grid” flow, a single grid is 
placed directly before the powder insert in Inlet P (dimensions: 
6mm W x 3mm H x 1mm D with a 4 x 11 4mm diameter thru 
hole pattern) and c) “Slot” flow, a physical obstruction is 
applied to Inlet A and its stream-lined cross-section is halved to 
6 mm W x 5 mm H (using an inline slot). The entire device, 
apart from the inflow modifiers, is fabricated from perspex for 
optical access, while the slots and grids are 3D printed with 
nylon (coloured red in  Figure 1 b & c).  

 

2.2 Inflow Conditions and Powder Properties   

Data is presented here only for mannitol powder with near 
spherical constituent particles with a D10, D50 and D90 of 0.92, 
2.92 and 5.62 µm respectively, herein referred to as M3. Note, 
10% of the cumulative volume of the aerosol is present in 
particle sizes below D10, and this same convention is adopted 
for the other diameter measurements. The mannitol particles are 
produced via a spray dryer (Buchi 290, Flawil, Switzerland) 
with an inlet air temperature of 140 degrees celsius, aspiration 
set at max 38 m3/h and atomising air rate of 800 NL/h using raw 
mannitol (Pearlitol 160C) from Rocquette Freres France. The 
direct control of constituent particle population size was 
achieved by setting the feed concentration of raw mannitol to 
de-ionised water ($>$2 MΩm resistivitiy at 25 degrees celsius, 
obtained from the Modulab Type II Deionization System, 
Continental Water System) to  4 mg/mL and feed rate into the 
atomiser set to 3.8 mL/min. The particle size distributions of the 
spray-dried powders were determined on a wet disperser 
(Hydro SM, Malvern, Worcs, UK) connected to a laser 
diffractometer (Mastersizer 2000, Malvern, Worcs, UK). The 
refractive indices of mannitol used were 1.520 and 0.100 for the 
real and imaginary components, respectively, and the 
dispersing medium chloroform was 1.444. The half-width of 
the distribution is approximately 5 µm. In this contribution, we 
show results from a steady 120 lpm flow. Each experiment is 
performed in triplicate and prior to each repetition, 40 mg of 
mannitol powder is uniformly spread into the Inlet P powder 
insert before being sealed. 

Table 1 – Optically-accessible inhaler initial conditions 

Cases a) M3-120 b) M3-G120 c) M3-S120 

Outlet (g/min)  151 151 151 

Outlet (m/s) 69 69 69 

Outlet Re 25275 25275 25275 

Inlet A (m/s) 17 17 33 

Inlet A Re 9765 9375 12132 

Inlet P (m/s) 17 45 17 

Inlet P Re 9765 25432 9375 

The naming methodology follows accordingly in Table 1 such 
that the free-flow case M3-120 refers to a steady-state outflow 
profile with a peak flowrate of 120 lpm for a 40 mg mannitol 
powder loading (D50 = 2.92 µm). The ‘grid” and “slot” inflow 
modes are denoted with a “G” and “S” respectively.       

 

2.3 Imaging Setup 

Microscopic backlit imaging (Figure 2) was conducted at a 
repetition rate of 7.2 kHz using a 300 Watt double-pulsed diode 
laser (Oxford Lasers Firefly) as an illumination source. The 
808-810 nm beam is guided sequentially through a single 1" 
opal glass diffuser and a 2" collimating lens. After passing 
through the device, a 3” broadband dielectric mirror directs the 
light from a vertical to horizontal plane. On the collection side, 
a high-speed CCD camera (Photron FASTCAM AX100, 
16GB) and long-distance microscope (Questar QM-100) are 
used to provide a field of view, FOV (location in  Figure 1a) 
4.81 mm W and 2.86 mm H with a 1024 × 608 pixel resolution; 
18000 images are collected per inhalation repetition 
(approximately 2.5 seconds). At a 30.5cm focal length, the QM-
100 lens results in a 47 µm depth-of-field centred on the mid-
plane of the internal channel. The camera and laser are 
synchronized in frame-straddling mode, such that two laser 
pulses are positioned on sequential CCD frames. Each of the 
two exposures is recorded on separate frames, followed by 
analysis based on cross-correlation of the two frames. Here, to 
achieve a 7200 frames-per-second rate, the double pulse laser 
is set to ext/2 +ve trigger mode with a 80 ms separation, 125 ms 
delay and 0.9 ms duration.  

 

Figure 2 - High-speed microscopic backlit imaging setup with 
optically-accessible dry powder inhaler and vacuum pump for 
controlled inhalation profiling. 

In order to extract quantitative information from such images, 
images are binarized following a careful choice of pixel 
threshold. The effect of pixel threshold on the uncertainty in the 
results has been extensively studied in previous work [4], [5], 
with estimates of Sauter mean Diameter agreeing to within 5-
10 % with phase Doppler anemometry. This calibration method 
chosen here limits the optical spatial resolution to 3.65 µm per 
pixel. With 4x4 binning, this results in a minimum measurable 
fragment size of approximately 15 µm. Therefore, in this 
contribution we focus largely on fragments generated post-
impaction, as opposed to analysis of fine particles.  The 
calibration technique used here employed a binarization 
intensity threshold (with respect to the background) that varies 
from 35-45% and this is in excellent agreement with 
recommended background thresholds [4], [5].  



3 Imaging Overview  

3.1 Far-Field Imaging  

Prior to presenting detailed quantitative results of dry powder 
dispersion in an inhaler with varying inflow conditions, 
representative snapshots of global behaviour are first shown. 
Figure 3 displays the instantaneous far-field images of the 
inhalation process in the device; 8.3, 11 and 17 milliseconds 
after initiation (time progresses vertically downward). Image 
sequences for the three inflow modes (free, grid and slot) are 
grouped in each column and labelled accordingly to the initial 
conditions tabulated in Table 1 for reference. 

 

Figure 3 -  Instantaneous far-field images of mannitol powder (D50 = 
3µm) fluidisation examining the effect of inflow conditions: a) M3-120 
(free), b) M3-G120 (grid)  and c) M3-S120 (slot) 

In the far-field images, the generation of clockwise-swirl is 
recognisable by 8.3 ms after initiation, depicted by a vortex of 
fine particles populating the center of the device mixing 
chamber. For all inflow modes, a dense shroud of fine particles 
reach the center of the device before the larger agglomerates. 
Observing the fine particles only, the application of flow 
modifiers in b) M3-G120 and c) M3-S120 results in a denser 
shroud at the centre of the mixing chamber and the outlet stream 
O when compared to the free-flow case at t = 11-17 ms. At t = 
17 ms, the structure of the swirl appears more concentric for b) 
M3-G120 compared to the slot case c) M3-S120. Now 
observing only the large agglomerates at t = 17 ms, the 
agglomerates travel vertically downward from the powder 
insert in Inlet P for the free-flow a) M3-120. When applying a 

grid or slot, the majority of large agglomerates change 
trajectory and fall into the central vortex instead.      

     

3.2 High-Speed Microscopic Imaging   

Similarly but now in much greater detail, Figure 4 displays the 
instantaneous near-field images of the inhalation process in the 
device at 28.33 and 28.47 milliseconds after initiation (time 
progresses vertically downward). Image sequences for the three 
inflow modes (free, grid and slot) are grouped corresponding to 
their initial conditions, tabulated in Table 1 for reference. 

 

Figure 4 - Instantaneous high-speed microscopic images of mannitol 
powder (D50 = 3µm) dispersion (FOV location marked in Figure 1a), 
examining the effect of inflow conditions: a) M3-120 (free), b) M3-
G120 (grid)  and c) M3-S120 (slot). 

For the near-field images, the field-of-view is located in the 
swirl chamber as marked in Figure 1a) and the orientation is the 
same as Figure 3. For all the inflow modes in Figure 4, the 
overall powder fragment sizes are similar, with large 
agglomerates surrounded by fine particles. The main disparity 
amongst the cases is that for the free-flow a) M3-120 and slot 
case c) M3-S120, the majority of large agglomerates travel 
vertically downwards onto the inner swirl chamber wall at the 
bottom of the image, while when a grid is applied b) M3-G120, 
the agglomerates generally move horizontally CW. Overall, the 
near-field image quality allows for spatially and temporally 
resolved interactions to be quantified for further analysis in 
Section 4, including: agglomerate-wall (impaction), 
agglomerate-agglomerate (collisions) and agglomerate-
turbulence (shearing/wakes). 

 

4 Statistical Analysis  

4.1 Global Evolution of Powder Dispersion    

This section provides a small selection of extracted data from 
the near-field images in the mixing chamber of the device (FOV 
location marked in Figure 1a). In Figure 5 the blocked area is 
taken as a percentage of the full FOV and is displayed for a 
single continuous 120 lpm repetition at each of the various 
inflow modes for the initial 278 milliseconds of inhalation (200 
images).   



 

Figure 5- Temporal evolution of percentage blocked area (fragment 
blocked area normalized by the acquisition FOV area) for the various 
inflow modes in Table 1.  

For the free-flow M3-120 in Figure 5a, the percentage blocked 
area reaches a peak of 47% at approximately 30 ms. After 50 
ms, these peaks subside and the percentage blocked area 
remains at 30-35%. When applying a grid in M3-G120, the 
peak percentage blocked area significantly drops to 10%  before 
50 ms. This agrees with the observations in Figure 3 and Figure 
4 when comparing M3-120 with M3-G120, as less large 
agglomerates penetrate the inner vortex and reach the walls of 
the swirl chamber at the near-field FOV location. A large 
degree of unsteadiness is observed in Figure 5 for the slot 
condition M3-S120 when compared to both M3-120 and M3-
G120. The temporal evolution of percentage blocked area has 
four distinct peaks in the initial 300 ms. This unsteadiness can 
likely be attributed to the less concentric swirl vortex as 
observed in Figure 3 c) M3-S120 at t =17 ms. As a result, large 
pockets of agglomerates form and sporadically collide with the 
walls of the mixing chamber.     

 

4.2 Population Distributions: Size & Shape  

The dynamic behaviour of discrete size bands of the particles 
and agglomerates in the mixing chamber of the device is 
displayed as population size distribution against their respective  
shape.  In Figure 6, each distribution displays the Y-axis 
(fragment area) against the aspect ratio for the initial 2000 near-
field images (278 ms). Examining the blocked area against 
aspect ratio, the distributions are relatively similar for all the 
inflow modes. The main differences are for large agglomerates 
> 105 µm2 persisting for the free-flow a) M3-120, while smaller 
bands 102  < 103 µm2 with higher aspect ratios 4-12 
accumulating more when a grid or slot is applied (Figure 6b & 
Figure 6c). Future work will focus on analysing velocities of 
these fragments as well.  

 

Conclusion 

The experimental platform makes a contribution towards better 
characterising some of the key dynamic behaviours of 
pharmaceutical powders in inhaler designs.  The full imaging 
dataset quantifies the behaviour of the dispersed phase 
formation in inhaler devices with respect to key variables, 
including inflow conditions, powder composition and 
inhalation (outflow) profiling. It demonstrates that dynamic 
behaviour of inhalable powders can be controlled through 
modification of inflow conditions.  

 

Figure 6 – Population distributions of  blocked area against aspect 
ratio for the various inflow modes in Table 1. 
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