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Introduction 

The field of respiratory drug delivery involves complex science for which the fundamental principles are often not 
well understood.  Current inhalers generally have poor performance, typically delivering more drug to the mouth 
and throat of the patient rather than their lungs, the target site. 

During this presentation we will cover the basics of fluid dynamics, which is key to successful inhaler design; how 
patients’ lungs function and provide the necessary energy for the aerosolisation of powdered drug formulation, and 
how this impacts device design and performance. 

The aim is to cover basic fluid dynamics and how lungs function, as the understanding of both is absolutely 
fundamental to good inhaler design.  Every single Dry Powder Inhaler (DPI) in the world is powered by the energy 
available from the user’s inspiratory manoeuvre. 

Why does air flow? 

Differential pressure causes air to flow – to achieve equilibrium, air (generally) moves from areas of high pressure 
to areas of low pressure.  Think of an inflated balloon – the air inside it is at slightly higher pressure than the air 
outside it due to the tension in the stretched rubber.  If you burst it, the air rushes out – usually quite quickly. 

Why do we have air pressure?  Air has mass… 

The mass of the air in the atmosphere experiences gravity, like any other mass, so creates a force on the Earth’s 
surface according to: 

𝑝 =  𝜌𝑔ℎ 

Where ρ is density (kg m-3), g is acceleration due to gravity (m s-2) and h is the height above sea level (m) 

What is the air density? 

𝜌𝑎𝑖𝑟 =  
𝑝

𝑅𝑇
 

Where p is pressure (Pa); R (Specific gas constant for dry air) is 287.05 J / kg K and T is temperature in K. 

For example, at 20°C and standard atmospheric pressure: 

𝜌𝑎𝑖𝑟 =  
101,325

287.05 × (273.15 + 20)
= 1.204 𝑘𝑔 𝑚3 

So a cubic metre of air has a mass of about 1.2 kg at STP. 

What is the weight of air that rests on a typical person’s shoulders? 

  About a tonne – 10.33 tonnes per m2 or 14.7 lbs / square inch. 

Think how much harder it is to cycle over 20 mph than 15 mph – you need almost twice the power simply to push 
the air out of the way, as aerodynamic drag is proportional to the velocity squared. 

What is aerodynamic diameter? 

Take six balloons, inflated to the size of a golf ball, tennis ball … up to fully inflated. 

Which balloon is the largest? 

Ask for a volunteer.  Ask them to drop the balloon from as high as they can hold it, and time the fall of each.  Ask 
which balloon is aerodynamically larger!  Ask if anyone knows why the larger balloon, with even more mass, falls 
more slowly… 

Explain that as the balloon is inflated to become geometrically larger and more massive, aerodynamically its size is 
reducing – the largest balloon behaves as though it were the smallest particle, aerodynamically. 
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Aerodynamic diameter of irregular particle = diameter of unit density sphere with the same settling velocity. 

 

Settling velocity?  Does anyone know what this is?  What would be the settling velocity of a person who jumps out 
of an airplane?  Not sure “settling” is a good description – more like “unsettling”!  For living objects in freefall, this is 
perhaps more aptly known as “terminal” velocity. 

A butterfly does not hit a car windscreen, even though it is geometrically larger than a fly, which usually does hit a 
car windscreen, especially when you’re out of screenwash. 

 

Characterising the inspiratory manoeuvre 

Orifice plates restrict the airflow, so measuring only the pressure drop across an orifice plate the flowrate can be 
calculated reasonable accurately (assuming Cd is known) according to the following equation: 

𝑄 ≅ 𝐶𝑑𝐴√
2Δ𝑃

𝜌
 

Where, 
Q is the volumetric flowrate in m3/s 
Cd is the discharge coefficient and is dimensionless - ~0.6 for a sharp-edged inlet orifice plate and ~0.95 for a 
radiused inlet orifice plate. 
A is the open cross-sectional area of the orifice in m2 

ΔP is the differential pressure in Pa 
ρ is the upstream air density in kg/m3 

 

 

Orifice Diameter Pressure Drop Flowrate 

(mm) (kPa) (LPM) 

Φ2.50 mm 10.4 24.0 

Φ3.54 mm 9.9 46.8 

Φ4.33 mm 9.2 67.8 

Φ5.00 mm 8.1 84.9 

Φ5.95 mm 6.6 108.3 

Φ7.07 mm 5.0 133.1 

 

If we now plot pressure drop against flowrate, fit a trendline, we can extrapolate data to find P.MIP and PIFR. 
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Considering the differences between a child’s and an adult’s lungs, what do you think a typical child’s 

Pressure-Flow plot would look like? 
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Why is this so important for dry powder inhalers? 

Plotting typical DPI pressure-maps on the lung characteristic plot, we can work out the operating points by the 

intersections with the inspiratory pressure – flow curves. 

 

Anyone’s’ lungs can be characterised and any inhaler with a known resistance can be plotted on interpolated lung 
data.  Remember people’s lung characteristics are variable within themselves – e.g. may be more powerful early in 
the morning, or after exercise. 

Notice that there is much more consistency in Peak Maximal Inspiratory Pressure than there is in Peak Inspiratory 
Flowrate.  The muscles that power lungs are generally quite similar (typically), whereas the internal resistance and 
capacity of each individual’s lungs is more variable. 

This indicates that designing high resistance DPIs will improve the consistency between users of varying lung 
capability – as there is much higher variability in inspiratory flowrate than there is in P⋅MIP.  It is worth noting that 
increasing the resistance also promoted longer (and slower) inhalation – though increasing the resistance too far 
(e.g. less than 30 LPM @4 kPa) can cause discomfort with some users, particularly as they are instructed to inhale 
strongly and deeply. 

As all passive DPIs rely solely upon the user’s lungs to power them and ultimately deagglomerate the formulation 
to provide a fine, respirable aerosol, the first step to optimising their performance should be to build a good 
understanding of lung function in the target patient group.  Once this data has been acquired, finding the optimal 
operating point (i.e. device airflow resistance) to minimise variability across the target patient group will be 
straightforward. 

 

 


