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บทคัดย่อ 

การนําส่งยาสู่ทางเดินหายใจมีข้อดีหลายประการเช่น ทําให้ยาออกฤทธ์ิได้เร็ว มีประสทิธิผลดี และลด

อาการข้างเคียงของยา ยาสูดชนิดผงแห้ง (Dry powder inhalers) เป็นรูปแบบการนําส่งยาเข้าสู่

ทางเดินหายใจท่ีมีการศึกษาวิจัยกันอย่างแพร่หลาย แต่ประสิทธิภาพการนําส่งยายังไม่ดีนัก อนุภาค

ยาส่วนมากไม่สามารถลงไปสู่ทางเดินหายใจส่วนล่างได้ อุปกรณ์นําส่งยาเป็นส่วนสําคัญท่ีส่งผลต่อ

ประสิทธิภาพการนําส่งยา กลไกการไหลของอากาศ และอันตรกิริยาระหว่างอนุภาคในอุปกรณ์นําส่ง

ยาชนิดผงแห้งมีผลอย่างมากต่อกระบวนการกระจายตัวของผงยา การศึกษากลไกทางกลศาสตร์ของ

ไหล และการชนกันของอนุภาค จึงเป็นแนวทางสําคัญในการปรับปรุงอุปกรณ์นําส่งยาสูดชนิดผงแห้ง 

งานวิจัยช้ินน้ีได้ศึกษากระบวนการกระจายตัวยาสูดชนิดผงแห้งในอุปกรณ์ Cyclohaler® และ 

Inhalator® โดยใช้การจําลองจลนศาสตร์ของไหลด้วยคอมพิวเตอร์ (Computational fluid 

dynamics) ตัวแปรท่ีสนใจคือพลังงานจลน์ของการไหลแบบป่ันป่วน (Turbulent kinetic energy) 

และการชนของอนุภาคผงยากับผนังอุปกรณ์นําส่งและดัดแปลงอุปกรณ์ Cyclohaler® ด้วย

กระบวนการออกแบบด้วยคอมพิวเตอร์ (Computer aided design) และการสร้างตัวอย่างอย่าง

รวดเร็ว (Rapid prototyping) เพ่ือสร้างอุปกรณ์นําส่งยาสูดชนิดผงแห้งท่ีมีประสิทธิภาพสูงข้ึน การ

ประเมินประสิทธิภาพของการนําส่งยาภายนอกร่างกายทําด้วย Andersen cascade impactor โดย

ใช้สูตรตํารับ Salbutamol Sulfate ท่ีมีขนาดตัวพาต่างๆ กัน และสูตรตํารับท่ีมีจําหน่ายในทาง
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การค้า Ventolin Rotacaps® การทดลองพบว่าการไหลของอากาศใน Cyclohaler® เป็นการไหล

แบบหมุนวนในส่วนต้นของอุปกรณ์ และเม่ือผ่านตะแกรงจะไหลเป็นแนวตรงมากข้ึน ส่วนการไหลใน 

Inhalator® น้ันอากาศจะไหลเป็นลักษณะเส้นตรงไปตามความยาวของอุปกรณ์ พลังงานจลน์การไหล

แบบป่ันป่วนแปรผันโดยตรงกับอัตราการไหลของอากาศในอุปกรณ์ Cyclohaler® และ Inhalator®  

โดยท่ีพลังงานจลน์ของการไหลแบบป่ันป่วนใน Cyclohaler® มีค่าน้อยกว่าใน Inhalator®  เน่ืองจาก 

Inhalator®  มีช่องทางไหลของอากาศแคบกว่าทําให้อากาศมีความเร็วสูง นอกจากน้ียังพบว่าปัจจัยท่ี

ส่งผลต่อการแตกตัวของกลุ่มอนุภาคโดยการชนคือการไหลแบบหมุนวนใน Cyclohaler® และ

ตะแกรงใน Inhalator®  อย่างไรก็ตาม Inhalator®  มีความต้านทานการไหลของอากาศสูงอาจจะมี

ผลให้ผู้ป่วยสูดหายใจผ่านอุปกรณ์ได้ยาก จึงเลือกท่ีจะดัดแปลง Cyclohaler® ผสมผสานกับ 

Rotahaler® ท่ีมีความต้านทานการไหลตํ่าแทน อุปกรณ์ท่ีสร้างข้ึนใหม่มี 3 รูปแบบ แตกต่างกันท่ี

ตําแหน่งตะแกรง และขนาดช่องทางไหลของอากาศ การทดลองพบว่า อุปกรณ์ทัง้ 3 แบบและ 

Cyclohaler® มีค่าสัดส่วนอนุภาคละเอียด (Fine particle fraction) 23%, 36%, 50% และ 35% 

ตามลําดับ อุปกรณ์รูปแบบท่ี 3 สามารถให้สัดส่วนอนุภาคละเอียดสูงท่ีสุด ส่วนอุปกรณ์รูปแบบท่ี 2 

และ Cyclohaler® ให้สัดสว่นอนุภาคละเอียดในระดับเดียวกัน และอุปกรณ์รูปแบบท่ี 1 ให้สัดส่วน

อนุภาคละเอียดน้อยท่ีสุด โดยสรุปแล้วกลไกการกระจายตัวของยาสูดชนิดผงแห้งข้ึนกับพลังงานจลน์

ของการไหลแบบป่ันป่วน และการชนของอนุภาคผงยากับผนังอุปกรณ์นําส่ง โดยท้ังสองปัจจัยมี

ความสําคัญเท่าเทียมกัน และอุปกรณ์รูปแบบท่ี 3 เป็นรูปแบบท่ีจะใช้ในการพัฒนาต่อไปเพ่ือ ให้ใช้ใน

ผู้ป่วยจริงได้อย่างสะดวกและปลอดภัย 
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Abstract 

Pulmonary aerosol drug delivery has several benefits over the other routes for 

instance rapid onset, improve bioavailability and reduce side effects. Dry powder 

inhalers (DPIs) gain interesting in drug delivery researches. Though, it is not able to 

produce high fine particle fractions that reach the lower parts of lungs. DPIs device is 

an important factor that determine the performance of the DPIs system. The different 

in DPIs design changes the dynamic processes that the airflow interacts to the dry 

powder particles and also particles - device wall interaction. The dynamic processes 

in the device changes the aerosol dispersion performance. Therefore, investigation of 

the processes involves the airflow and the particles impaction dynamics are important 

step in the DPIs device development. The Cyclohaler® and the Inhalator® were 

selected as the commercially available devices in this research. The fluid dynamics 

behaviors were observed using computational fluid dynamics (CFD). Turbulence 

kinetic energy (TKE) and particles - device impaction related parameters were 

investigated. New inhalers devices were designed using computer aided design 

(CAD). The prototypes of the proposed inhaler devices were created using rapid 

prototyping machine. The model DPIs formulations were salbutamol sulfated blended 

with 3 sizes of lactose carriers and a commercially available formulation, Ventolin 
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Rotacaps®. It was observed that the airflow in the Cyclohaler® was a swirly flow at 

the capsule chamber of the inhaler. The airflow was regulated by a grid to a straight 

flow along the mouthpiece. On the other hand, the airflow in the Inhalator® was 

straightened and aligned to the longitudinal length of the inhaler. The TKE was 

dramatically stronger in the Inhalator® than that occurred in the Cyclohaler® because 

of the Inhalator® internal geometry was narrow and generated high airflow velocity. 

The most important factors that affected the DPI particles-device impaction were 

swirly flow in the Cyclohaler® and the grid in the Inhalator®. These designs were 

chosen as starting references for new DPIs. However the Inhalator® had very high 

airflow resistance that could be an obstacle for asthmatic exacerbated patients who 

have low inhalation power. Thus, the new DPIs designs were based on the 

Cyclohaler® and the Rotahaler®. The Rotahaler® grid and mouthpiece parts and the 

Cyclohaler® cyclonic chamber were modified to form 3 new DPIs designs. The new 

designs were different in grid position and mouthpiece size.  The aerosol dispersion 

experiment revealed that fine particles fraction (FPF) in Cyclohaler® and the 3 DPIs 

models were 35%, 23%, 36% and 50%, respectively. The proposed inhaler model 3 

device generated the highest FPF among the 4 devices. The proposed inhaler model 2 

device and the Cyclohaler® had no statistical difference in the FPF. Whereas the 

proposed inhaler model 1 device generated the poorest FPF. In summary, the DPIs 

device performance depended on the turbulence based factor and the dry powder 

particles-device impaction factor. Both factors had similar significant level. The 

proposed inhaler model 3 device was the best design in this research. It was chosen 

for further development to optimize usability and cost effectiveness.  
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GENERAL INTRODUCTION 

Asthma and chronic obstructive pulmonary diseases (COPDs) are the 

conventional therapeutic indications of pulmonary drug delivery system (Daniher and 

Zhu, 2008). However, the respiratory drug delivery technology is advanced beyond the 

conventional usage. The inhalation systemic drug delivery is a potential administration 

route since lungs have large absorption area for medicine. The total surface area of the 

lung is about 75 m2. In addition, it improves bioavailability for many drugs due to 

bypass the hepatic first pass circulation. Recently peptides, proteins and hormones 

inhalation formulations were available (Grant and Leone-Bay, 2012, Kandasam and 

Chandrasekaran, 2013, Ramsey et al., 2013).  

The delivery of drug formulation to lungs associates with the physiology 

of human airways. The structure of human airways consists of multilevel cascade 

conducting tubes that branch from trachea to alveolar sacs. Diameter of airways duct 

serially decreases in each level of branching that affects to particle deposition pattern. 

The large particles deposit on upper level of airways while small particles can reach to 

alveolar area. From physiological limitation of airways, inhalation delivery system 

needs intensively optimization. 

The pulmonary delivery system is classified into 3 types that are 

nebulizers, pressurized metered dose inhalers (pMDIs) and dry powder inhalers (DPIs). 

The nebulizer generates small liquid droplet from liquid dosage form by adding 

atomizing force into the liquid. Then the liquid droplets flow through the air stream and 

are inhaled by patients. The pMDI is liquid dosage form either solution or suspension 

with pressurized propellant in a canister. The pressurized propellant is an atomization 

force in the system. It pushes liquid formulation through a nozzle and generates 



 

 

2 

aerosols. DPIs are energized using patient inhalation efforts to disperse dry powder 

medication into fine aerosols. The DPIs have several benefits such as reliable, portable 

and chemical stability. A good delivery device is a key factor to guarantee reliably 

performance and patient compliance. The inhalers have to allow patients to produce 

sufficient airflow through the device. The airflow then disperses and breakups the dry 

powder agglomerates, and delivers a dose to the lungs as therapeutically effective fine 

particles. The airflow generated by inhalation directly determines particle velocity and 

hence the ease of which particle is deagglomerated. 

 

 

Figure 1 Dry powder aerosolization process. 

 

The complex cascade physical aerodynamic processes were associated 

with the dry powder pulmonary delivery. The major processes are aerosolization of dry 
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powder, detachment of active drug particles from drug-only agglomerate or drug-

carrier particle mixture, dispersion and transport of the aerosol through the target site 

in the airways (Islam and Cleary, 2012). The aerosolization processes involve with 

mechanical impaction either inter-particle impaction or particles – wall impaction and 

airflow shear force (Figure 1) (Zhou et al., 2014). There are two approaches to 

maximize dry powder lung delivery: formulation optimizations and inhaler device 

design optimizations. 

There are several methods for formulation optimizations such as 

nanoporous microparticles, hollow particles and multicomponent particles system. The 

particles are generated by spray drying, freeze drying, milling and spray freezing 

techniques (Depreter et al., 2013, El-Gendy et al., 2012, Hoppentocht et al., 2014). 

The DPIs formulation could be a drug powder only or a drug-carrier 

blend formulation. The carrier is usually lactose powder that acts as a bulk addition or 

diluent. The carrier is very large (30-110 µm) and is blended with only a few milligrams 

of the relatively smaller drug particles (less than 5 µm) (Karner et al., 2014, Srichana 

et al., 1998). The drug to carrier ratios can be varied such as 1: 67.5 (Diskhaler®, 

Rotahaler® and Cyclohaler®), 1:4.6 (Pulmicort Flexhaler® 180 µg) and 1: 24 

(Inhalator®) (AstraZeneca, 2010, Timsina et al., 1994). The lactose carrier was known 

to improve the efficiency of drug delivery by reducing drug particle aggregations 

(Daniher and Zhu, 2008). The ternary or quaternary components are added in some 

formulations to optimize flow ability and dispersion efficiency. After aerosolization 

process in DPI device, the large carrier particles deposit on the upper airways, whereas 

the smaller drug particles reach the lower parts of the lungs (Zhou and Cheng, 2000).  
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The inhaler device design greatly influences the performance of the dry 

powder inhaler system. Over a dozen of dry powder inhalers are commercially available 

with various designs (Yang et al.). The design variation leads to differ in aerosol 

delivery performance. The DPI devices can be classified into three main types that are 

single unit dose, multiple unit dose and multiple dose (Cheng, 2014, Islam and Gladki, 

2008). DPI formulation powder was precisely filled in individual capsule or blister pack 

in the single unit dose system (Figure 2A) (Daniher and Zhu, 2008). In the multiple 

unit dose system, formulation powder was also pre-fill in a blister pack, strip or wheel 

(Figure 2B) (Islam and Gladki, 2008). Both unit dose system and multiple units dose 

system provided protection of DPI formulation from environment moisture and reliable 

dosing accuracy from precisely dosing in the production process. The multiple dose 

devices incorporate bulk formulation powder reservoir and dosage metering 

mechanism (Figure 2C). It has benefit in term of easy handling of device and doesn’t 

require manually unit dose changing. The drawback of the multiple dose devices is 

stability problem from moisture entering into the powder reservoir. Additionally, it is 

quite complicated to design the accurate and precise dosage metering mechanism 

(Islam and Cleary, 2012). From above information, the unit dose DPIs is simple and 

easier to design. Thus, the unit dose device is feasible to develop simple DPIs. 

To develop efficient inhaler device, it is essential to understand factors 

affecting DPIs performance by studying from commercial available DPIs. 

Computational fluid dynamics (CFD) has been extensively used in the engineering 

researches. It is now increasing in popularity in aerosol delivery research (Coates et al., 

2006, Kleinstreuer and Zhang, 2003, Kleinstreuer et al., 2008, Zhang et al., 2004). CFD 

numerically solves the complex set of partial differential equations to represent the fluid 
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dynamics laws and simulates the fluid flow (Anthony and Flynn, 2006). The trend of 

dry powder inhaler device development is combination of the CFD and conventional 

experiment. 

 

 

 

A: single unit dose B: multiple unit dose C: multiple dose 

Figure 2  Single unit dose, multiple unit dose and multiple dose dry powder inhalers 

(Modified from Daniher and Zhu (2008)) 

 

There are several factors affecting the aerodynamic characteristic. A 

major factor is the degree of the turbulent flow in the inhalers. The degree of the 

turbulent flow and shear force in the device is directly related to the resistance of the 

device (Selvam et al., 2010). An example of highly turbulence-based device is 3M 

Conix™. It is reverse cyclone design that creates high velocity swirly flow in the 

device. Previous CFD studies were described effect of air inlet size, grid structure and 

mouthpiece length of Aerolizer® device on dispersion performance using drug particles 

only model (Coates et al., 2007). The grid structure in Aerolizer® aimed to increase fine 

particles fraction (FPF). However integral scale strain rate observation in CFD failed 

to explain relationship with FPF. The integral scale strain rate is derived from turbulent 

parameters. In this case, impaction potential of particles to device wall had combined 
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effects to integral scale strain rate on particles deagglomeration. In addition, grid 

structure contributed to regulate chaotic airflow to more laminar liked flow that reduce 

amount of device powder retention. In addition, the inhaler performance was scarcely 

related to the length of the mouthpiece when compared to the grid due to no statistically 

different in the performance of the inhaler was observed as the length of the mouthpiece 

was altered (Coates et al., 2004, Coates et al., 2006, Coates et al., 2007). 

Devices with high resistance usually provide a high degree of turbulence 

and shear force but can cause difficulty for asthmatics patient who have a limited 

inhalation force (Lee et al., 2009).  Turbuhaler™ is high resistant device with narrow 

spiral air flow channel to assist turbulence generation (Milenkovic et al., 2013). The 

level of turbulence and particle collisions is influenced by the air inlet channel while 

the design of the mouthpiece controls the outlet air velocity and flow pattern (Gac et 

al., 2008). The flow pattern in the device and the outlet air velocity may cause drug loss 

in the oropharyngeal region by inertial impactions (Ball et al., 2008).  One study has 

indicated how the dispersion capability of DPIs can be optimised by adjusting the 

magnitude of the turbulence and maximising the particle impaction velocity whereas 

the effect of the mechanical impaction on the dispersion of the particles is still unclear 

(Voss and Finlay, 2002). An experiment revealed that the particle and device wall 

impaction dominated in powder dispersion mechanism (Wong et al., 2010). The 

conflict results leaded to another attempts to explain the effect of the fluid dynamics 

parameters to the DPIs performance. The non-dimensional specific dissipation (NDSD) 

was investigated to forecast dispersion performance in carrier-free DPI devices. The 

NDSD was classified in to 3 categories, flow-based factor, turbulence based factor and 

particles based factor. The flow-based factors were pressure drop and flow-rate. The 
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turbulence-based factors were TKE and turbulence intensity (TI). The particles based 

factors were wall impaction count and average trajectory integral. The correlation 

between the flow-based factor and dispersion performance was very weak. Thus, it is 

not appropriate to predict the dispersion performance. The turbulence-based factors 

such as TKE and particles-based factors were not well predicted MMAD (Longest et 

al., 2013).  

The advancement in computational analysis enabled the dynamically 

simulation of particle de-agglomeration by using discrete element modelling (DEM). 

The DEM provides acceptable prediction of particles aerosolization when coupling 

with CFD (Thornton and Liu, 2004). Recently, a more sophisticate CFD-DEM model 

was developed. The effect of impact angle on dispersion performance was found that 

high angle impaction produced the higher FPF than the shallow impaction angle. 

Moreover, cascading impaction on two 45-degree angles improved the FPF and 

minimized throat deposition (Adi et al., 2010). Moreover, the CFD-DEM investigation 

of the grid structure on the FPF generation indicated that grid plays an important role 

in fine powder generation (Adi et al., 2010, Tong et al., 2013). Whereas Coates et al. 

reported that the grid structure was not related to the FPF (Coates et al., 2004). These 

results showed that frequency of impactions was one important factor in 

deagglomeration. However, the relation of the segregated parameters to the device 

geometries is still unclear and needs more investigation.  

The first aim of this research was to investigate the effect of the dry 

powder inhalers design to the fluid dynamics characteristic and drug delivery efficiency 

using computational fluid dynamics. The turbulent factor and mechanical impaction 

fluid dynamics parameter were taken into account. The understanding in the fluid 
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dynamics characteristic would allow developing new dry powder inhalers. The second 

aim was to develop new dry powder inhalers by simple modification of commercially 

available devices. The computer-aid design and CFD were the basis of the development 

process.   
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OBJECTIVES 

1. Study factors influencing the aerodynamics and particle dispersion in DPI 

device using computational fluid dynamics.  

2. Evaluate dry powder inhaler devices using computational fluid dynamics.  

3. Develop high performance DPI devices.  
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Significant Results and General discussion 

Two commercially available inhalers were the Cyclohaler® and the 

Inhalator® (Figure 3). The bottom of the Cyclohaler® was capsule chamber. The 

Cyclohaler® had two air inlet channel (red) placed in the opposite direction in 

cylindrical chamber below the grid (Figure 3A and 3B). A capsule would be placed in 

this chamber and the capsule spins inside the chamber when patients operate the device 

(Tong et al., 2013). The upper part of the grid was the mouthpiece tube and air outlet 

(green). The Inhalator® has only one inlet channel (red) connected to the inlet tube at 

the bottom of the device. The capsule chamber was located between the grid and inlet 

tube. Above the grid, there was the mouthpiece that connected to bell shape outlet 

channel (green) (Figure 3C and 3D). The narrowest channel in flow path of the 

Inhalator® was located at the inlet tube. The Inhalator® device internal geometries was 

closely related to a newer generation device, the Handihaler® (Mohammed et al., 2014). 

Capsules in inhaler device were pierced prior to patient’s inhalation. The 

Cyclohaler® capsule was pierced with 2 sets of 4 small needles in the opposite direction. 

The needles diameter was 0.6 mm. They pierced capsule on each end of capsule cap 

and body, totally eight holes were created (Figure 4A). The Inhalator® had two needles 

at the same side. The needles diameter was 1.5 mm. The capsule was pierced at the side 

near the end of cap and body created two holes (Figure 4B). The air velocity in the 

Inhalator® was initially high at inlet channel (around 148 – 152 m/s) (Figure 5A). There 

was a different flow pattern in the capsule chamber when the capsule is present. The 

flow in the Inhalator® without capsule was straightforward along the inhaler length. 

However, with the present of capsule the high velocity inlet flow pushed the capsule 

toward the grid and the flow bended around the capsule (Figure 5B). The grid then 
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regulated airflow straightening the flow pattern. The velocity was gradually decreased 

to mouthpieces outlet channel. The flow pattern in Inhalator® mimicked a closely 

design, the HandiHaler® (Donovan et al., 2011, Shur et al., 2012). 

 

 

Figure 3 Internal geometries of Cyclohaler® (A and B) and Inhalator® (C and D). 

The airflow pattern in the Cyclohaler® revealed that air entered the 

device from two inlet channels. The encounter of opposing airflow created a whirlpool-
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like effects (Figure 5C). With the present of capsule, the swirly airflow was disrupted 

and changed the pattern when capsule spun around. A part of air stream drifted down 

the capsule to the lower chamber of the Cyclohaler®. This may change the degree for 

turbulence in the capsule chamber. In addition, the capsule intensified airflow velocity 

between the capsule and the grid. The airflow velocity at the grid part was about 19 and 

20 m/s in the Cyclohaler® with and without capsule, respectively (Figure 5C, 5D and 

5E). The flow pattern was similar to those of the work of Coates and coworkers (Coates 

et al., 2004, Coates et al., 2005a, Coates et al., 2006, Coates et al., 2007). 

 

   
A B 

Figure 4 Pierced holes on the capsule in the Cyclohaler® and Inhalator® devices. 

 

The Turbulent Kinetic Energy Distribution and Impaction Kinetic Energy 

The turbulent kinetic energy (TKE) is a parameter that represents the 

fluid shear in the air-stream. The TKE in the Inhalator® was in the range of 24-550 

m2/s2 depended on the longitudinal position of the device (Figure 6A). The highest 

TKE was located at the lower part of the device while the lowest TKE was found at the 

mouthpieces either the capsule inserted or removed. The highest TKE was around the 

middle and the bottom part of the capsule chamber in the Inhalator® without a capsule 

and with a capsule, respectively. The capsule largely affected the TKE around and 

below the grid part of the Inhalator®. The capsule obstructed the airflow path and 

created a localized peak TKE at the bottom part of the Inhalator® while it reduced the 
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TKE in other parts of the device. After the airflow passed the grid region, it did not 

show any variation in the TKE between the Inhalator® with and without a capsule.  

The highest TKE was found in the capsule chamber of the Cyclohaler®. 

The Cyclohaler® without capsule showed slightly higher TKE than that the capsule was 

inserted. The difference in TKE was about 8%. The capsule disturbed the cyclonic 

airflow pattern in the capsule chamber as previously discussed.  However, the capsule 

rotating positions do not distinctly affect the TKE level (Figure 6B). 

The TKE in the Inhalator® was about 100 times higher than in the 

Cyclohaler®. Although the Inhalator® without a capsule had the lower TKE than the 

Inhalator® with a capsule, the TKE was still dramatically higher than in the 

Cyclohaler®.  The small inlet tube of the Inhalator® created the high velocity of 

airstream that led to high turbulent magnitude.  

The TKE directly controlled the impaction kinetic energy in both the 

Inhalator® and the Cyclohaler®. The TKE was derived from the turbulent fluctuations 

in a turbulent flow. The higher TKE provided more kinetic energy to particle. Thus, the 

impaction kinetic energy increased when the TKE had increased. In this experiment, 

the impaction kinetic energy was calculated in the devices without capsule. The peak 

impaction kinetic energy was in the capsule chamber of the Inhalator® and the 

Cyclohaler®. It emphasized the importance of capsule chamber design to the particles 

impaction processes. 
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A B 

 

C D E 

Figure 5 The velocity streamline at 60 L/min in Inhalator® device without capsule 

(A) or with capsule (B) and in Cyclohaler® device without capsule (C) or with capsule 

(D and E). 

 

The peak impaction energy in the Inhalator® was about 2 times higher 

than in the Cyclohaler®, while the peak TKE of those devices was different in the 

magnitude of 100. It indicated that achieving high impaction kinetic energy does not 

require very strong TKE. In the Inhalator®, the lowest impaction kinetic energy was 
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located at the mouthpiece tube because the airflow was straightened and aligned with 

the mouthpiece. After that the impaction kinetic energy slightly increased at the 

mouthpiece exit due to the increment of the TKE (Figure 6A).  

 

 

 

Figure 6 The TKE distribution and impaction energy (black line) in the Inhalator® 

(A) (�) without capsule, (�) with capsule and the Cyclohaler® (B) (�) without 

capsule, (�) with capsule and with capsule turned 90° (�). 
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The impaction kinetic energy in the Cyclohaler® was continuously 

decreased from the capsule chamber to the mouthpiece exit because the airflow was 

governed by the grid with lowering TKE (Figure 6B). From this result, it implied that 

the capsule chamber design is the most important part to improve mechanical impaction 

kinetic energy of the capsule based dry powder inhaler. Further dry powder inhaler 

designs in this research will follow the Cyclohaler® capsule chamber and the Inhalator® 

grid design to customize and develop new dry powder inhaler.  

 

Computer-aided Design and Computational Fluid Dynamics Evaluation of New 

Dry Powder Inhaler 

New dry powder inhaler designs were based on two commercially 

available devices, the Cyclohaler® and the Rotahaler®. The Rotahaler® was chosen as 

a basis design of new devices instead of the Inhalator® because the Inhalator® had too 

high flow resistance and required high patient’s inhalation power. The cyclone-like 

capsule chamber was taken from the Cyclohaler®. Whereas the grid and the mouthpiece 

were lent from the Rotahaler®. Three dry powder inhalers were modeled using 

computer-aided design (CAD). The models were named as model #1, #2 and #3, 

respectively (Figure 7).  The key differences in 3 models were grid position, inhaler 

body width and capsule insertion method. The model #1 and model #2 devices have 

capsule port on the side of the capsule chamber between the air inlet orifices. While the 

model #3 device does not have the capsule insertion port. The capsule-piercing chamber 

was incorporated into the bottom of model #3 device chamber. It allowed two needles 

to pierce the capsule from the opposite side on the tip of the capsule caps and capsule 

body. 
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The CFD Analysis and Device Performance Assessment 

The flow pattern in model #1, #2 and #3 devices were swirly flow as 

occurred in the Cyclohaler®, especially at the capsule chamber (Figure 8). However 

there were some differences in the flow pattern. The flow pattern in model #1 device 

was swirly and had high velocity at the capsule chamber and the flow velocity slowed 

down in the inhaler body. The flow then regulated by the grid led to less swirly flow 

through the mouthpiece (Figure 8A). Whereas the flow in the capsule chamber of 

model #2 device had higher velocity than that occurred the model #1 and #3 devices. 

The narrow inhaler body of model #2 device also led to a high flow velocity. After the 

flow passes through the grid it also produces lower velocity flow (Figure 8B). The 

swirly flow pattern was only localized in the capsule chamber of the model #3 device 

because the grid was moved to the top of capsule chamber instead of near the 

mouthpiece outlet as in the model #1 and #2 devices. 

The integral scaled strain rate (ISSR) was chosen to describe the 

turbulent strain on the particles. The ISSR was the ratio of turbulent dissipation to the 

turbulent kinetic energy (Tong et al., 2013).  The CFD analysis indicated that the ISSR 

ranged from 1592 – 3316 s-1, the probability of deagglomeration by impaction (Pdeagg) 

ranged from 0.1 – 0.7.  
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A B C 

Figure 7 The internal geometries of the model #1 (A), model #2 (B)  

and model #3 (C). 

 

 

Figure 8 The flow velocity pattern in mode #1 (A), #2(B) and #3(B) at 60L/min 

 

The ISSR could be classified into two groups 1600-2000 (the model #1 

and #2 devices) and 2600-3300 (the model #2 device and the Cyclohaler®). 

Interestingly, the model #2 device and the Cyclohaler® had the same localized swirly 

flow in the capsule chamber and had higher ISSR than the model #1 and #2 devices.  
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Furthermore the aerosol dispersion experiment results showed that FPF was ranged 

from 23-50% in all devices (Table 1). The model #3 device generated the highest FPF 

(about 50%) among the 4 devices more superior than the Cyclohaler®.  We found that 

here was no relationship between the probability of impaction deagglomeration (Pdeagg) 

and the FPF. The FPF was not only affected by the Pdeagg but also influenced by the 

turbulent force in the term of ISSR. The multiple linear regressions revealed that the 

ISSR and Pdeagg had good relationship to the FPF with the correlation coefficient of 

0.998. The statistical analysis shows the p-value of the regression parameter of 0.04 

and 0.03 (Table 2). This supported that the ISSR and the Pdeagg parameters were equally 

important parameters to predict the FPF in the Cyclohaler® derived inhaler. It 

confirmed the result from other research groups that the turbulent and impaction factor 

had important roles in deagglomeration (Coates et al., 2005a, Comer et al., 2001, Gac 

et al., 2008, Selvam et al., 2010). Although the ISSR and Pdeagg had a linear correlation 

to the FPF, the correlation was limited to the Cyclohaler® and Rotahaler® combination 

design only. It may not be able to predict the behavior of other types of DPI.    

 

Table 1 The ISSR, probability of impaction deagglomeration and FPF in Cyclohaler® 

device, model #1, model #2 and model #3 devices (mean ± SD, n=5) 

Model ISSR (s-1) Probability of impaction deagglomeration  %FPF 

Cyclohaler® 3316 0.10 ± 0.01 35.1 ± 2.3 

Model #1 1592 0.39 ± 0.06 23.1 ± 2.3 

Model #2 2037 0.52 ± 0.04 36.1 ± 2.8 

Model #3 2565 0.69 ± 0.13 49.5 ± 1.0 

 

 

The model #3 device provided well balance between the turbulence and 

the mechanical impaction. The frequently particle-device impaction in the model #3 
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was 2.5 - 17 time higher than those occurred in the Cyclohaler®, model #1 and model 

#2 devices. This led to a high probability of impaction deagglomeration. The grid 

position in the model #3 sit above the capsule chamber and was relatively similar to the 

Cyclohaler®. However, the grid size was larger than that in the Cyclohaler®. The swirly 

airflow suddenly changed the direction by the grid. It provided more particle-device 

impaction surface. The model #3 device could be classified as mechanical impaction 

dominant device.  

 

Table 2 Multiple linear regression coefficients of the ISSR, probability of impaction 

deagglomeration and FPF in Cyclohaler® device, model #1, model #2 and model #3 

devices. 

 Parameters Coefficients Standard Error P-value 

Constant -15.19 2.86 0.12 

ISSR 0.01 0.00 0.04 

Pdeagg 42.68 2.64 0.03 

 

The 3D printed prototype of the model 3 

The model 3 was selected as a final prototype. The model 3 prototype 

was separated into two parts; inhaler base and inhaler mouthpiece (Figure 9A). Both 

parts were connected together with screw thread (Figure 9B).  The dry powder 

formulation capsule was pierced with 2 sets of 0.6 mm diameter needles in the opposite 

direction (Figure 9B) and put in the inhaler base as shown in Figure 9A.  

In summary, the key methods to create efficient Cyclohaler® and 

Rotahaler® derived dry powder inhalers were to localize the swirly flow at the capsule 

chamber and intensify ISSR. Moreover, the FPF could be predicted using the 
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probability of impaction deagglomeration and the ISSR. The proposed model 3 is 

reasonable for further development of dry powder inhalers. 

 

Complete device Pierced capsule 
A B C 

Figure 9 The 3D printed prototype of model 3 (A and B) and pierced capsule (C). 
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CONCLUSIONS 

The aerodynamic processes in the dry powder inhalers were investigated 

in this study. The loose agglomerated dry powder formulations were aerosolized by two 

major mechanisms; the aerodynamic turbulent shear dispersion and the mechanical 

impaction deagglomeration. The aerodynamic turbulent shear forces can be expressed 

by two parameters that were the TKE and the ISSR. We found that the TKE had highly 

correlated with the impaction energy and the probability of deagglomeration by 

impaction. The FPF and the TKE also had well correlation. Moreover the small carrier 

size sharply responded to the TKE when compared to large lactose carrier formulation. 

Slightly elevation of the TKE led to largely increase the FPF in the small carrier size 

formulation. We also observed that the strategies to increase the TKE were by adding 

a swirly flow as in the Cyclohaler® and using the narrow flow-path as in the Inhalator®. 

The whirlpool-like swirly flow in the Cyclohaler® was a result of a cyclonic chamber 

that created a tangential flow across the axial flow. Furthermore, a swirly flow also 

increased the particle-device impactions. On the other hand, the Inhalator®
 had different 

mechanism. It had a straight tube design with a grid. The grid rapidly changed the 

airflow directions and elevated the turbulence. In addition the grid also provided 

impaction surface for the agglomerated particles. The narrow airflow path in the 

Inhalator® maximized the air velocity and created the energetic particle-device 

impaction and the intense shear force. Nevertheless, the high velocity particle had a 

drawback that it increased the inertial impaction on the upper airways and would cause 

some loss of the drug. The cyclone chamber design of the Cyclohaler® and the grid 

design of the Inhalator® were the basis of the proposed inhaler devices. The CAD and 

CFD design pipeline was proven their potential for use as higher performance inhaler 
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devices. The model 3 device had the best performance in both the CFD simulation and 

the experimental result. It can generate 50% FPF and had a low MMAD when operated 

at 60 LPM with the Ventolin Rotacaps®. Moreover, the inhaler that was derived from 

the Cyclohaler® design was highly dependent on the grid position. Placing the grid 

adjacent to the swirly airflow chamber did improve the aerosolization performance.  

 

Recommendation and Limitation  

Recommendation and limitation of this thesis are stated below.  

1. The grid in the capsule based DPI should have minimal effects on pressure drop to 

ensure the performance of the device in the patients. The grid should retain its 

ability to prevent capsule fragments entering the airways and straighten the airflow 

in the mouthpiece. The grid size should not create overall pressure drop across 

device over 10 mbar1/2/LPM to ensure a comfortable operation of the patients (Clark 

and Hollingworth, 1993). 

2. For practical use of the model #3 device, the screw connection between the chamber 

and the mouthpiece of the model #3 device should be modified. A snap locking 

mechanism may replace the screw connection for convenience. In addition, a 

simpler capsule piercing mechanism has to be developed. 

3. The CFD simulation in this research was performed without capsule due to 

limitation of the computaional power. However, there were several evidences from 

previous works that the capsule had a minimimal effect on the aerosolization 

process (Coates et al., 2005b).  

4. The airflow velocity directly affected the FPF. Increment of airflow velocity creates 

more drag force on the particles (Equation 1). The particle-device impaction 
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increases with a high particle velocity resulting in a better drug deagglomeration 

and FPF. 

 

�� =
1

2
��2���   Equation 1 

ρ is the particle density, 

ν is the speed of the object relative to the fluid 

Cd is the drag coefficient, 

A is the cross section area 
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