
 

 

ABSTRACT 

DAVE, SUJAL DHANANJAYBHAI. A Novel Hybrid CFD-PBPK Model Predicting Lung-Aerosol Transport, 

Deposition and Species-Mass Transfer to Systemic Regions. (Under the direction of Dr. Clement 

Kleinstreuer). 

The nasal route of absorption for drug administration is a non-invasive and highly efficient technique 

that provides a wide range of possibilities for drug uptake. The easy application of nasal sprays and oral 

inhalers along with their high effectiveness for local inflammatory effects makes them the best on the 

market for acute and chronic respiratory problems. This study focuses on the two delicate route of entry 

for inhaled drugs namely, human nasal cavity and the upper airways. The fate of different inhaled micro 

particles, subject to varying inhalation flow rates, has been considered for the representative human 

nasal and upper airway geometries. The effects of the nasal mucosa have been realistically considered 

using an earlier published 3D mucociliary clearance (MCC) model. Within the OpenFOAM environment, 

the pseudo steady-state flow fields were solved and both, Euler-Euler and Euler-Lagrangian approaches 

have been validated for the deposition of toxic micron particle. Furthermore, the species mass transfer 

of the deposited aerosols to the systemic regions was evaluated using a physiologically-based  

pharmacokinetics  (PBPK) model. Specifically, a set of mass-balance differential equations were defined, 

dependent on realistic physiological parameters. The integration of the CFD-informed results into the 

PBPK model provides a more realistic approach over the traditional techniques. Simplified novel hybrid 

CFD-PBPK models have been presented which predict the fate of the inhaled drugs from the site of 

administration to the available concentration in the blood plasma. The hybrid CFD-PBPK model is useful 

for new drug development studies in order to predict the realistic concentrations and disposition of the 

drug.
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Chapter 1. Introduction and Background Information 

1.1 Research Motivation 

Pharmacokinetics (PK) implies calculation of the kinetics associated with the transfer of pharmaceutics. 

Specifically, PK deals with the set-up and solution of mathematical equations describing the uptake, 

dissolution and migration of administered drugs in the human body. It is well known that the fate of 

drugs in the human body not only depends on biological aspects, but also on the physical and chemical 

properties of the drug. In addition, the geographies and demographics of the human population play a 

role as well. Thus, it is import that reliable pharmacokinetics results are readily available before a new 

drug is introduced.  

The transport of drugs in mammalian systems is highly complex, as it depends on a number of 

mechanisms, including convection, diffusion, elimination and metabolisms (1).  Many times these 

processes can be described by first-order kinetic reactions; however, the metabolism processes may be 

difficult to represent because of the reactivity of the drug with different metabolites. 

The development of mathematical models for pharmacokinetics exceeds a 40-year history. There are 

two very basic modeling methods: 

 The first method utilizes the data-derived empirical PK approaches for which the PK parameters 

are estimated based on clinical PK data sets. 

 In the second method, the PK parameters are not based on clinical data but derived from 

physico-chemical properties of the drug and on anatomical/physiological characteristics.  These 

are known as physiologically based pharmacokinetic (PBPK) models. 
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Figure 1.1: Classification of mathematical PK models. NLME- nonlinear mixed effects. PBPK – 

physiologically based pharmacokinetics. 

Thus, PBPK models provide sets of equations that simulate the time courses of chemicals and their 

metabolites in various tissues throughout the body. The interest in PBPK modelling in toxicology and 

pharmacology arose from the need to relate internal concentrations of active compounds at their target 

sites with the doses of chemicals given to an animal or human subject (2).  For that purpose, similarly 

behaving tissues are grouped together, known as compartments, which represent appropriate volumes, 

blood flows, pathway for metabolisms and partition coefficients for drug-fate assessment. Each 

compartment in the model is further described using mass-balance differential equations (MBDE) which 

represent the biological phenomenon. The set of equations is then solved by numerical integration to 

simulate the time-course concentrations of the chemicals and their metabolites in the different 

tissues/compartments. 

The first PBPK model by Teorell (3, 4) was a simple five-compartment configuration representing the 

circulatory system, a drug depot, fluid volume, kidney elimination, and tissue inactivation. Actual 

physiological volumes were used for the various regions of the model. These conclusions may today 

seem self-evident, but one has to recall that at that time nobody had really thought that we could treat 

the distribution of drugs in the body in such a simplistic and clear way (5).  

Mathematical 
PK Models 

PBPK models 

Toxicological 
PBPK models 

PBPK models 
for non-

volatile drugs 

PBPK models 
for volatile 

drugs 

Empirical PK 
models 

Two-stage 
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NLME models 
Model-based 
meta analysis 
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With an increasing number of administration routes for new and enhanced drugs like, nasal, oral, 

dermal or intra-venous, it is becoming increasingly important to administer a correct dosage of these 

drugs in order to lessen the potential health risks associated with the new drug.  In order to correctly 

predict the translocation of these drugs and their metabolites into the systemic regions, a high accuracy 

of the solutions is needed. More accurate and reliable PBPK models are being researched and applied 

with the objective that one PBPK model could be applied to drugs with similar properties but the 

specificity of the drugs and their metabolites makes it extremely difficult. There have been numerous 

PBPK models which validate the experimental results for the drug data on animals like rats, dogs, 

rabbits, pigs etc. and extrapolate the results to humans using allometric equations. A wholesome 

approach to a more accurate drug translocation to the systemic regions would be to involve the physics 

of drug deposition in the nasal airways and the subsequent transfer to the bloodstream and the various 

systemic regions thereafter. An integrated CFD-PBPK technique is recently adopted which tracks the 

drug from the injection site in the nasal cavity and the deposited drug is then applied in series with a 

PBPK model that tracks the real time dissolution of the drug into the systemic regions based on the 

different physiological parameters.  Integrating a hybrid model will predict the transient lung uptake of 

accurately and provide more realistic inputs to the PBPK model, rather than a simple continuous uptake 

like in a standalone PBPK model. 

Bush et  al. (1998) (6) conducted a similar integrated approach for modelling the simulation of gas and 

vapour uptake in the rat nose. In the study, values for the gas-phase mass transfer coefficients and gas 

flows in the airway regions were determined by a solution of the Navier–Stokes and convection– 

diffusion equations using commercially available CFD software. These values were then input to a PBPK 

simulation of toxicant transport. The model was then validated by using overall uptake data from rodent 

inhalation studies for three ‘‘unreactive’’ vapors that were either completely inert (i.e., acetone), 
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reversibly ionized in aqueous media (i.e., acrylic acid), or prevented from being metabolized by an 

enzyme inhibitor (i.e., isoamyl alcohol). 

Sometimes clinical studies are not able to provide accurate dosimetry data due to their limited 

operational flexibility and imaging resolution. Numerical results by Haghnegahdar et  al. (2019) (7) show 

that with the accurate lung uptake predictions for the Xenon gas obtained from the hybrid CFD-PBPK 

model generates more precise and breath-specific trends compared to simple PBPK models. The model 

was developed to investigate xenon transport, absorption and translocation from the human respiratory 

system to systemic regions while additionally incorporating realisitic breathing waveforms. 

A CFD-PBPK model can also be tailored to describe the nasal deposition of a wide variety of inhaled 

vapours by incorporating each vapour’s unique tissue:air and tissue:blood partition coefficients as 

validated by Frederick et  al. (2001) (8) which performs satisfactory on the simple PBPK data for non-

reactive acrylic acid vapour data reported by Morris et  al. (1993) (9) and works well for other wide 

range of poorly metabolized vapours (acetone, xylene, isoamyl alcohol). 

As discussed above, a number of articles in the literature talk about the approach of Computational 

Fluid Dynamics (CFD) to understand the physics of the aerosol transfer and deposition and others about 

the Physiologically-based Pharmacokinetic (PBPK) models which extensively describe the disposition of 

the deposited particles around the body. Although, the approach that is lacking is the integration of the 

CFD and PBPK modules in order to devise a novel method which predicts the fate of these particles right 

from the delivery to the changes affected in the plasma. Some previously published articles by Rygg and 

colleagues, do talk about a simplified 2D CFD model for the nasal absorption of the drugs (10) which is 

then further integrated with a simple three-compartment nasal model depicting the transfer of these 

absorbed drug particles into the epithelium and the subsequent uptake in to the blood plasma (11). A 

recent paper published by Haghnegahdar et  al.,(12) describes the realistic inhalation of the Xenon gas 
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through the oral geometry using the scalar transport equations and integrating the uptake 

concentration through the model into a validated PBPK model which gives a concentration-time curve 

for the blood plasma. Despite a number of successful attempts in the past, a full integration of the CFD 

and PBPK model is still undergoing research and not a lot of published articles talk about the same. With 

the advent of the intra-nasally administered drugs, a realistic 3D model describing the aerosol kinetics, 

deposition and the transfer through the nasal mucosa, through the epithelium to the blood plasma still 

remains an important topic. 

In summary, this study deals with the fluid dynamics of the human nasal and oral regions using open 

source software (OpenFOAM®) and develop a pharmacokinetic model, which then describes the 

transport of the species throughout the whole human body. Such studies help in real time analysis of 

aerosols that enter the human body in the form of inhaled toxicants or administered drugs. The 

increasing use of drug-aerosols as well as the release of toxic gases and particulate matter in the 

environment makes these realistic applications a very important benchmark result. A number of models 

have been validated prior to presenting the results which aid in a proper establishment for the validity 

of the new results produced. The goal is to devise a novel and integrated approach to allow for the 

determination of the fate of inhaled toxic or therapeutic aerosols from the point of inhalation to the 

available concentrations in the blood plasma, tissues, and organs.  

 

1.2 Research Objective 

Predicting the fate of inhaled therapeutic drug-aerosols is very important to assess beneficial as well as 

potentially detrimental health effects. Parallel to experimental data collection, realistic and accurate 

computer simulations are crucial to obtain useful, cost-effective results. The multi-step processes after 

drug-aerosol inhalation requires CFD-simulation of particle transport, deposition, dissolution and uptake 
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with a focus on nasal mucociliary clearance. Then, PBPK-simulation of dissolved species (or nanoparticle) 

migration to and accumulation in organs. 

In this thesis, a novel method to track the deposition and uptake of the inhaled micron- and nano-size 

particles and their fate in the systemic regions is devised by combining two techniques, ie, 

Computational Fluid Dynamics (CFD) and Physiologically-based Pharmacokinetics (PBPK). The proposed 

hybrid CFD-PBPK model connects the efficient CFD pathway of drug inhalation, dissolution and uptake to 

the PBPK-model with which the compound transfer to the systemic region is simulated (see Fig. 1.2).  

Figure 1.2: Flow of processes in the hybrid CFD-PBPK modeling. 

Drugs like Mometasone Furoate (MF), Fluticasone Propionate (FP) and Flunisolide (FLU) which are 

administered via Oral route (using Dry Powder inhalers (DPI)) and Intra-nasal routes (using nasal 

aqueous sprays) were considered for the research detailed in the following sections. The Computational 

Fluid-Particle Simulations (CF-PD) were carried out by reviewing the previously published articles for the 

physical and chemical properties of the drug particles. The absorption models have been created by 

customizing the available generic solvers in OpenFOAM® according to the suited needs by manually 

changing the codes. The mathematical equations concerning the Physiologically-based Pharmacokinetic 
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(PBPK) models have been coded as well in the OpenFOAM® environment and sequentially have been 

integrated with the CF-PD results. In order to match the realistic conditions, the simulations have been 

conducted to the deep lung regions for the fate of the particles considered in the study. In order to 

solidify the authenticity of the custom-made solvers, a number of published models have been validated 

in order to accomplish the research goal of the current study. 

 

1.3 Literature Review 

1.3.1 Aerosol Properties, Inhalation and Deposition in the Human Respiratory Tract 

An aerosol is defined as a suspension of liquid or solid particles in a gas. They can be naturally present in 

the atmosphere or administered as drugs. Examples include pollutants emitted from volcanoes, dust 

storms and forest fires, or can be present due to human activities such as burning of fossil fuels and 

cigarettes, or due to drug inhalation. Harmful aerosols are toxic chemicals resulting in adverse effects 

after depositing in the respiratory tract or migrating into systemic regions. Drugs in the form of aerosols 

are widely used in order to effectively target the affected region and aid in the healing process.  

Physical properties of the aerosols are generally characterised by the density as well as size distribution 

and shape of the particles suspended. When all the particles are of the same size in the aerosol, it is 

known as monodisperse; however, typically particles vary in size and are called polydisperse. Particle 

shapes can be divided as Isometric (three roughly equal dimensions), Platelets (Two long dimensions 

and one short) and Fibres (One long and two short dimensions). When the particles are chemically 

identical, the aerosol is known to be homogenous.  

Chemical properties are based on the nature of formation of the aerosol. Primary aerosols contain 

particles injected directly into the gas and secondary aerosols form when a gas converts to droplets. The 
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main components of an aerosol include sulphate, nitrate, ammonium, chloride, elemental carbon, 

organic carbon, water, chloride and crustal material. Figure 1.3 shows the physicochemical processes 

that are associated with different particles sizes. In contrast, most pollutants are toxic chemicals which 

contain formaldehyde, xylene or methylene chloride. These chemicals can easily be found in aerosol 

compositions in a number of day-to-day things for example, air fresheners and aerosol spray paints. As 

opposed to the thinking that air fresheners provide a better atmosphere, they in fact contribute to 

increased spread of carcinogens in the atmosphere.  

 

Figure 1.3:  Physicochemical processes related with different particles sizes (13). 

The most sensitive entry route for the aerosols in the body is through the respiratory system. It is also 

the second fastest route of entry for the uptake of the pharmaceutical drugs, after intravenous 

administration. This is because the particles after getting absorbed in the nasal cavity, directly head 

towards the systemic circulation. Inhalation of therapeutic drugs is non-invasive and easy-to-administer 

by patient itself with just some basic working knowledge. Inhaler devices contain medicine that we 

breathe directly into the lungs through oral inhalation so that they get deposited in the deep lung 
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regions, like (Dry Powder Inhalers (DPI) and Metered Dose Inhalers (MDI)). Such devices are usually used 

to treat chronic lung diseases like asthma, COPD (Chronic obstructive pulmonary disease i.e. a group of 

lung diseases that block airflow and make it difficult to breathe) and other respiratory illnesses. Nasal 

spray applications are gaining momentum due to their high efficiency in treating nasal inflammation 

allergies. The nasal spray devices are highly local form of administration as a majority of particles are 

deposited in the nasal cavity, which aids in the increased local affect and the uptake following the 

deposition helps in decreasing the inflammation effects (14).  

The aerosols, including micron/nanoparticles, droplets and vapours, may deposit in the respiratory tract 

in a number of ways (see Fig. 1.4). Deposition in the human respiratory tract depends on the size and 

physicochemical properties of the particles, inhalation conditions, and the physiology of the person. 

1. Deposition by gravitational settling: The larger suspended particles in the aerosol come to rest in 

the lower levels of the respiratory tract due to the effect of gravity. 

2. Deposition by Impaction: Impaction occurs when particles do not follow the fluid streamlines, 

due to their inertia, and consequently collide on a surface. This happens in a curvilinear motion 

inside the human respiratory tract. 

3. Deposition by diffusion: Diffusion is a phenomenon that exists due to the Brownian motion of 

the particles in the fluid as a result of its continuous bombardment by gaseous molecules. 
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     Figure 1.4: Different evolution and deposition mechanisms in human respiratory tract (13). 

 

 

1.3.2 Physiologically-Based Pharmacokinetic Models 

Recently, intensive research has been done in the field of biomedical engineering which focuses on 

patient-specific treatment. This is because each body is made up of different physiological parameters 

and hence drug effects vary from one body to another. As the number of experimentations with humans 

is highly limited, mathematical models have assisted in the research in the pharmaceutical field. The 

current computational models fall into two groups: traditional, that use simplified airway models, and 

computational fluid-particle dynamics (CF-PD) models that can use realistic airway structures (15). 

Though the parameters used in the models are the averaged in vivo data from the literature, there is a 

high chance of failure of the model to represent a realistic model. Development of a computational 

model for aerosol deposition in the respiratory tract involves solution of transport equations for air, 

particulate and vapour phases in airways. A computational model generally consists of three elements: 

(a) mathematical formulation of the relevant physical and chemical processes, (b) specifying the initial 

and boundary conditions, and (c) solving the equations for the specified geometry (16). 
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In order to carry out physiologically based pharmacokinetic (PBPK) modelling, one needs a whole set of 

differential equations that govern the concentration rate of the different blood flows in the body 

(arterial, venous, cardiac etc.) and relate them with each other. The organs, known as compartments, 

are specified and a mathematical model is made, which describes the characteristics of that particular 

compartment.  

A typical inhalation PBPK model consists of compartments as shown in Figure 1.5. 

 

Figure 1.5: Basic PBPK model. 

 

1.3.3 Experimental and Numerical Inhalation Data Sets 

Documented values for blood flows (and organ size) first came from the idea of a ‘Standard Man’ in 

radiation biology (http://en.wikipedia.org/wiki/Standard_person) who is 20–30 years of age, 70 kg and 

170 cm tall. These values are useful starting points, but do not account for subject variability in body size 

and composition. More usefully, Price et al. (17) extracted data from the NHANES database and 
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developed software that can return the organ size and blood flows for ‘virtual’ populations 

(http://www.thelifelinegroup.org/p3m). Data for animals are available for rats, mice, dogs, monkeys, 

sheep, and pigs (18-20). 

In PBPK assessments the compartments are defined in terms of their relationship to the circulatory 

system, being traditionally divided into three categories: fat, poorly, and well-perfused tissues. The 

portions of the body that do not interact with the circulatory system (teeth, cartilage, tendons, fascia, 

peri-articular tissue, hair, and nails) are typically not included in the models.  

An average daily inhalation rate, ie, the DAIR [m3/day], is defined as: 

Daily average inhalation rate (m3/day) = BMR (MJ/day) × VQ × A × OU (m3O2/MJ) 

 Here, BMR is the basal metabolic rate (MJ/day), VQ is the ventilation equivalent and has a value of 27, 

oxygen uptake/energy expended (OU) is the oxygen uptake per Mega-Joule [MJ] of energy expended 

and has a value of 0.05 (m3O2/MJ), and A is the ratio of the food-energy intake to BMR. Age-, gender-, 

and weight-specific values for A and BMR are taken from the Exposure Factors Handbook, Table 6–44 

(U.S. EPA, 2011). 

The following table describes briefly the different input parameters for a basic PBPK model 

Table 1.1: Input parameters for PBPK modelling. 

Type of Parameters Specific Parameters 

Physiological 

Tissue volume 

Tissue blood flow 

Alveolar ventilation 

Cardiac output 
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Table 1.1 Continued 

Biochemical 

Maximum velocity of metabolism 

Michaelis affinity constant 

Rate of absorption 

Binding affinity constant 

Physicochemical 
Blood:air partition constant 

Tissue:blood partition coefficient 

 

For example, in the ICRP model (21) the lung is divided into five compartments, namely the extra 

thoracic regions 1 and 2, the bronchial region, the bronchiolar region and the alveolar-interstitial region. 

The deposition fractions of inhaled particles from 1 to 1000 nm among these five compartments are 

shown in Figure 1.6. The data can be used to gain more insight into type of deposition areas to 

concentrate and also validate the deposition data in this study. 

 

Figure 1.6: Deposition fraction of different size particles in the ICRP Human lung model. 

There have been a number of PBPK models relating to the various kinds of drugs, most importantly the 

ones which affect the humans on a day-to-day basis. Commonly evaluated categories of toxic chemicals 
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include pesticides, herbicides and insecticides that are used vastly by the farmers around the world and 

who are readily exposed to the chemicals via nose, skin or oral ingestion. A PBPK model needs various 

input parameters for the model which determine the kinetics in the mathematical equations. Table 1.2 

provides some insight into the various published PBPK model and the distinctive features in the models 

which can be used to consider for the novel CFD-PBPK model. Although a lot of experimental data is 

unavailable for the validation, still these studies hold up good with respect to defining the proper set of 

parameters and extrapolation from animal data (22).  

Table 1.2: Data sets for computer-model input and validation. 

Contaminant  Model input 

parameters 

Reference Comments for model validation 

Carbon Monoxide 

( CO ) 

( Major air contaminant 

due to any combustion-

related activities ) 

Permissible health 

exposure limit – 

50ppm 

Particle size – 2.5 

micron 

 

( Andersen, 

M.E. et al., 

1991 ) (23) 

CO inhalation study provided estimates 

of CO diffusing capacity under free 

breathing and three human data sets 

from the literature were examined for 

inhalation of CO at 50, 100, 250, and 

500 ppm.  

Chlorpyrifos 

( Organophosphate 

insecticide ) 

Permissible health 

exposure limit – 

0.2mg/m3 

 

(Drevenkar et 

al., 1993) 

(22) 

The literature evaluates the serum and 

urine samples from humans poisoned 

by chlorpyrifos. The metabolism 

occurring in rats and humans is 

accurately validated with the 

experimental data 

 



 

15 
 

1.4 Hybrid CFD-PBPK Model and Health Impact Assessment 

In the current era where tons of toxic vapours are released in the air on a daily basis, it is of utmost 

importance to investigate the fate of inhaled particles and vapours. In vivo studies offer the most 

realistic picture of the fluid-particle dynamics inside the respiratory tract; but, human trials are not 

without risks and local aerosol deposition concentrations are costly and difficult to attain. An alternative 

approach are numerical simulations relying on proven Computational Fluid Dynamic (CFD) techniques. 

The CFD studies allow us to conduct computer experiments to track, say, nanoparticles in nasal cavity 

models, including the amount getting absorbed in the nasal mucosa over a period. We can choose 

various sizes of the particles and evaluate the effect of air-particle-vapour flow under realistic inhalation 

conditions for a given geometry.  The further uptake of the inhaled particles, their diffusion into the 

epithelium and the transfer to the system regions, would be defined by another set of linear kinetics 

equations, which would be highly challenging using the usual CFD packages. Hence, the most a CFD 

study can provide accurately is the data for the absorption of the inhaled toxins in, say, the human nasal 

cavity. 

A hybrid CFD-PBPK approach is, therefore, needed which can accurately combine the results of the 

absorption of the inhaled particles and then integrate and forward the results to a mathematical 

compartmental model. The PBPK model, using the various first-order and non-linear kinetic, will analyse 

for the systemic transfer of the inhaled particle in the human body. 

To be able to predict aerosol deposition in the respiratory tract using a deterministic modeling approach 

such as CFD, the different physical and chemical mechanisms that simultaneously govern the transport, 

evolution and deposition of different phases need to be correctly described (24).  

1. Transport mechanisms: The entrance of the aerosol into the respiratory tract is a result of the 

reduced pressure induced by the diaphragm contraction. This variable pressure generates the 
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inhalation waveform Q(t). Inside the humane airways the air-particle stream can be laminar, 

transitional or turbulent, depending on the local geometry. 

2. Evolution mechanism: The main physical mechanisms governing the evolution of aerosols during 

inhalation are evaporation, condensation, collision, and coagulation 

3. Deposition mechanism: The deposition of the aerosol particles due to gravitational settling, 

impaction, secondary flow effects and diffusion, as well as the individual airway-surface 

conditions. 

CFD-based aerosol transport and deposition models for the respiratory system will require a number of 

essential elements (24): 

1. Mathematical model for aerosol dynamics 

a. Eulerian - Lagrangian approach 

b. Eulerian - Eulerian approach 

c. Turbulence modeling 

d. Aerosol modelling 

2. Respiratory tract geometry and computational mesh 

3. Simulation conditions 

a. Aerosol characteristics 

b. Environmental conditions 

c. Inhalation pattern 
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4. Numerical Algorithms  

5. Verification and Validation 

CFD simulations of aerosol dynamics in the respiratory system give information about the amount, 

composition, and location of the deposited matter as output and the PBPK model can use this 

information as input (24).  

Thus, hybrid CFD-PBPK models can be categorized as follows: 

1. CFD-informed PBPK models: In this model, the local mass transfer coefficients for the airways 

and flow rates are typically determined by CFD simulations and serve as inputs to PBPK models 

based on well-mixed compartments. A validated CFD solver is used to calculate the fluxes of the 

inhaled aerosols by solving the transport equations. The result is fed as an input to a PBPK 

model to obtain insight of the tissue stacks affected by the inhaled particles. For example, a 

hybrid CFD-PBPK model can be used to predict certain parameters for a test animal, and then 

the results can be extrapolated to humans using allometric equations.  

2. PK-informed CFD models: These models use the strengths of pharmacokinetic modeling together 

with the site-specific predictions of CFD models. Instead of using mass transfer coefficients 

computed by CFD, PK information is employed to improve the deposition prediction of the CFD 

simulations. 

Combining CFD and PBPK models requires efforts to understand the validity of certain assumptions and 

to interpret the results generated by the hybrid CFD–PBPK model. From CFD, emphasis should be placed 

on the accuracy and realism of the delivered computational results of aerosol deposition, whereas PBPK 

modeling approaches require further cross-validation studies to determine the applicability for a wide 

range of applications. 
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Validation of the CFD models remains a challenge for CFD to become a reliable and predictive tool. 

Bridging CFD with multidisciplinary biological models like PBPK will find its place in the toxicological (or 

therapeutic) assessment of inhaled ambient chemicals (or drugs). The success of CFD as a predictive tool 

in toxicological assessment relies not only on the technical developments related to simulation 

capability, but also on critical reviews of the current modeling assumptions and their consequences on 

the predicted quantities. 
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Chapter 2  PBPK Model Development and Mathematical Description 

As mentioned in Chapter 1, a PBPK model consists of differential mass-balance equations which describe 

the bio-kinetic processes of a particular compound inside the body as a function of physico-chemical 

parameters (eg, partition coefficient ), biochemical parameters (eg, metabolic rate constant), and 

physiological parameters (eg, tissue volume) (see Table 1.1). These transport and conversion 

phenomena include absorption, distribution, metabolism, and excretion (ADME) of toxic chemicals or 

drugs. The affected organs or tissue groups are divided into biologically important compartments, in 

which the transport and conversion phenomena can be represented by first-order rate equations. A 

typical PBPK model consists of a series of relevant compartments that receive the compound via the 

arterial blood and return the processed chemical into the venous blood.  The selection of 

compartments, which represent a similar tissue group, depends on similar characteristics, such as blood 

flow or solubility characteristics. Table 2.1 lists the common tissue groups representing specific tissue 

compartments. Once selected, they are then interconnected via the systemic circulation so that the 

mass is conserved for the cardiac output at all times. If the characteristic time constants of tissue 

disposition (ie, the product of partition coefficient and volume divided by blood flow rate) are similar for 

various tissues, they can be lumped together to form a single compartment. All the tissue compartments 

in a PBPK model are connected by the blood circulating system and sometimes the lymphatic 

system(25). Chemicals and drugs may gain access to the systemic circulation via the portal; but, it often 

leads to a significant reduction in drug concentration before it reaches the systemic circulation because 

of first-pass metabolism. Compounds with high lipophilicity have access to the systemic circulation by 

uptake through the lymph nodes according to Caliph et  al.(2000) (26). Since the lymphatic system is an 

open system unlike the blood circulatory system, sometimes the highly permeable lymph vessels are 

responsible for the absorption of nanoparticles administered via intramuscular or intradermal injections 

(27). Drug nanoparticles are often recycled into the systemic circulation due to the action of the 
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lymphatic system. Lymphatic delivery is one way to avoid the first-pass metabolism, which eventually 

affects the bioavailability of drugs (28). Often, depending upon the drug properties, the lymphatic 

system is also added as a separate compartment in the PBPK models (29, 30). 

Table 2.1: Tissues that are frequently represented as a single compartment. 

 

A model can be modified according to the different exposure routes whichever need to be analysed; for 

example, inhalation, oral, dermal or intravenous injection. The most common exposure route is 

inhalation and the most frequently modelled system is that of rats. Animal-test results are extrapolated 

to humans, using scale-up formulas (see Arun et al. 2019 (31); among others). Figure 1.1 of Chapter 1 

depicts one of the more popular PBPK models. However, with the exception of testing new drugs, the 

Model Compartments Tissues 

Liver Liver 

Adipose tissues 

Perirenal fat ; Epidymal fat 

Omental fat ; Subcutaneous fat 

Slowly perfused tissues Muscle ; Skin 

Richly perfused tissues 

Adrenal ; Kidney 

Thyroid ; Brain 

Lung ; Heart 

Testis ; Hepatoportal system 
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use of animals is in decline mainly because such experimental data sets are hardly applicable to human 

impact interpretation. Nevertheless, for drug testing PBPK modelling approaches may have several 

advantages, including: 

(1) Reliable prediction of the internal dose 

(2) To support biological monitoring 

(3) Species extrapolation 

(4) Route-route extrapolation 

(5) Response estimation 

 

2.1 Compartments and Flow Models 

In order to carry out physiologically based pharmacokinetic (PBPK) modelling, one needs a whole set of 

differential equations that govern the concentration rates of the different compounds in the blood 

circulatory system and the lymphatic system; and relate them with each other. The compartments (see 

Table 2.1) are specified and rate equations describe the characteristics of interconnected 

compartments. Such a compartment model can be one of the following: 

(1) Flow limited model - This is the simplest model wherein the drug is constantly infused in a blood 

vessel which continuously provides it to a single non-eliminating organ with no restriction to the 

distribution of the drug in the organ (Fig. 2.1 (a)). 
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(2) Membrane limited model- This model is where the drug can pass through one tissue but not 

necessarily to another one because of the permeability of the membrane; hence, one organ 

needs to be divided into two compartments (Fig. 2.1 (b)). 

(3) Flow limited with elimination- This occurs when the organ has the capacity to eliminate the drug 

and hence a clearance term needs to be incorporated in order to characterise the compartment 

(Fig. 2.1 (c)). 

 

Figure 2.1: (a) Flow limited model, (b) membrane limited model, (c) flow limited with elimination. C is 

the concentration of blood for arteries and veins, Q is the blood flow, V is the volume of tissue, PC is the 

Partition Coefficients and CL is the clearance of drug by tissue (32). 

The system components are based on knowledge of body fluid dynamics (eg, secretion of gastric acid 

and bile, blood flow, urine flow), tissue size and composition, abundance and distribution of drug 

receptors, drug-metabolizing enzymes, and membrane transporters in various organ and tissue 

compartments (33). 
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2.2 Choice of Compartments 

The choice of a PBPK model is based on two general parameters, ie, the anatomy/physiology of the body 

and the speed or the time scale of events. It is important to consider which parts in the physiology can 

be lumped together as a single compartment, keeping in mind the membrane resistances and 

accordingly defining a flow- or diffusion-limited model. The time scale of the drug/aerosol being able to 

circulate in the whole body also defines the different number of compartments one needs for the 

specific drug being under consideration. If the particles are toxic to the body in any manner, that alters 

the physiological parameters and the choice of compartments in the model. 

Table 2.2:  Summary of PBPK models for inhalation of nanoparticles and compartments included in the 

model structure. 

Types of Nanoparticles 

Number of Compartments in: 

References Extra Pulmonary 

organs 
Breathing system 

Aluminium Silicate 3 4 (Snipes et al.,1983) (34) 

Iridium 9 6 (MacCalman et al.,2009) (35) 

Carbon 22 2 (Pery et al., 2009) (36) 

Silver, Gold, Polystyrene, 

Carbon 
11 2 (Li et al., 2011) (37) 

Iridium, Co3O4, Tb2O3 4 12 (Kolanjiyil et al., 2013) (38) 
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Table 2.2 Continued 

Silver 10 1 (Bachler et al., 2013) (39) 

Gold  6 2 (Bachler et al., 2015) (40) 

Iridium and Silver 10 6 (Sweeney et al., 2015) (41) 

Nanoceria  10 7 (Carlander et al., 2016) (42) 

 

In a recent paper Li et al. (2016) (43) tracked the antioxidant nano-ceria in rats, where the PBPK-model 

incorporated the phagocytes in the compartments which are essential in the transfer of inhaled 

nanoparticles. The phagocytes are known to engulf the nanoparticles and move them to different sites. 

In the model, the mucociliary elimination of the nanoparticles from the pulmonary region to the 

tracheobronchial and then finally to the GI tract was also considered (see Figure 2.2). 
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Figure 2.2: PBPK model used for analysing Nano-ceria in rats (Li et al. 2016). 

 

2.3 Partition Coefficients   

Venous equilibration is, in the time that it takes for the blood to perfuse the tissue, the drug/compound 

is able to achieve its equilibrium distribution between the tissue and the blood (44). It is common for 

PBPK models to assume venous equilibration due to which the concentration of the drug in the venous 

blood (   ) can be related to the concentration in the tissue (  ) by the equilibrium tissue-to-blood 

partition coefficient,   . 

    
  

  
 

 

(2.1) 
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The partitioning between the two media (blood and air) is described as the balance of the solubility of a 

chemical in the two media (according to Henry’s law for gases). Partition coefficients (PCs) are 

represented as the ratio of the concentration of the chemical in the two media (blood-to-air, tissue-to-

blood) at equilibrium. These parameters are necessary to extensively model the distribution of 

drugs/chemicals and the pulmonary uptake of organic compounds in the tissue. The prediction of target 

tissue dosimetry is the ultimate goal of most pharmacokinetic models. Such applications on a 

physiological basis imply realistic mechanisms of transport, delivery, and accumulation. Models have to 

include detailed sub-models of hepatic circulation, tissue or blood binding, lipid transport, and 

compartmentalization. In any modeling approach, accurate tissue-to-blood equilibrium partition 

coefficients are critical to describe distribution of chemicals in an organism. Several in vitro and in vivo 

methods are available for estimation of the PCs. 

Calculation of partition coefficients from in vivo tissue and blood concentration data is straightforward 

when assuming that the system is at steady state. For example, concerning the brain, the blood partition 

coefficient for the insecticide lindane was calculated by (Oshiba, 1972) (45)  from tissue concentrations. 

It was then utilized for PBPK modeling of lindane disposition in rats (DeJongh and Blaauboer 1997) (46).  

Partition coefficients determined by in vitro procedures allow estimation of a compound’s affinity for 

tissue and blood, removed from potentially confounding physiological factors. Tissue-to-blood partition 

coefficients are determined by dividing the tissue, ie, air value by the blood-to-air value. Distribution 

coefficients of parathion were determined by equilibrium dialysis (Sultatos 1990) (47), using the 

relationship that considers binding. Distribution coefficients determined from perfusion studies were 

not significantly different from those determined by equilibrium dialysis. 

In situations in which measurement of tissue, blood, or fluid level is not physically possible, partition 

coefficients have been estimated by fitting the model to experimental time-course data. For example, 
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Bungay et al., 1981 (48) estimated gut lumen-to-tissue and gut tissue-to-blood partition by fitting to the 

model of enteric transport of chlordecone, explaining that the transient nature of their transport 

experiments precluded equilibrium conditions. Ikeda et al., 1992 (49)  predicted liver-to-blood 

partitioning of CVP by fitting the coefficient to the model, noting a significant decrease in this estimated 

parameter following pre-treatment with the same compound. 

A more detailed discussion on the determination of partition coefficients and the appropriate values can 

be found in Krishnan and Andersen (2001) (50). Common partition coefficient values for various tissue-

to-blood partitions have been summarized in Table 2.3 (12, 51, 52). 

Table 2.3: Partition Coefficients for different tissues used in the PBPK model. 

Partition Coefficients Styrene  Xenon   Dichloromethane (DCM) 

Blood : air 52 0.14 8.94 

Liver : blood 2.7 0.54 1.46 

Rapidly Perfused Tissue : blood 5.7 0.54 0.82 

Slowly Perfused Tissue : blood - 0.54 0.82 

Fat : blood 50 9.29 12.4 

Muscle : blood 1.0 0.54 - 

Brain : blood - 0.56 - 

 

2.4 Administered Drugs and Inhaled Toxic Chemicals 

The toxicity of the inhaled aerosol plays a major role in defining whether the compartment must be 

used as a separate compartment or it can be lumped together with other tissues. After the aerosol 

particles are inhaled, they can get absorbed through different routes in the lungs and are passed into 
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the blood stream via the capillaries. Active transport depends on the chemical energy in order to move 

the molecules across the membranes of cells. Active transport is more pronounced in regions where the 

metabolism takes place by the ATP (Adenosine triphosphate, being an energy-carrying cell molecule), 

breaking down and providing energy to move the ions between the cells. Passive transport is a slower 

process which occurs due to diffusion and osmosis, ie, pushed by the concentration gradient. It is 

important to know the physico-chemical properties of the aerosols to evaluate the toxicity effects in the 

different sites. Clearly, the deposition of these particles, need to be known because they cause 

inflammation due to the toxic nature. The recent developments in the field of inhalation toxicity impact 

and efficient PBPK modeling have enhanced the physiological approach towards dose modelling. 

Organs that receive a higher percentage of cardiac output are exposed to greater doses of absorbed 

toxicants than poorly perfused tissues. A major determinant of target organ selectivity for the toxicity of 

solvents is the xenobiotic metabolism. This process (xenos "stranger" and biotic "related to living 

beings") is the set of metabolic pathways that modify the chemical structure of xenobiotics, which are 

compounds foreign to an organism's normal biochemistry, such as any drug or toxin.  While 

pharmacokinetics define the quantity of solvent reaching a particular organ or tissue after absorption, 

the metabolism may yield products with increased toxic potential relative to the parent chemical. The 

liver is vulnerable to toxicity of many solvents, owing its high capacity for xenobiotic metabolism. Many 

common hepatotoxic solvents yield toxic intermediates or end-products upon biotransformation. The 

kidney, as a filtering and concentrating organ of excretion, receives not only untransformed solvents but 

also the products of hepatic metabolism of solvents (Anteneh et al., 2018) (53). The biotransformation 

products may be more toxic than the parent chemical ad produce renal-specific toxicity. The ion 

transport and solute concentrating functions of renal tubules also contribute to the vulnerability of the 

kidney to certain toxicants. 
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While metabolism of most drugs has been accurately modelled via the Michaelis–Menten (M–M) 

correlation for saturable metabolism in the liver (El-Masri and Portier 1998 (54) and many others), this 

description is not adequate for modelling metabolic clearance of all drugs. Metabolic clearance is 

dependent on the types and quantity of metabolizing enzymes present in the liver and other tissues and 

hence, can vary widely within species. Intra-individual variability in human metabolic capacity may lead 

to different observed sensitivities within a human population to the therapeutic effects of a drug or its 

toxic side effects (McMullin, T. S., 2005 (55)). El-Masri and Portier, 1998 (54) developed a model that 

described plasma and brain time-course concentrations for primidone (an anticonvulsant medicine that 

is used to control seizures) and its pharmacologically active metabolites. Some PBPK models for drugs, 

which emphasise on metabolisms in the liver and renal regions of the body are presented in Table 2.4. 

Table 2.4: PBPK models emphasising metabolism. 

Drug Reference Comments 

Primidone El-Masri and Portier (1998) (54) 
Investigation of intra- and interspecies 

differences in metabolic clearance 

Β-Lactam antibiotics Kawai et al (1994) (56) 

Clearance described with Michaelis-Menten 

metabolism, glomerular filtration and 

biliary secretion 

Methoxyflurane Fiserova-Bergova (1992) (57) Extra hepatic metabolism 

Nicotine, Cotinine Robinson et al (1992) (58) 9-compartment PBPK model 
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There are a number of other available PBPK models which emphasize on metabolism in the body but 

almost the majority of them are based on studies carried out on animals and then extrapolated by 

someone else to the human body. The major setback of that approach is the difference in the pathway 

geometry, flow conditions, metabolism rate and the enzyme concentration and a lot of other factors 

between the two species. The references in Table 2.4 address the human PBPK model, either 

extrapolated or separately. 

In summary, metabolism plays an important role in the toxicity of many chemicals, either by the 

detoxification of a directly toxic compound or by the formation of a metabolite that is more reactive 

than the parent compound. 

 

2.5 Absorption, Distribution, Metabolism and Elimination  

Absorption is the process in which the drug travels from the site of administration to the site of action. 

This requires some additional steps where the drug needs to be introduced through some route of 

administration and the amount or concentration of the drug in the form of dosage. Absorption is the 

primary focus in drug development; because, for medicinal effects the drug has to be first absorbed at 

the right body location. There are four main routes of exposure: 

1. Intravenous – Introducing the drug directly into the bloodstream with the help of injection 

through some mechanical devices such as needles or syringes. 

2. Oral – Ingestion of the drug through the mouth which then enters the gastrointestinal tract and 

is absorbed through the digestive system into the blood. 

3. Inhalation – The drug can be made available in a gaseous, liquid or solid form that can be 

inhaled via the respiratory system and the deposited particles are further absorbed in the lungs. 
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4. Dermal – Skin or eye contact with the drug particles is another form where the drug can cross 

membranes and get absorbed into the body. 

Most substances are absorbed through passive diffusion through the cell membranes and a small 

number of biologically important atoms and molecules are taken up using active transport by the cells. 

Absorption is highly dependent on the solubility of the drug which determines the bioavailability of the 

drug. Bioavailability is the fraction of the administered drug that reaches the plasma and is available for 

systemic uptake. By definition, the intravenous route results in 100% bioavailability of the drug as the 

drug is directly injected in the bloodstream; however, the fastest route of absorption is inhalation.  

Distribution is the process which describes the transfer of a drug from one location to the other within 

the body. Once the drug is available in the systemic circulation after absorption, it must be distributed 

via various fluids, ie, air, blood, or lymphatic circulation. Each organ/tissue receives different doses of 

the drug that can remain there over time, depending on various factors, such as vascular permeability, 

regional blood flow, cardiac output and perfusion rate of the tissue, drug binding properties, and pH 

partition. Highly perfused tissues like the liver, heart and kidney experience rapid distribution of the 

drugs, whereas for the less perfused tissues like muscles, fats and peripheral organs, the drug is 

distributed in small quantities. In general, there are four main ways in which small molecules cross the 

membranes: 

1. Passive Transport/Diffusion – Diffusion occurs through high to low concentration. 

2. Filtration – Diffusion occurs through aqueous pores, still from high to low concentration. 

3. Active Transport – Transport aided by some carrier molecule and can move against the 

concentration gradient i.e. low to high concentration. 

4. Endocytosis – Transport takes the form of pinocytosis for liquids and phagocytosis for solids. 
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Metabolism is the combination of life-assisting chemical reactions that take place inside the body of 

organisms. The three main functions of metabolism are:  

i. Conversion of food into energy for proper functioning of the cellular processes.  

ii. Conversion of food to body building contents in the form of proteins, lipids etc. 

iii.  Elimination of wastes from the body.  

Many metabolic processes require the use of enzymes which helps in accelerating the chemical 

processes. These reactions are responsible for the growth, reproduction, maintaining structures and 

response to the environment in living organisms.  

A number of compounds begin to break down in the body by a family of enzymes in the liver called 

Cytochrome P450. These enzymes convert chemicals to reactive oxygen species (ROS), free radicals, 

reactive intermediates and others. These reactions and their products have the influence on the toxicity 

of the chemical at a cellular level. The knowledge of the pathways of these processes, reactions and 

their potentials lead to a better understanding of chemistry and toxicology and hence aid in the safe 

design of PBPK models. 

An important phenomenon in drug metabolism is the first pass effect whereby the concentration of the 

drug, when administered orally, is vastly reduced before it reaches the systemic circulation. This can also 

be termed as the fraction of drug that is lost during the process of absorption and is generally related to 

the liver or the gut wall. Clearly, it greatly reduces the bioavailability of the drug. 

During metabolism, the reaction often creates by-products which are unwanted by the body and need 

to be removed. Excretion is the process by which the metabolic waste in any organism is eliminated. It is 

among one of the essential processes of life. Accumulation of these wastes beyond a certain level in the 

body is harmful to the body. Most excretion occurs through the kidneys as urine or as faeces. Excretion 
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is dependent on the process of kidney filtration at the glomerulus, and is largely based on molecular size 

and charge. Some molecules can be excreted through the skin as sweat and still some may be excreted 

through the lungs via gas exchange. If excretion is not a complete process, the molecule or metabolic 

by-product can bio-accumulate and impact living systems adversely. If a compound is lipid-soluble, it 

will bio-accumulate more quickly in adipose tissue. Bioaccumulation of lipid-soluble compounds such as 

DDT has been shown to be correlated with adverse health effects such as diabetes, heart disease, 

obesity, etc. 

 

2.6 Active and Passive Transport 

Active transport is the movement of molecules across the cell membrane against the concentration 

gradient using some energy required in the form of ATP. The movement of molecules is from high 

concentration to low concentration. The ATP pumps the molecule upwards that requires carrier 

proteins. It is a rapid process that does not involve matrix or permeases, ie, transport proteins of the 

membrane. Active transport allows molecules to pass the cell membrane, disrupting the equilibrium 

established by diffusion. It is a vital and highly selective process, which is often affected by temperature. 

The process reduces or stops as the level of oxygen content is reduced. Macromolecules, such as 

proteins, carbohydrates (sugars), and lipids, are few of the materials that are transported this way. 

Examples of active transport include a sodium pump, glucose selection in the intestines, and the uptake 

of mineral ions by plant roots. 

Passive transport is the movement of molecules within and across the cell membrane caused by 

concentration gradients, without using ATP (energy). This diffusional movement of molecules is a 

comparatively slow process, which takes place through matrix/channels/permeases. It is a physical, non-

selective process which is not affected by temperature or oxygen content. Oxygen, monosaccharides, 
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water, carbon dioxide, lipids are the few soluble materials which are being transported this way. Passive 

transport is classified into four categories, ie, osmosis, diffusion, facilitated diffusion, and filtration. 

Passive transport occurs in the kidneys, liver and in the alveoli of the lungs where they exchange oxygen 

and carbon dioxide. 

Passive transport is a naturally occurring phenomenon and does not require the cell to exert any energy 

to generate movement. This is particularly essential in the transport of some basic particulate matter so 

that it easily crosses the semi-permeable membrane into the plasma.  

2.7 Differential Mass Balance Equations 

Once the compartments and the flow processes are defined, we can represent each compartment 

kinetics with differential mass balance equations. The transfer rates between the compartments are 

denoted by k, where     represents the transfer rate of the quantity x from the   to the   compartment. 

Figure 2.3 (a) shows a single compartment and Figure 2.3(b) depicts two compartments in series. 

Equation (2.1) represents the mathematical form for the Figures 2.3(a) and Equations (2.2) and (2.3) 

represent the mathematical form for Figure 2.3(b). 

Figure 2.3: (a) Single compartment (b) Two compartments in series 

   

  
             (2.2) 
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                    (2.3) 

   

  
        (       )   (2.4) 

2.8 Non-Linear Elimination Kinetics 

Once the drug reaches the compartments, elimination of the drug or drug compound takes place after 

undergoing metabolism in the kidney or liver. The behaviour of the elimination mechanism is known as 

elimination kinetics. A linear elimination is when a constant quantity of the drug is removed per unit 

time. In majority of cases, the elimination is dependent on the concentration of the drug that is present 

in the system which gives rise to a saturable elimination which results in non-linear kinetics. This is 

because the metabolism reactions highly depend on the concentration of the drug entering the 

excretory compartment. The Michaelis-Menten equation is used to quantify the rate of metabolism in 

the liver for simple cases: 

                   
    

    
 (2.5) 

   = Maximum Rate 

  = Michaelis-Menten constant (drug concentration at which the rate of elimination is 50% of Vm) 

  = Unbound drug concentration 

With a number of different routes of administration for the pharmaceutical drugs, it is becoming 

increasingly important to deliver a generic product with sufficient local drug deposition and systemic 

plasma concentration. The inhalation route is the next fastest route of administration after intravenous 

administration. Intranasal route is becoming increasing popular with new drugs providing excellent 

results in being fastest to reduce the effects of rhinitis (nasal inflammation) (59). Intranasally delivered 
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drugs include Fluticasone Propionate (FP), Budesonide (BUD) and Flunisolide (FLU) among other drugs, 

which show desired dissolution properties in the nasal mucous (see Section 3.4) and mitigate the side 

effects caused by other routes of administration by a decreased systemic concentration. In order to tap 

the end-point plasma concentrations in the plasma, upon intranasally administration of corticosteroids 

(like FP,BUD and FLU), an extended PBPK model would be modelled and utilized (see Section 3.6). 
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Chapter 3. Hybrid CFD-PBPK Modeling 

In vivo inhalation of certain chemicals and even some drugs often result in a partial damage to the 

mucus layers or the epithelium due to their toxicity. Clinical studies may not provide accurate dosimetry 

data due to the limited flexibility of the methods of operation and image resolution.  As outlined, a CFD 

(Computational Fluid Dynamics) model is often used to simulate the transport and deposition of 

particles inside flow domains, while a PBPK (Physiologically-based Pharmacokinetic) model tracks the 

deposited compounds to the systemic circulation and organs in the body. In the present study, a hybrid 

CFD-PBPK approach is described, where the fate of the inhaled drug (or toxic chemical) is simulated 

from the nasal or oral entry to the transport, absorption into the plasma and the translocation into the 

systemic regions.  

CFD simulations of aerosol dynamics in the respiratory system give information about the amount, 

composition, and location of the deposited matter as output and the PBPK model can use this 

information as input data. The hybrid CFD-PBPK models can be categorized as follows. 

3. CFD-informed PBPK models: In this model, the local mass transfer coefficients for the airways 

and flow rates are typically determined by CFD simulations and serve as inputs to traditional 

PBPK models based on well-mixed compartments. CFD is used to calculate the fluxes of the 

inhaled aerosols by solving the transport equations and the result is fed as an input in the 

toxicological PBPK models to get an insight on the tissue stacks affected by the inhaled particles. 

A hybrid CFD-PBPK model can be used to predict certain parameter values for some animal and 

then the results can be extrapolated in humans using allometric equations.  

4. PK-informed CFD models: These models use the strengths of pharmacokinetic modeling 

together with the site-specific predictions of CFD models. Instead of using mass transfer 
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coefficients computed by CFD, PK information is used to improve the deposition prediction of 

the CFD simulations. 

Combining the CFD and PBPK models require efforts to understand the validity of certain assumptions 

and results generated by the hybrid CFD–PBPK model. Concerning CFD simulations, emphasis should be 

placed on the accuracy and realism of the delivered computational results of particle deposition, 

whereas PBPK modeling approaches require further cross-validation studies to determine the 

applicability for a wide range of applications. 

Bridging CFD with PBPK will find its place in the toxicological assessment of inhaled aerosols. The success 

of CFD as a predictive tool in toxicological assessment relies not only on the technical developments 

related to simulation capability, but also on critical reviews of the current modeling assumptions and 

their consequences on the predicted quantities. 

 

3.1 Nasal drug delivery 

The nasal route for drug delivery is a rapidly growing area of research, as it is beneficial for certain drugs 

that require a quick administration without a lagging onset of action. Specifically, the nasal mucus layer 

is a rich absorbent for a number of drugs. Thus, it is an effective target for the treatment of local nasal 

conditions, such as rhinitis, which is the inflammation of mucous membrane in the nose (59). The 

intranasal route is often used in case when the drug is needed to rapidly reach the systemic circulation 

(59, 60). Drugs administered through intranasal routes have also been linked to reduced side effects and 

first-pass metabolism which is commonly seen with orally administered drugs (60-62). A number of 

glucocorticoids (class of corticosteroids or steroid hormones) exist which help in reducing inflammation 
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like budesonide (BUD), Flunisolide (FLU), Fluticasone Propionate (FP) and Mometasone Furoate (MF), 

which are often found in the form of aqueous nasal sprays.  

The geometry of the nasal cavity, as shown in figure 3.1, includes the nostril (dark grey) through the 

nasopharynx (light grey). Figure 3.2 shows the complete view of the nasal cavity. The geometry was 

constructed from the MRI scans of a healthy 53 year old, non-smoking male.  

 

Figure 3.1: Model of nasal cavity. 

It is evident that the geometric intricacies of the nasal cavities and hence in vivo or in vitro studies of 

deposition and absorption of inhaled drugs is quite challenging due to the complex airway passages. 

Hence, CF-PD (Computational Fluid-Particle Dynamics) techniques are very suitable to study the fate of 

different particles and deposition patterns in the human nasal cavity. 
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Figure 3.2: Views of the Nasal cavity. Side (Top), Front (Bottom left) and Top (Bottom right). 
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3.2 Whole Lung Airway model 

This section discusses briefly the human upper airway models that will be referred to throughout the 

study. 

3.2.1 Human Oral Airway Model 

This is a basic model, as shown in Figure 3.3, previously employed by Zhang and Kleinstreuer (2004, 

2005) (63, 64) for airflow and micron- and nano-size particle deposition simulations. The model consists 

of two parts: an oral airway model, including oral cavity, pharynx, larynx and trachea and a planar triple 

bifurcation lung airway model representing generations G0 (trachea) to G3 after Weibel, 1963 (65). The 

dimensions of the oral airway model were adapted from a human cast as reported by Cheng et  al. (66).  
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Figure 3.3: 3-D view of the oral airway model. 

 

3.2.2 Combined Nasal, Oral, and Upper airway model 

The nasal model described in the Section 3.1 and the oral airway model described in Section 3.2.1, have 

been combined and extended into a new model as depicted in Figure 3.4. The airway flow patterns and 

particle deposition simulations have been discussed and reported by Kolanjiyil and Kleinstreuer (2013a, 

2013b, 2017) (38, 67, 68). The model represents includes the nasal cavity, oral cavity, naso-pharyngeal 

region, larynx, trachea up to Generation 4. 
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Figure 3.4: Nasal Oral upper airways. 

3.2.3 Three-path and five-lobe WLAM 

As simple the task of the lungs as a ‘gas-exchanger’ might seem, the structure of the airways is quite 

complex with all the branches covering up to 130 m2 – equivalent to the size of a tennis court in area, 

which is made available for the exchange of the gases. This complexity restricts the full-scale computer 

simulations of the flow and particle parameters in the entire respiratory system. Hence, a representative 

whole-lung airway model (WLAM) was developed (69) which consists of subject-specific upper airways 

(from nose/mouth to generation 3, see Figure 3.4). They are then connected to triple bifurcation units 
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(TBUs) (see Figure 3.5), in series and parallel (see figure 3.6) covering the remaining generations, based 

on the morphometric measurements of human lung casts (70).   

 

 

Figure 3.5: Tri-bifurcation Unit. 
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Figure 3.6: Representation of scaled Triple Bifurcation Unit (TBU) models connected in series and 

parallel (69) 

In order to represent the mechanism of inhalation at the deepest areas of the lungs (see Weibel (65)), 

alveolated ducts have been represented on the TBUs from generation 16 onwards, finally using Di-

bifurcation units as the terminal alveoli. Kolanjiyil and Kleinstreuer (2019) have validated the airflow in 

the acinar regions (71). A 3D model of Generation 16 – 23 is shown in Figure 3.7. 
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Figure 3.7: Generations: 16 – 18 (Grey),  19-21 (Pink) and 22-23 (Blue). 

Different types of WLAMs are classified based on the different geometry orientations and the way 

different sections are combined. In a single-path WLAM only one outlet of the upper airway model is 

extended by attaching all the TBUs in series as shown in figure 3.8. In order to carry out the particle 

simulations, the escaped particles from all the other outlets are combined and injected through the 

single-path outlet as a representation of the model for the whole lung. 
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Figure 3.8: Single-path whole lung airway model. 

Similarly, in a dual-path whole lung model, two outlets of the upper airway model are extended by 

attaching the TBUs in series until the last generation of the lung (see figure 3.9). 
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Figure 3.9: Dual path whole lung model. 

On similar lines, the three-path whole lung model is described as the one where three outlets are 

simultaneously connected by TBUs and extended to model the whole lung.  

A number of available lung models are symmetrical (as in figure 3.3) which often tend to slightly 

aberrant deposition since the actual lung anatomy is asymmetrical in nature. Although, the lower 

airways may be reasonably characterized in a symmetric fashion, there are significant asymmetries in 

the upper airways of the tracheobronchial tree. These asymmetries lead to different flow and deposition 

patterns, overall in the lung geometry as well as the different lung lobes. A multiple-path model is 

capable of incorporating asymmetries in the airway branching structure if the morphometric details are 

available (72). A full multiple-path model is difficult to implement due to the lack of complete airway 

measurement data. Therefore, a five-lobe lung geometry with structural differences for each lobe has 
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been developed. It characterizes the asymmetry to the level of five lobar (secondary) bronchial airways 

that lead to specific lung lobes (see figure 3.10). Subsequent airway generations are then represented as 

separate symmetric trees for each lung lobe. 

 

Figure 3.10: Schematic representation of the lung model. 

A combined nasal, oral and upper airway model incorporating the multiple-path five-lobe model is 

shown in the figure 3.11. 
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Figure 3.11: Multiple-path five-lobe lung-airway model. 

 

3.3 Health Impact Assessment of Agrochemicals 

Agricultural production is one of the largest and most important economic activities in the world. A 

major factor in agriculture over the last decades is the use of pesticides that protect crops from insects 

and pests that may be harmful to crop quality and yields. Agrochemicals, which include pesticides, 

herbicides, and fertilizers, have been widely used in many countries. Pesticides containing chlorinated 

compounds are often persistent in the environment and can be toxic to humans. Common pathways for 

human exposure include inhalation when pesticides are applied (particularly when applied through 

spraying), ingestion of contaminated foods, ingestion of contaminated soil (particularly children, who 
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may not wash hands before eating after playing in dirt), and contamination of surface or groundwater 

and subsequent ingestion. 

Pesticides include insecticides, molluscicides, nematocides, fungicides, and herbicides and are intended 

to disrupt the ability of certain species to harm crop yields by paralyzing or killing them. 

Organophosphates and organochlorine pesticides, for example, can cause damage to nervous systems 

by harming neurotransmitting enzymes and can be ingested by many different types of creatures. Some 

organochlorine pesticides, including DDT, lindane, endosulfan, and chlordane, are so disruptive and 

dangerous that many countries have banned their use and have classified them as Highly Hazardous. 

Studies have found that over 98 % of insecticides used in agricultural processes do not quickly degrade 

at the point of application and end up entering the larger environment, typically through rain and 

irrigation runoff, spray carry-over, or residue retention on food. (Miller, G.T., 2004 (73)) 

Many of the most widely used pesticides have been classified as Persistent Organic Pollutants (POPs), 

meaning that they have long life-spans, do not biodegrade well, and have the ability to bio-accumulate 

in living tissue. 

Common health effects include skin irritations, respiratory and pulmonary problems, vision loss, damage 

to nervous and immune systems, birth defects, DNA damage, disruption of the hormonal system, many 

different forms of cancer, and in some cases, death. Table 3.1 shows some of the common pesticides 

used and the health impact on humans. 
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Table 3.1:  Chronic effects of pesticides currently in use in developing countries (Wesseling, C., et al 

(74)). 

Pesticide Health effect or Affected organ/organ system 

DDT Neurotoxicity, damage to CNS, Ophthalmic effects, affects the reproductive 

system, DNA damage, Carcinogenic 

Organohalides  

(Endosulfan, chlordane 

etc)  

Neurotoxicity, damage to CNS, Neurobehavioral effects, DNA damage 

Organophosphates 

 

Neurotoxicity, damage to CNS, polyneuropathy, Neurobehavioral effects, 

aggressive behavior, Ophthalmic effects, direct toxic effects on gonads 

Carbaryl and other 

carbamates 

Neurotoxicity, Ophthalmic effects, Reproductive effects, decreased male 

fertility,  

 

Increasing industrial activities and combustion of fuels have led to the release of harmful gases in the 

atmosphere which produces toxicity in the human body when humans are exposed to various routes via 

which the particulate matter penetrates inside the body and causes irregular metabolisms. Table 3.2 

represents the major air pollutants, their origins and the adverse health impact they cause in the human 

body. 
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Table 3.2: Environmental pollutants and their effects on human health (Ghorani-Azam A, et al., 2016 

(75)). 

Air Pollutants Major source of emission Health Impact and Target organs 

Particle Pollutants 

(PM10 , PM2.5) 

Internal combustion engines, 

industrial activities, smokes 

Respiratory and cardiovascular 

diseases, CNS, cancer and reproductive 

dysfunctions 

Ground-level ozone Vehicle exhaust, industrial activities 
Respiratory and cardiovascular 

dysfunctions, eye irritation 

Carbon Monoxide 

Internal combustion engines, burning 

coal, oil and wood, industrial 

activities, smokes 

CNS and cardiovascular damages 

Sulphur dioxide Fuel combustion, burning coal Respiratory and CNS involvement 

Nitrogen dioxide Fuel burning, vehicle exhaust Damage to liver, lung spleen and blood 

Lead 
Lead smelting, industrial activities, 

leaded petrol 
CNS and hematologic dysfunctions 

Polycyclic aromatic 

hydrocarbons 

Fuel combustion, wood fires, internal 

combustion engines 
Respiratory and CNS damage 

 

PM-Particulate Matter, PM10 – PM of 10μ or more, PM2.5 – PM of 2.5μ or less, CNS – Central Nervous 

System 
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3.4 Physical and Chemical Properties of administered Drug-aerosols 

As described in Section 1.3.1, aerosols are defined as a suspension of liquid or solid particles in a gas. 

With the development of complex aerosol delivery systems, inhalation of active pharmaceutical 

ingredients (API) is a major research area for diseases of the lungs, such as asthma or chronic 

obstructive pulmonary disease (COPD). After intravenous administration, inhalation is the next fastest 

uptake route of delivery. The surface area and epithelial layer of the peripheral lung is large (100 m2) 

and very thin (0.2-0.7 μm), making it an ideal site for high blood perfusion with perfect sink conditions 

(76, 77). 

The older concept of pulmonary drug delivery emphasized “efficient aerosol generation and particle 

deposition in the lung are the main and only challenges for effective inhalation therapy” (78). A rational 

optimisation of APIs and formulations for pulmonary delivery and the knowledge of processes that occur 

after the deposition of the drug particles in the respiratory tract are equally important in order to 

produce a drug with high potency upon inhaled administration (79). As the complete knowledge of the 

exact mechanism taking place inside the nasal and lung regions is yet an on-going process, the easiest 

mechanism of action would probably be an aerosol with highly soluble and permeable API which shows 

fast dissolution on contact with the mucous or the epithelial membranes. The absorption is found to 

happen within seconds to minutes for small hydrophobic molecules (80). Rapid absorption is desired for 

many inhalation products (78) but sometimes it is said to be disadvantageous if the lung is the target 

organ; prolonged sustainability of the aerosol particle is desirable. Retention of the particle with API 

leads to positive therapeutic benefits due to a longer duration of local effects hence reduced dosing 

frequencies and fewer inhalations of the aerosol per day resulting in better patient compliance (79). In 

vivo administration and the subsequent monitoring of the pharmacological endpoints often test drug 

formulations; however, the actual mechanism of the particles after the deposition is rarely investigated 
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due to the complexities involved. That leaves one with just the basic principles regarding the association 

of rudimentary physicochemical properties of API and the absorption kinetics.  

Inhaled drug delivery system can be divided in three distinctively important stages:  

 particle aerosolization with an inhaler device;  

 particle transport/deposition/distribution; and  

 particle dissolution, uptake and clearance at the site of action.  

Particle size distribution (PSD), particle density and shape factor play an important role in the respiratory 

formulation of the drug. It determines the ability to be effectively aerosolized at realistic inhalation flow 

rate and helps maintain the desired particle deposition profile, drug dissolution and uptake rates (81). 

The main post-deposition challenges that affect the physicochemical properties desired for the inhaled 

aerosol formulations are: 

1. Determination of solubility and permeability across different layers to improve the 

bioavailability of the APIs. 

2. Control over the clearance processes to prolong the action of the inhaled drugs. 

3. Specific targeting to intensity the local effects. 

Table 3.3 sums up the desired physico-chemical characteristics in drug formulations and their effect on  

biopharmaceutical parameters. 
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Table 3.3:  Physicochemical functionality in relationship to major biopharmaceutical characteristics (81). 

Physicochemical characteristics Affected biopharmaceutical parameters 

Molecular structure; crystal form; equilibrium 

solubility; intrinsic dissolution rate 

Physical and chemical stability, 

potency; systemic bioavailability; local drug 

concentration 

Particle size distribution (PSD); dissolution rate; 

dose delivered; aerodynamic 

particle size distribution (APSD) 

In vivo regional deposition profiles; dose 

delivered; dose uniformity/consistency; rate of 

particle uptake/clearance and toxicity; systemic 

bioavailability (AUC/Cmax) 

 

Corticosteroids are natural and synthetic compounds that are structurally related to hydrocortisone and 

that bind to a single class of endogenous corticosteroid receptors involved in anti-inflammatory activity 

(82, 83). Among the therapeutic indications for intranasal corticosteroids (INCS) are seasonal and 

perennial allergic rhinitis. Allergic rhinitis is a hypersensitivity to inhaled allergens, with symptoms 

including congestion, rhinorrhea, sneezing, and nasal itching (84-86). The activity of INCS alters the 

course of both the early and late phases of allergic rhinitis (85, 87, 88). Other therapeutic uses of INCS 

include nonallergic rhinitis (87-89), chronic rhinosinusitis (87, 90), rhinitis medicamentosa (91), and nasal 

polyposis (87, 88). Corticosteroids are currently available as intravenous, oral, inhaled, intranasal, and 

dermatologic preparations (82, 85, 92). Rapidly metabolized INCS, with high topical potency and low 

systemic bioactivity, were introduced for perennial rhinitis in 1974 and found to be as effective as 

corticosteroids administered systemically (87). These second generation INCS include beclomethasone 
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dipropionate (BDP), budesonide (BUD), flunisolide (FLU), fluticasone propionate (FP), and triamcinolone 

acetonide (TAA) (85, 93). Mometasone furoate (MF), the most recently introduced INCS, is equal in 

potency to FP, considered the most potent to date, and has almost undetectable systemic availability 

(85). Table 3.4 lists out some properties of the different INCS that are commonly used. 

Table 3.4: Properties of Intranasal Corticosteroids (85, 94-98) 

 TAA BDP MF BUD FLU FP 

Molecular Weight (g/mol) 434.5 521.1 521.4 431 434 501 

Aqueous Solubility (μg/ml) 21-33 0.16 11 14-21 140 0.14 

Protein Binding (%) 71 87 99 88 40 80 

Receptor Affinity  233 53 2200 935 180 1800 

Oral Bioavailability (%) - - < 1 11 - < 1 

Intranasal Bioavailability (%) - - < 0.1 102 49 1.8 

Systemic Clearance (L/hr) 57.6 - 57 84 57 69 

Half life (hr) 1.5 - 5.8 2.8 1.6 7.8 

 

3.5 Value-ranges of Input Parameters 

The PBPK modelling technique represents the human tissue groups as compartments mathematically 

while trying to get a realistic plasma concentration curve. It is important in the process to parameterize 

the compartments realistically that involves accurate compartment volumes, flow rates and partition 
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coefficient for the drug to be dealt with. Estimates of the various physiological parameters needed in 

PBPK models are available from a number of sources in the literature for human, monkey, rat, and 

mouse (19, 99-103). Some typical parameters have been summarized in Table 3.5.  

Table 3.5: Typical physiological parameters for PBPK models. 

Species  Mouse Rat Monkey Human 

Ventilation      

Alveolar Kg.L/hr a 29.0 b 15.0 b 15.0 b 15.0 b 

      

Blood Flows      

Total Kg.L/hr a 16.5 c 15.0 c 15.0 c 15.0 c 

Muscle Fraction 0.18 0.18 0.18 0.18 

Skin Fraction 0.07 0.08 0.06 0.06 

Fat Fraction 0.03 0.060 0.05 0.05 

Liver Fraction 0.035 0.03 0.065 0.07 

Gut Fraction 0.165 0.18 0.185 0.19 

Other Fraction 0.52 0.47 0.46 0.45 

Tissue Volumes      

 

 



 

59 
 

 

Table 3.5 Continued 

Body Weight Kg 0.02 0.3 4.0 70 

Body Water Fraction 0.65 0.65 0.65 0.65 

Plasma Fraction 0.04 0.04 0.04 0.04 

Muscle Fraction 0.34 0.36 0.48 0.33 

Skin Fraction 0.17 0.195 0.11 0.11 

Fat Fraction 0.10 0.07 0.05 0.21 

Liver Fraction 0.046 0.037 0.027 0.023 

      

a Scaled allometrically: QC = QCC*BW0.75 

b Varies with activity level (range, 15.0 - 40.0) 

c Varies with activity level (range, 15.0 - 20.0) 

 

The parameters in the PBPK model are known to vary with Body Weight (BW) in different ways. In many 

instances, parameterization of the PBPK models is greatly simplified by assuming standard allometric 

scaling (50, 101), as shown in Table 3.6, where the scaling factor, b, can be used in the following 

equation, 

      (3.1) 
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where, Y is the parameter value, is the given BW X in kg; and ‘a’ is the scaled parameter value for a one-

kg animal. 

Information on particle deposition comparisons in mice and men can be found in Kolanjiyil et  al. (2019) 

(31), among others. 

Table 3.6: Allometric Scaling for PBPK Model Parameters. 

Parameter Type (Units) Scaling (Power of BW) 

Volumes 1.0 

Flows (volume per time) 0.75 

Ventilation (volume per time) 0.75 

Clearances (volume per time) 0.75 

Metabolic capacities (mass per time) 0.75 

Metabolic affinities (mass per volume) 0 

Partition Coefficients (unit less) 0 

First-order rate constants (inverse time) -0.25 

 

Common partition coefficient values for various tissue-to-blood partitions have been summarized in 

Table 2.3 (see Section 2.3) (12, 51, 52). 
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3.6 Novel CFD-PBPK model  

In light of the models presented in Section 3.2, the CFD and the PBPK modules are connected in order to 

provide realistic plasma concentration curves at the compartmental endpoints. The current focus is on 

the intranasal corticosteroids (INCS), described in Section 3.4. As outlined in the earlier sections, it is 

equally important to understand the mechanism of action post-deposition as it is during the 

aerosolization and spray dynamics. The lipophilicity, solubility, octanol-water partition and the receptor 

affinities of the INCS play a major role in determining the post-deposition dynamics, being essential 

features that are incorporated in the in-house hybrid CFD-PBPK model. 

As mentioned, it is important to determine the relevant compartments and lump together tissue groups 

with similar properties in order to simplify the mathematical model and adding a focus on the relevant 

compartment. With intranasal administered pharmaceutics, it is important to model the mucous 

dynamics, epithelial uptake and first-order rate constants for the disposition of the inhaled drugs (104, 

105). Computer model validations are important in order to establish the current accuracy of the model 

with published data, maintaining uniformity and predictability of future results. A number of 

publications discuss the mathematical modelling of inhaled drugs (104-106). An experimental study on 

human volunteers by Daley-Yates et  al. (107) for the systemic concentration of intranasal administered 

FP and MF aqueous suspension sprays have been used to calculate the first-order rate constants 

through an integrated 2D CFD-PK approach by Rygg et  al. (11).  

    In summary, the CFD-PBPK model created in the scope of this study, will prove to be an essential tool 

for the accurate disposition of the inhaled aerosol from the site of administration to the blood plasma 

and the subsequent uptake into the different organs. The novel aspects of the CFD-PBPK model will 

include a realistic 3D dissolution in order to model the uptake of intranasally administered aerosol 

particles and a subsequent uptake from the mucous layer to the bloodstream. A CFD-PBPK model for the 
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uptake of anaesthetic gases (Xenon) is also modelled, which can be used to calculate the blood stream 

amounts of the gases administered. Such studies can help regulate the amounts of medically 

administered aerosols and gases from the nasal or oral route by simulating results for different case 

scenarios and subject specific geometries.  
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Chapter 4. Theory 

In vitro studies of the complex human anatomy, like nasal cavity and the lung regions are difficult to 

undertake due to the small and delicate geometries involved. Hence, as stressed throughout the earlier 

sections about the interesting and essential contribution by predictive computational fluid-particle 

dynamics (CF-PD) simulations in order to simulate and analyse these complex in vivo regions, for 

possible airflow and particle deposition patterns. These “computer tools” are increasingly becoming 

realistic, accurate and efficient in capturing the physics of the problem. Presently, in the computer age, 

the increasing competition globally in order to achieve correct numerical solutions to problem, there are 

a large number of libraries available that resolve the basic fluid dynamic equations for generic 2-D and 3-

D geometries. 

Section 4.1 lists the equations describing the transport phenomena and associated inlet/boundary 

conditions of the hybrid CFD-PBPK model.  The simulations are carried out using an open source CF-PD 

toolbox called OpenFOAM®. The basic operating structure of the OpenFOAM® solver is briefly discussed 

Section 4.2. Subsequently, extensive computer model validations for the various geometries involved 

(see Sections 3.1 and 3.2) are provided in Section 4.3. The validations are important as they readily 

confirm the validity of the solvers available in OpenFOAM® and bridge the gap between the real-world 

and computer-simulation results. 

4.1 Transport Equations  

Computational Fluid Dynamics (CFD) is a numerical approach for simulating fluid flow. It allows the 

employees and researchers to predict characteristics of a system, including flow velocity, pressure, 

temperature and heat transfer. CFD analysis takes place in three stages: 
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First, a pre-processing application is used to create geometries and subsequently define the boundary 

conditions (such as walls, inlets and outlets). After this, the computational domain/geometry is divided 

into a number of discrete elements with most preferred shapes to justify the kind of geometry used. In 

the present study, the available geometry was meshed using ANSYS ICEM. This mesh is then converted 

in a suitable format to load into OpenFOAM. 

Next, the CFD solver is used (here, OpenFOAM) by describing the nature of the solution to be obtained. 

OpenFOAM consists of a number of available solvers for different kinds of flow problems along with a 

number of available numerical schemes to choose from (See Section 4.2). 

Finally, the results are post-processed in open source software known as Paraview in order to visualize 

the results or calculate the variables after the flow solution is obtained. The use of computational flow 

dynamics (CFD) is a numerical methodology for solving the governing equations of fluid flow. The 

governing equations of fluid flow are partial differential equations; when discretized on a mesh, they 

transform into algebraic equations which can be solved by a finite-difference/finite-volume algorithm. 

The following sections will briefly describe the governing equations, turbulence models, flow conditions 

and properties employed in this work. 

 

4.1.1 CFD Equations and associated Inlet and Boundary Conditions 

The basic fluid flow equations which describe any problem are the following: 

Continuity Equation which is essentially a conservation of mass equation, 

  

  
  

   

   
   

(4.1) 
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Where, 
 

  
 is the substantial derivative. 

Considering incompressible flows in the scope of this study, where            

   

   
   

(4.2) 

 

Momentum Equation, also known as the Navier-Stokes Equations which are based on the conservation 

of momentum or Newton’s second law of motion are as given below, 

 
  

  
   

  

  
 

    

  
 

    

  
 

    

  
     

 
  

  
   

  

  
 

    

  
 

    

  
 

    

  
     

 
  

  
   

  

  
 

    

  
 

    

  
 

    

  
     

(4.3a) 

 

(4.3b) 

 

(4.3c) 

 

Equations (4.3a, b and c) are the x-, y- and z-components respectively of the momentum equation. Note 

that they are partial differential equations obtained directly from an application of the fundamental 

physical principle to an infinitesimal fluid element. Moreover, since this fluid element is moving with the 

flow, the equations are in non-conservation form. 

The energy equations are derived from the fundamental law of conservation of the energy of the 

system. The derived equations are, 
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(4.4) 

These above equations are the basis of any fluid dynamics problem. Now in order to solve these 

equations about a geometry, we require the initial and boundary conditions in the flow domains. The 

boundary conditions need to be known before we proceed so that we can understand the solution form 

and can easily hence solve in case we run into errors. In this study we normally use three types of 

boundary conditions as summarized, 

I. Dirichlet boundary conditions: These are the kind of boundary conditions which specify the 

value of the particular flow parameter on the boundary. For example, in the further sections, 

while studying the inhalation of gases, a particular inhalation velocity of air will be specified, say, 

0.02 m/s, which is a Dirichlet boundary condition. 

   (       ) 

 

(4.5) 

II. Neumann boundary conditions: In these type of boundary conditions, a normal gradient or the 

normal derivative is specified for a particular boundary. For example, at the outlet boundaries, 

we specify a zero gradient velocity condition in order to mimic the outlet as a patch through 

which the velocity flows freely. A Neumann condition is represented as, 

  

  
  (       ) 

(4.6) 
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III. Robin or mixed or third-type boundary conditions: These are a mix of the above two boundary 

conditions which are often used in this study to model the uptake of the drugs through the 

airway walls (See section 4.3). 

    
  

  
  (       ) 

(4.7) 

The initial conditions for the start of the simulations are considered as the geometries to be at standard 

conditions where temperature is 298 K and pressure to be 1 atm.  

Specifically the third kind of boundary conditions used in the present study in order to simulate the 

uptake of (Xenon) gas as used in the further sections is using the following equation, 

  
  

     

   
     (         )   

(4.8) 

Where      represents the mass fraction of the gas species in the mucous membrane lining,    is control 

volume face surface,    is the outward unit normal at    and      is the mass fraction calculated at the 

cell centre in the volume element at the boundary. In the study,        is considered due to the 

assumption that the gas species is rapidly removed via the blood circulation.    is the species absorption 

coefficient described as, 

   
    

          
 

(4.9) 

 Where,      and      denote the diffusivity of the gas species in mucus layers and the Henry’s law 

constant respectively,      is the diffusivity of the gas species in air and         is the mucous layer 

thickness.  
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4.1.2 PBPK Equations with typical Inlet Conditions and Parameter Values  

The PBPK model compartments in this study are described with first-order rate equations. After the 

choice of compartments suitable for the PBPK simulations, the compartments are described as mass 

balance differential equations for the particular compartment. Essentially, the quantity flowing in is 

subtracted by the quantity flowing out to describe the rate equations. In the generic form, it is as below, 

 
  

  
               

(4.10) 

Where # can be a quantity say, mass, amount or concentration of the drug that needs to be simulated 

where    and    are some rate constants that are derived by adjusting the model to the experimental 

data. Typical equations for generalized compartments and about how to choose the compartments can 

be referred to as in Section 2. 

The inlet conditions for the PBPK models are usually calculated based on the required toxicokinetic data. 

For example a simple PBPK model used by Katz et  al. (2015) (108) which doesn’t rely upon realistic 

values, calculates the inlet conditions for the inhaled gas concentrations in the following way, 

         
      

  
 (

     

   
) 

(4.11) 

Where % gas is the amount of inhaled gas to be considered for a particular PBPK simulation and        is 

the total initial pressure, R is the universal gas constant and T is the temperature. At standard conditions 

       is 1 atm and T is 298 K, as used in the present study. 

Furthermore this inhaled concentration in then passed on to the arterial blood in the lung data using the 

equation, 
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(               )  (          )

   
(      )
           

  
(4.12) 

Where AV is Alveolar ventilation rate, CO is cardiac output,         is venous concentration and PC is 

the partition coefficient. 

The equation described here does not take into account the realistic uptake using the important 

parameters at the walls of the geometry, rather the ‘only’ PBPK model ‘assumes’ constant uptake 

concentration at all times input to the model. In order to couple the realistic CFD uptake concentrations 

with the PBPK simulations, the following equation is made use, 

             
      

(              )  (          )  (        ∑   )

   
(      )
           

 
(4.13) 

Where         is the concentration of gas escaping from the geometry,         is the concentration of 

gas uptake from the airway walls, A is the area of the walls and z is the mucous layer thickness which is 

assumed to a constant 10 m in the present study. 

Hence, Equation 4.13 helps  use realistic uptake values from the different airway walls and feed that into 

the PBPK model for a better clarity and realistic evaluation of the toxic concentrations inside the blood 

plasma for the inhaled toxic gas concentrations. 

4.1.3 Comparison of Euler-Euler vs. Euler Lagrange Modeling Approaches 

Typically in CFD simulations, the gas phase is solved via the Navier-Stokes equations, including the 

coupling terms from the effect of the particles present in the flow. The method to solve the particle 

phase can be grouped into two categories: Eulerian-Eulerian (EE) and Eulerian-Lagrangian (EL).  
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EL methods represent particles as discrete points and solve for them using Newton’s 2nd Law of Motion. 

Traditionally, most studies focus on one-way coupled simulations in which the particles do not affect the 

fluid flow. However, in denser flows, the fluid–particle coupling is important and two-way coupled 

simulations are needed where the simulations must account for particle–particle collisions. EE methods 

offer a computationally less-expensive alternative because they do not have to track individual particles; 

however, it requires additional modelling.  

For the present study, we have selected particle-deposition process in order to compare the EE and EL 

simulations. It is important to address the different particle forces, especially when considering nano-

particle transport as well as near-wall processes. To calculate the deposition fraction for the EL 

simulations, ie, when individual particles are tracked, the deposition fraction is simply the ratio of the 

particles deposited in a particular region to the particles entering that region: 

                    
                   

                             
 

 

(4.14) 

However, in the case when the fluid particles are treated as a fluid phase with the EE method, one does 

not track the particles individually because a huge number of particles have to be assumed. In fact, the 

EE approach is found to be more suitable when tracking quasi-spherical nano-particles with dp < 100 nm. 

This approach treats the particle as a continuum, and neglects the particle inertia and the effects of the 

particle phase on the flow field. In this model the particle concentration is calculated from a convective-

diffusive equation, where the particle velocity equals the local air velocity, ie, for dp<<1. Ignoring 

coagulation, surface growth, nucleation, and other internal/external forces, the convection-diffusion 

mass transfer equation of nanoparticles can be written as: 
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 + 

(4.15) 

where xj are the coordinate variables (j = 1, 2, 3), uj is the air velocity vector, Y is the mass fraction, and 

Dp is the diffusion coefficient. Assuming the diffusion to be isotropic and considering the presence of 

turbulent dispersion, the effective diffusion coefficient (Dp) is given as: 

     ̃  
  

  
 (4.16) 

where νT is the eddy viscosity, σY is the turbulent Schmidt number taken to be 0.9, and  ̃ is the 

thermodynamic aerosol diffusion coefficient. For spherical nanoparticles,  ̃ is calculated based on 

kinetic theory as follows (Stokes-Einstein equation, assuming dilute concentration of spherical particles) 

 ̃  
        

      
 

(4.17) 

where kB is the Boltzmann constant (1.38 x 10-23 J K-1), T is the temperature, dp is the particle diameter,   

is the fluid viscosity, and Cslip is the Cunningham slip correction factor. 

        
   

  
*              ( 

       

   
 )+ 

(4.18) 

where  m is the mean free path in air. 

The local wall mass flux of nanoparticles can be determined as: 

  ̇             (4.19) 

where ρ is the gas mixture density, Ai is the area of local wall cell (i) and jwall,i is the particle flux at the 

local wall cell given by: 

           

  

  
|
      

 
(4.20) 
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The local Deposition Fraction (DF) of nanoparticles, which is defined as the ratio of local wall mass flux 

to the inlet mass flux, can be expressed as: 

   
          

              
 

(4.21) 

 

The two-path model as described in Section 3.2.2 and 3.2.3 was used in order to compare the EE and EL 

nanoparticle depositions. The Lagrangian particle tracking used in the present simulations have been 

presented whilst using the known particle forces in the nanometer range, which are the drag force with 

slip correction, Saffman lift force, and Brownian force. Figure 4.1 presents the comparison of the EL 

simulations in the sub-micron and nanometre range alongside another similar study by Tian et  al. (109) 

for which the nasal cavity geometry (Section 3.1) has been used. 
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Figure 4.1: Deposition Efficiency in human nasal cavity for different flow rates and particle sizes. 

The differences in DE are because of the different nasal geometries as well as the different solving 

techniques used and the accuracy of the solvers. The particle forces used, as mentioned above, have 

been kept similar for both the present simulations and those used by Tian et  al .(109) in order to closely 

monitor the differences in the deposition efficiency that arises in the nanometre ranges. 

The comparisons for EE and EL approaches have been as in the accompanying Figure 4.2. 
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Figure 4.2: Deposition Fraction comparisons for two-path model at 10 LPM flow rate. 

We can see the close agreement of the EE and EL approaches for the particle simulations in the 

nanometre particle ranges. The EL approach generates slightly higher deposition fractions in the very 

small nano-range than the EE simulations. 

 

4.2 OpenFOAM Structure and Control 

4.2.1 Introduction 

The Section 4.1 equations are numerically solved with an open source computations fluid dynamics 

(CFD) toolbox named OpenFOAM (Open Field Operation and Manipulation) 
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(https://www.openfoam.com). This toolbox is a compilation of the various mathematics and physics 

libraries and has an established user base in the research community. Owing to its open-source and 

free-for-all capabilities, this application has made space in the professional industry world as well as 

academic world. OpenFOAM is capable of performing numerous functions related to the CFD activities, 

from performing meshing using its blockMesh and snappyHexMesh utilities, numerically solving complex 

flow equations using its SIMPLE, PISO-SIMPLE and other algorithms and post-processing capabilities 

involving areaAverage, areaIntegrate and other functions over the 3-D domain or the boundary surfaces 

to get appropriate results. It has proven to be useful for solving the Navier-Stokes equations in complex 

geometries (as discussed in further Sections) with remarkable accuracies. The application contains a 

number of modules (solvers) which can be combines together to realistically and accurately represent 

and solve complex flow systems like Turbulence, electromagnetics, heat transfer, multiphase flow etc. 

These modules are easily compatible with pre-processing softwares like ICEM and Gmsh which are 

popular application for finite-volume and finite-element meshing respectively, and also with post-

processing softwares like ParaView and TecPlot which make it easier to visualize the data results in the 

form of “Colourful Fluid Dynamics”. The OpenFOAM solvers and libraries are written in C++ language 

incorporating extensive use of Object Orienting Programming, involving classes and objects.  It also 

inherits all the advantages that come along with C++ Programming like data abstraction, encapsulation, 

inheritance etc., thereby making it user-friendly, easy to understand and manipulate. The structure of 

the code is easy to grasp, hence customizing the solvers, adding two solvers and create one’s own solver 

is quite possible. 

4.2.2 Case Structure and Set-up 

As mentioned above, OpenFOAM is a multi-purpose open source application with a number of libraries 

to simulate computational experiments specifically in the fluid dynamics domain. It offers various 
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different solver modules along with tutorial cases in order to solve the case. One needs to define the 

geometry and the solver module in order to simulate the case.  

Every case in OpenFOAM is sub-divided in to three generic sub-directories: time directory (0 folder), the 

constant directory (constant folder) and the system directory (system folder) as shown in Figure 4.3. The 

time directory (0 folder) acts as an initial condition (IC) stores the boundary conditions (BC) for the 

various input flow parameters (U, p, k, omega, nut) as shown in figure 4.3. As the simulation proceeds, 

the solver keeps writing time directories at user defined times, or convergence criteria set by the user 

with the folder name representing the time value of the data. However, the flow parameters will always 

be written in the time directory. The constant directory, as the name mentions, keeps track of all the 

constant parameters in the case such as the mesh geometry, fluid properties, turbulence models etc. 

The file names are accordingly for the kind of data they store, as seen in figure 4.3. The system 

directory, keeps record of the different Schemes to be used, the solution criteria (residual control), mesh 

decomposition for parallel processing into different files as per the name (see Figure 4.3). 
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Figure 4.3: OpenFOAM case structure. 

In order to run a case, the various boundary types, boundary values and the solution types needs to be 

mentioned and coded inside these different files in the directories. Starting with the Initial and 

Boundary conditions, Figure 4.4 shows a typical ‘U’ file in ‘0’ folder of a case. The structure of 

openFOAM is readily visible in the figure, which consists of the first couple of lines describing the 

version, format, object and class of the file, in order for the application to locate the same during 

simulation run time. The ‘U’ which is the velocity, is described under the class of volScalarField which is 

used to represent the velocity vectors throughout the OpenFOAM environment.  
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Figure 4.4: A typical flow parameter file inside the time sub-directory 

 

Some typical classes with their meanings and example are listed in Table 4.1. 
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Table 4.1: Data types in OpenFOAM related to physical world. 

Type Meaning 

volScalarField Scalar, e.g. Pressure 

volVectorField Vector, e.g. Velocity 

volTensorFIeld Tensor, e.g. Reynolds Stress 

surfaceScalarField Surface scalar, e.g. Flux 

dimensionedScalar Constant, e.g. viscosity 

 

It is very important to set the correct initial and boundary conditions for the fluid flow problem in order 

to general accurate and realistic results. OpenFOAM provides a wide range of inherently available 

boundary conditions to describe the case. As is the interface, it is equally easily possible to customize 

the boundary conditions in order to suit one’s need. A wide range of open toolboxes are available too in 

order to give novel boundary conditions. One such example is swak4Foam (Swiss Army Knife for FOAM) 

which is an OpenFOAM community of engineers and professions that contribute towards solutions to 

problems and have readily combined the most used and easily applicable boundary condition libraries 

for other interested individuals to use. Some widely used boundary conditions are summarized in tables 

4.2 and 4.3 alongside the physical domain they represent. 

A majority of the boundary conditions (BC) in the field of Computational Fluid Dynamics can be 

condensed into three basic boundary conditions, namely: 
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1. Dirichlet BC – The value of the flow parameter here, is assigned a particular value e.g. 

 ( )          , for  ( ) being some flow parameter. 

2. Neumann BC – Here, the gradient normal to the boundary surface is specified for the flow 

parameter e.g. 
  ( )

  
         , where   is the normal vector to boundary patch. 

3. Mixed/Robin BC – This is a mixture of the above two boundary conditions often used in heat and 

mass transfer applications e.g.   ( )   
  ( )

  
         , where   and   are some constants. 

Table 4.2: Boundary conditions for velocity and pressure. 

Boundary Velocity Pressure 

Patch Type Syntax Type Syntax 

INLET 1. 

2. 

Dirichlet 

Neumann 

fixedValue 

zeroGradient 

Dirichlet 

Neumann 

fixedValue 

zeroGradient 

OUTLET 1. 

2. 

Dirichlet 

Neumann 

fixedValue 

zeroGradient 

Dirichlet 

Neumann 

fixedValue 

zeroGradient 

WALLS 1. 

2. 

Slip 

No Slip 

Slip 

noSlip 

Neumann zeroGradient 
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Table 4.3: Boundary conditions for Turbulent Kinetic Energy and Turbulence Dissipation Frequency. 

Boundary Turbulent Kinetic Energy Turbulence Dissipation Frequency 

Patch Type Syntax Type Syntax 

INLET Dirichlet fixedValue Dirichlet fixedValue 

OUTLET Neumann zeroGradient Neumann zeroGradient 

WALLS  Dirichlet kqRWallFunction Dirichlet omegaWallFunction 

 

As described above, the OpenFOAM environment is highly compatible with meshing softwares like 

ICEM, Gambit and Gmsh, hence complex geometries can be meshed in these commercial softwares and 

uploaded or converted into the file types that are compatible with the OpenFOAM environment. 

OpenFOAM stores the meshed geometries inside the ‘constant’ folder, inside the ‘polyMesh’ folder as 

shown in figure 4.5. As the file name indicates, so are the details of the meshed geometry stored in 

those. 
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Figure 4.5: Folder containing the mesh details in OpenFOAM. 

Some typical mesh conversion commands in openFOAM, with the commercial software they are related 

to and the format of mesh files handled is summarized in the table 4.4 below. 

Table 4.4: Mesh conversion in OpenFOAM. 

OpenFOAM command File Format Commercial Software 

fluentMeshToFoam .msh ANSYS FLUENT 

Star4ToFoam .dbs STAR-CD/PROSTAR 

gambitToFoam .neu GAMBIT 

ansysToFoam .ans ANSYS I-DEAS 

Cfx4ToFoam .geo CFX 
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The ‘constant’ folder also consists of other constants that would be used in the simulation, for example, 

the fluid properties, and particle properties for particle simulations. It also contains the turbulence type 

the sub-models that the simulation is expected to use to calculate the various fluid-wall interactions. 

Some Figure 4.6 (a) shows the ‘transportProperties’ file and (b) shows the ‘turbulenceProperties’ file and 

contents that are generally used. Furthermore, some common Reynolds-averaged Simulation (RAS) 

turbulence models that are available in OpenFOAM and used in the study are: 

1. kEpsilon - Standard k-epsilon turbulence model for incompressible flows. 

2. kOmega - Standard high Reynolds-number k-omega turbulence model for incompressible flows. 

3. kOmegaSST - Implementation of the k-omega-SST turbulence model for incompressible flows. 

 

Figure 4.6: Files inside ‘constant’ folder (a) transportProperties (b) turbulenceProperties 
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As discussed in Sections 3.1 and 3.2 about the various geometries used in this study, it is visible that the 

geometries used are quite complex with regions having narrow passages expanding into greater and 

vice-versa. This gives rise to a high instability in the velocity mappings in the different regions. Some 

input flow rates used in the study give rise to transitional regimes in terms of turbulence parameters 

due to the highly intricate geometry involved. The presence of turbulence results in random fluctuations 

for the flow parameters that are quite different and complex than the laminar region. It is essential to 

model these effects of turbulence. A non-dimensional number   is used to divide the region near the 

wall into three parts: viscous sub-layer, buffer layer and log-law region.   is defined as, 

   
   

 
 (4.22) 

Where,    is the shear velocity,   is the distance from the wall and   is the kinematic viscosity of the 

fluid.    is defined with wall shear stress (  ) and density of fluid ( ) as, 

   √
  

 
 

(4.23) 

The equation for    as described in Equation 4.22 can be thought of as a local Reynolds number which 

describes the relative significance between the turbulent and the viscous stresses in a turbulent flow. 

Based on the    values, the division of the region near the wall is undertaken, which give an insight into 

which kind of stresses are dominant in the particular region. According to the above definitions, we 

have, 

                                     

(4.24)                              
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Viscous sub-layer is the closest region to the wall where the laminar stresses are dominant, in the buffer 

layer the stresses are of the same order whereas in the log-law region, which constitutes up to 90% of 

the region, is the one where the turbulent stresses dominate. This transition from one layer to another 

layer near the wall is more complex than it seems which gives rise to the need of empirical wall 

functions in order to model and capture the flow physics near the walls in transitional and turbulent 

flow regimes. As depicted in table 4.3, OpenFOAM offers the use of kqRWallFunction and 

omegaWallFunction for modelling the fluid-wall interface for the turbulence kinetic energy (k) and 

turbulence dissipation rate ( ), respectively.  

Finally, in order to combine everything, the ‘system’ folder comes into effect. As shown in figure 4.3, the 

‘system’ folder contains the useful files and their functions as listed: 

1. controlDict – It contains the data about the application type (i.e. the solver name ) that will be 

used to run the simulation. It also defines the startTime, endTime of the simulations and also the 

time intervals at which the simulations is supposed to write the runtime data. A typical 

controlDict file is as shown in figure 4.7(a). 

2. decomposeParDict -  OpenFOAM is highly suited for conducting simulations of large amount of 

data and is capable of handling parallel processing of data. This makes it very efficient and highly 

compatible with High Performance Computing (HPC) environment. The decomposeParDict file 

defines the number of sub-domains that the user would like to divide the whole case into. It 

offers a number of decomposition methods one can define. In order to divide the case 

geometry/mesh into the desired number of parallel processor units, the user needs to run this 

‘Dict’ file before starting the simulation, and while running the simulation later, needs to 

mention the number of processors to run the case on. A generic decomposeParDict file is as 

shown in Figure 4.7(b). 
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3. fvSolution – The equation solvers, tolerances and algorithms are controlled from the fvSolution 

dictionary inside the ‘system’ folder. Figure 4.8 (a) shows the example set of entries in the 

fvSolution dictionary for a simpleFOAM solver. 

4. fvSchemes – This dictionary sets the numerical schemes for terms such as derivatives in 

equations that are calculated during the simulation. It is responsible for specifying which 

schemes to be used for solving the time derivatives, gradients, divergence, Laplacian etc. as 

shown in figure 4.8(b). 
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Figure 4.7: Files in ‘system’ folder (a) controlDict and (b) decomposeParDict 
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Figure 4.8: Simulation control files (a) fvSolution (b) fvSchemes 
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4.2.3 Numerical Schemes and Solution Control 

Derived from the basic physical principles of mass and momentum conservation, we arrive at the basic 

equations for fluid dynamics problem which are the Navier-Stokes equations. These are the set of 

differential equations that describe and govern the fluid flow in majority of phenomenon taking place 

around us. They are non-linear partial differential equations and are not easily solved analytically. In 

order to arrive at a solution for these equations, we need to numerically convert these equations into 

simpler algebraic equations which can then be applied over the geometry we are interested in. There 

are a number of available numerical schemes that we can use for solving disintegrated parts of the 

equations and then club together into one to solve a system of such equations. The selection of the 

numerical schemes is based on the stability, convergence and the desired accuracy from the solver. 

Equation 4.25 and 4.26 below describes the incompressible Navier-Stokes equations that are used to 

define any fluid flow problem. Equation 4.25 is a result of the mass conservation in representative 

constant volume region inside a fluid and Equation 4.26 is derived from the momentum conservation 

and Newton’s second law. The curly brackets below describe the differential operators related to the 

term, which can be used to explicitly define different numerical schemes for each kind of operator in 

OpenFOAM. 

   ⃗⃗    (4.25) 

{ Divergence }  
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  ⃗⃗ 

  
     ( ⃗⃗   ) ⃗⃗           

 

 
    ⃗⃗              

 

 
    (4.26) 

{ Temporal }                             { Laplacian }         { Gradient }  

Here,   is the velocity vector with              as components of velocity along the x, y and z 

directions. The pressure is denoted by p. The density and dynamic viscosity of the carrier fluid are given 

by   and  , respectively. The gravity force, represented by   is given as    ̂     ̂     ̂ .  

In order to model the turbulence in the flow, for transitional and turbulent regime, we use the Reynolds-

Averaged Navier Stokes (RANS) equations. According to the theory, here, the velocity is divided into 

two, namely, the average component and the fluctuating component that arises because of the 

instabilities in the flow caused by the high Reynolds number. 

     ̅̅ ̅    
  (4.27) 

Where, 

  ̅̅ ̅ is the average component of velocity. 

  
  is the fluctuating component of the velocity. 

Substituting the components as in equation 4.28, we arrive at the RANS equations given by, 

   ̅̅ ̅

   
   (4.28) 

 

 (   ̅̅ ̅)

  
    ̅̅ ̅

 

   
(   ̅̅ ̅)    

  

   
  

 

   
(
   ̅̅ ̅

   
    

   
 ̅̅ ̅̅ ̅̅ ) (4.29) 
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As evident from equation 4.29, new terms are involved when dealing with turbulence phenomena. The 

term   
   

 ̅̅ ̅̅ ̅̅  is the shear transport term which contains the fluctuating components of the velocity which 

are extremely difficult to quantify due the sheer randomness that they arise. Since the fluctuations are 

so random, they cannot even be replicated by performing numerous experiments. These terms are 

modelled by using some hypothesis which represent a simpler version of these and hence can be 

substituted to solve the flow problem. One such instance is using the Boussinesq hypothesis (1877) and 

representing the shear transport terms as, 

  
   

 ̅̅ ̅̅ ̅̅    (
   

 ̅̅ ̅

   
 

   
 ̅̅ ̅

   
) (4.30) 

As a result of this modelling, RANS equations are no longer dependent on the fluctuating component of 

the velocity, and hence substituting equation 4.30, we can achieve a simpler version of the RANS 

equation and solve the system. Moreover, the    term in the above equation is known as eddy or 

turbulent viscosity, which also needs to be simplified using math models in order to close the system of 

non-linear differential equations in RANS system and make them solvable.  In this study, a two-equation 

k-omega SST (Shear Stress transport) model is used to model the turbulent viscosity. This model 

approximates the    as a function of two parameters, turbulent kinetic energy (k) and specific 

dissipation rate ( ). The equations concerning the model are briefly described below, 

 (  )

  
  

 

   
(    )         

 

   
((  

  

  
)

  

   
 ) (4.31) 

Here,    and    are the production and destruction of turbulence kinetic energy (k) respectively,    is 

the turbulent viscosity and    is the turbulent Prandtl number for k. The equation for the specific 

dissipation rate ( ) is as follows, 
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 (  )

  
  

 

   
(    )  

   

  
         

 

   
((  

  

  
)

  

   
 ) (4.32) 

Where,    is the turbulent eddy viscosity and     is the cross diffusion term. 

Once these complex non-linear differential equations are converted into a more simplified form which 

can be then be used to solve the equations over the fluid domain, it is required to make use  algebraic 

solvers to calculate the values of the flow variables for future time-steps. The choice of the schemes 

affects the accuracy, stability and the computational time of the simulation. The schemes are dependent 

on the solver type, and the desired accuracy needed for the particular solution. OpenFOAM offers a 

number of different solvers for steady-state, transient or particle-coupled flow simulation. A brief 

description of the solver syntaxes and their definition which will be used in this study are given in table 

4.5 (https://www.openfoam.com/documentation/user-guide/standard-solvers.php). Table 4.6 

summarizes some common numerical schemes used for the simulation when a SIMPLE (Semi-Implicit 

Method for Pressure Linked Equations) which is a steady-state solver in OpenFOAM (syntax 

simpleFoam). Further, Table 4.7 gives an insight into some of the algebraic schemes which are defined in 

the fvSchemes file as discussed above, inside the ‘system’ folder. 

Table 4.5: Standard solvers in OpenFOAM 

Solver Syntax Description 

‘Basic’ CFD codes   

laplacianFoam Laplace equation solver for a scalar quantity 

potentialFoam Potential flow solver which solves for the velocity potential, to calculate the flux-field 
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Table 4.5 Continued 

scalarFoam Passive scalar transport equation solver 

  

Incompressible Flow  

simpleFoam Steady-state solver for incompressible, turbulent flows 

pimpleFoam Transient solver for incompressible, turbulent flow of Newtonian 

fluids  

  

Particle Tracking Flows  

icoUncoupledKinematicParcelFoam Transient solver for the passive transport of a single kinematic 

particle cloud 
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Table 4.6: Numerical Schemes used for simpleFoam. 

Differential Operator Directory Flow parameter Schemes 

Divergence divSchemes U,k,  Bounded Gauss 

linear Upwind 

Temporal ddtSchemes U Euler 

Gradient gradSchemes U Gauss Linear 

Laplacian laplacianSchemes U Gauss Linear Corrected 

Interpolation interpolationSchemes U Linear 

 

Table 4.7: Algebraic solvers and smoothers used in OpenFOAM. 

Variable Solver Smoother 

U smoothSolver Gauss-Siedel 

P GAMG 

(Generalized geometric algebraic multi-grid) 

Gauss-Siedel 

K smoothSolver Gauss-Siedel 

  smoothSolver Gauss-Siedel 
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4.3 Computer Model Validations 

4.3.1 Introduction 

As described in Section 4.2 about the various tools offered within the OpenFOAM framework, it is 

essential to now validate these numerical equation solvers to the data obtained from the literature. It is 

evident from the above model representations how complex the human nasal and oral passages are, 

hence it is difficult to obtain in vivo results about the various flow contours and the particle deposition 

sites. However, efforts have been put forth to generate casts of the human nasal and oral airways 

(Cheng K. H. et  al. (110), Cheng Y. S. et  al. (66), Kelly et  al. (111); among others) and describe the flow 

patterns and particle deposition via in vitro experimental methods. The advancement of computer 

simulations have had an immense impact on the reliability of the computational efforts in order to 

describe the physics of fluid motion from micro- and nano- scales to the macro scales. CFD results are 

used to simulate the bio-fluid flows to aid in the drug targeting applications (Kleinstreuer and Zhang, 

2003,2008 (112, 113); and more ) which helps improve the efficiency of the inhaler devices and correctly 

positioning them so that a high targeted dose delivery is possible. CFD has wide uses in macro domains 

as well like aircraft design where huge wind tunnel experiments are restricted due to cost and 

maintenance issues. A number of commercial softwares are now available that are suited for almost all 

CFD applications, from pre-processing of the data to the post-processing of the results, the increasing 

use of CFD is also increasing the number of available resources.  

CFD studies are a collection of a number of small studies regarding the physics, design and intuition of 

the flow. In order for the application of the equations described in Section 4.1, it is essential that the 

flow geometries to be divide into smaller cells/elements. Each question is then solved for individual 

cells/elements in these discretized geometries often known as meshes. Upon the availability of the 

results, it is mandatory to compare them with other already existing results in the literature to assure 
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the precision and accuracy of the solvers used in the study. This is an iterative process since a number of 

times, one might over or under-define the physics of the problem. The CFD approach is briefly described 

using a flowchart in Figure 4.9. 

 

 

Figure 4.9: Flowchart describing the flow of processes in a CFD Simulation. 

Hence, finally in order to establish that these results do actually relate to the realistic condition under a 

permissible error range, we need to compare the results with previously simulated data or in vitro data 

if any, which is as described in the following sections. 
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4.3.2 Flow Comparisons 

4.3.2.1 Comparison with Calmet et  al., 2018 

The results obtained in the present study, we compared with human nasal geometry results for Subject 

A by Calmet et  al. (2018) (114). This was accomplished in order to establish the validity of solvers and 

numerical methods used in the CFD toolbox OpenFOAM®. In the article, Calmet et  al. (114), the authors 

provide a detailed analysis of the subject-variability within the flow profiles and particle deposition sites 

for three different representative human nasal geometries. For the purpose of this thesis, only one of 

the geometries, i.e. Subject A geometry, is considered, as has been already discussed in Section 3 (Figure 

3.1). Following the steps for CFD simulations described in the flowchart in Figure 4.9, the meshing for 

the nasal geometry for which the flow regions will be solved is shown in figure 4.10. To capture the 

intricacies of the geometry, a high resolution unstructured mesh was formed containing prism layers in 

order to correctly model the effects at the boundary of the geometry. The final mesh is composed of 

tetrahedral elements in the core, prism elements along the boundary and pyramid elements in-between 

to have smooth transition between the elements. 
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Figure 4.10: Unstructured mesh of the representative human nasal cavity 

 

As discussed in the earlier sections, the geometry is obtained from the MRI scans of a human subject, 

we can see the complex regions in different parts of the nasal cavity as we proceed from the nostrils (on 

the left) towards the nasopharynx (right) which then leads to the lungs. In order to analyse the flow 

patterns correctly, a six slices were cut into the geometry. The locations of these slices are shown in 

figure 4.11 (top). The flow is assumed to be steady and the inlet flow rate is set as 20 LPM (litres per 

minute). In order to gain a better insight, the results show the velocity in the non-dimensionalized form. 

The non-dimensionalized velocity is considered by dividing the obtained velocity by the inlet velocity i.e. 

        . Figure 4.11 and 4.12 show the results in the various slices cut on the geometry with the non-

dimensionalized velocity from 0 to 1. 
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Slices 1-1’ show that higher velocities are observed in the left nasal cavity due the smaller cross-section 

area on that side for the same inlet flow rate. These narrow pathways aid in increasing the velocity of 

the flow on those regions. From slices 2-2’, we see that a majority of the flow is concentrated towards 

the middle portion whereas the top portion (which resembles to the start of the olfactory region) 

receives almost zero flow rates. Figure 4.12 covers the rest of the slices from 3-3’ to 6-6’ of which 3-3’ to 

5-5’ fall into the region of the nasal cavity classifies as the meatuses, and 6-6’ depicts the end of the 

nasal cavity and the start of the nasopharynx. It is evident from the geometry that there is unusual 

asymmetry in these middle regions of the nasal cavity. The flow patterns in the figures also confirm the 

same. After the flow enters through the nostrils, it undergoes a 90° turn while entering middle 

meatuses, which gives rise to the dean vortices and aid in  increasing the velocity of the flow through 

the asymmetrical channels in the nasal cavity.  
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Figure 4.11: Slices in the geometry (top) and velocity contours in the slices. 

 

In the study by Calmet et  al. (114), three subject specific geometries (A, B and C) were considered in 

ordered to compare the micrometre particle depositions. For the purpose of this study, only the subject 

A geometry was considered due to the availability. The airflow field results shown in figures 4.11 and 
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4.12 for the six cross sections, match well in terms of the velocity magnitude and the flow patterns with 

the Calmet et  al. (114) data. In addition to this, the particle deposition results have been compared for 

the present study and the study by Calmet et  al. (114) in the further Section 4.2.3.1. 

 

Figure 4.12: Velocity contours in the slices 3-3’ to 6-6 in the nasal cavity 
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4.3.2.2 Comparison with Kolanjiyil & Kleinstreuer, 2013 

The flow fields for the combined nasal-oral upper airway were conducted by Kolanjiyil & Kleinstreuer 

(2013) (115) which have been referred to validate a similar enhanced combined nasal-oral upper airway 

as discussed in Section 3.2.2. The obtained results from the geometry are presented in figure 4.11. The 

left side in the figure represents the magnitude of the velocity inside geometry and the right side 

represents the turbulent kinetic energy in the geometry. The nasal and the oral-tracheal regions are 

shown separately due to the different planar orientations of the geometry which represents the 

combined upper airways more realistically than most of the previous studies conducted in the literature. 

 

Figure 4.13: Velocity and Turbulent Kinetic Energy contours for combined nasal-oral upper airways 
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As discussed earlier, we can see that the flow velocity increases upon encountering the sudden 90° turn 

in the geometry around the nostrils and the same can be confirmed with the high turbulence kinetic 

energy values in the same regions in the figure 4.13. 

The nasal-oral upper airway geometry in the present study differs from that used by Kolanjiyil and 

Kleinstreuer (67). The geometry used in this study is more realistic, in the sense that the present 

geometry extends the lung generations in a number of non-planar orientations, the oral geometry is 

attached to the upper airways and the laryngeal –tracheal region is more accurately described due to 

the latest MRI scans available. The velocity magnitudes differ a bit from the previously published data 

but the flow patterns are exactly as expected. However, in the further Section (4.2.3.2), during the 

particle deposition comparison it will be evident that the deposition is well matched with the earlier 

published data and the experimental data. 

 

4.3.3 Particle Deposition Comparisons 

4.3.3.1 Comparison with Calmet et  al., 2018 

Figure 4.14 shows the particle deposition patterns for spheres of the size 2 μm, 10 μm and 20 μm. We 

can see that the nasal deposition is highly dependent on the particle size of the spheres, this is because 

the smaller particles tend to follow the streamlines and a majority of them are removed through the 

outlet (here, nasopharynx) and the larger particles are affected by the greater mass and deposit in the 

nasal region due to the effects of inertia overpowering their tendency to follow the streamlines. 
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Figure 4.14: Particle deposition at 20 LPM flow rate for (a) 2 μm (b) 10 μm and (c) 20 μm particles 

 

Figure 4.15 shows the comparison of the values obtained for the total nasal deposition efficiency in the 

present simulations using OpenFOAM® and the simulations conducted by Calmet et  al. (2018) (114).  

The slight offset in the values obtained could be due to the amount of particles injected in order to run 

the simulations, however, the results are well within the limits. 

 



 

105 
 

 

Figure 4.15: Deposition Efficiency comparison with Calmet et  al., 2018 (114). 

 

4.3.3.2 Comparisons with Kolanjiyil & Kleinstreuer, 2013 

The above section deals with the particle deposition in the nasal cavity for micron-sized particles, 

whereas the study by Kolanjiyil & Kleinstreuer (2013) (115), is focused around the particle deposition for 

the combined nasal-oral upper airway particle deposition for Nano Particles (NPs). The results for the 

present simulations, simulations by Kolanjiyil & Kleinstreuer (115) and the in vitro results by Cheng et  al. 

(110) and Kelly et  al. (111) have been condensed and presented into one graph in figure 4.16. The 

simulation tool used by Kolanjiyil & Kleinstreuer in the study was Ansys® CFX whereas the present 

simulation was conducted on OpenFOAM®.  
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Figure 4.16: Nanoparticle deposition comparison with Arun et  al., 2013 (115) and others. 

4.3.4 Physiologically-based Pharmacokinetic Model Validation 

4.3.4.1 Introduction 

As described in Section 2.7 about the various mathematical equations that describe a PBPK model, these 

equations form a system of equations which can be linear or non-linear. These equations, as described, 

represent the mathematical form of the compartments (tissues or a group of tissues) of the human 

body. The amount of drug or concentration of the drug is represented as a variable and the system of 

linear equations are solves using numerical methods in order to arrive at a solution. These schemes 

depend on the accuracy and precision of the solver, and sometimes also on the kind of equations we 
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deal with. Since the present simulations for CFD study are done using OpenFOAM which is an open 

source toolbox, it also provides ODE (ordinary differential equation) solvers in order to solve this system 

of linear equations. Some ODE solvers that OpenFOAM provides are described in Table 4.8.  

Table 4.8: ODE Solvers available in OpenFOAM. 

Solver Syntax Description 

Euler Euler-implicit integration scheme 

Euler SI Semi-implicit Euler ODE solver of order (0)1 

RKCK45 4/5th Order Cash-Karp Runge-Kutta ODE solver 

SIBS 
A semi-implicit mid-point solver for stiff systems 

of ordinary differential equations 

Trapezoid Trapezoidal ODE solver of order (1)2 

 

As stated earlier, in order to establish the accuracy and dependability on the solvers, some previous 

studies need to be validated using the currently used commercial softwares/solvers. In lieu of the same, 

for the validation of these ODE solvers, some existing PBPK studies have been validated in the following 

sections. 

4.3.4.2 Comparison with Katz et  al., 2015 

Inert gases like Xenon and Argon have been extensively used for medical uses and gas anaesthetics. 

There are a number of experimental techniques and models which have previously been defined for the 

pharmacokinetic (PK) analysis of gas anaesthetics by Lockwood and colleagues (116, 117). The paper by 
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Katz et  al., 2015 (108) described a physiologically based pharmacokinetic (PBPK) model for humans, pigs 

and rats to investigate the unique aspect of inert gas therapies. The model assumes: absorption in all 

compartments is assumed to be perfusion limited, no metabolism of gases occurs, and excretion is only 

the reverse process of absorption through lungs and exhaled. This parameter based model by Katz et  al. 

is validated with the numerical data published by Lockwood et  al. (117). The model formed by Katz et  

al. is shown in figure 4.17 and the parameters used for the different animals are summarized in table 

4.9. A similar model was create in OpenFOAM for the present simulations and validated with the model 

by Katz et  al., for which the results are shown in figures 4.18 and 4.19. The model was defined using 

mathematical equations for the concentration transport inside the different tissue compartments as 

depicted in the figure 4.17. Some useful equations for the model have been listed below.  

         
      

  
 (

     

   
)  (4.33) 

Where, R = 8314.4621 Pa.L.mol-1 is the universal gas constant, T = 298 K is the ambient temperature and 

the total pressure is assumed to be Ptotal = 1 atm = 1.01325 x 105 Pa. 

        
       

              
 (4.34) 

Where         is the concentration in the tissue for the compartment, and                is the partition 

coefficient for that tissue compartment and blood.  

The gas exchange differential equation for the compartments is, 

  

        

  
 

       

       
 (          

       

              
) (4.35) 
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Where,         and         are the perfusion and volume for the compartment, respectively, and 

          is the concentration in the arterial blood supply. 

 

Figure 4.17: Pharmacokinetic model and species flow representation (108) 
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Table 4.9: Physiological data and partition coefficients used for the model. 

Parameter Rat Pig Human 

Body Weight (kg) 0.18  3.6 70 

Alveolar Ventilation (L.min-1) 0.117 2.34 4.875 

Cardiac Output (L.min-1) 0.083 2.060 6.0 

Perfusion per compartment (as a fraction of Cardiac Output) 

Fat (Richly Perfused) 0.09 0.1747 0.04 

Fat (Poorly Perfused) NA NA 0.01 

Liver 0.25 0.3052 0.26 

Richly Perfused Tissue 0.484 0.1829 0.3303 

Poorly Perfused Tissue NA 0.553 0.01 

Muscle 0.15 0.2523 0.24 

Brain 0.026 0.0296 0.093 

Volumes (fraction of Body Weight) 

Arterial blood 0.0167 0.018 0.0209 

Venous blood 0.050 0.042 0.0545 

Lung blood 0.0074 NA 0.00245 
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Table 4.9 Continued 

Fat (Richly Perfused) 0.07 NA 0.09 

Fat (Poorly Perfused) NA NA 0.09 

Liver 0.04 0.0294 0.06 

Richly perfused tissue 0.04497 0.0697 0.0624 

Poorly perfused tissue NA 0.1269 0.24 

Muscle 0.676 0.4 0.44 

Brain 0.0003 0.004 0.0176 

Partition coefficients for Xenon 

Blood:Gas 0.207 0.11 0.14 

Fat:Blood 6.2802 11.8182 9.287 

Liver:Blood 0.7246 1.3636 1.071 

Richly perfused tissue:Blood 0.7229 1.3774 1.071 

Poorly perfused tissue:Blood 0.7246 1.3636 1.071 

Muscle:Blood 0.7246 1.3636 1.071 

Brain:Blood 1.015 1.233 1.123 
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Figure 4.18: Xenon concentrations in human for 1 hr administration. 

 

Figure 4.19: Xenon concentrations in arterial blood for various animals. 
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4.3.4.3 Comparison with Kolanjiyil & Kleinstreuer, 2013 

As an extension to the earlier publication, Kolanjiyil and Kleinstreuer, 2013a, this second part of the 

publication (Kolanjiyil and Kleinstreuer, 2013b (118)) represents the transfer of the deposited 

nanoparticles from the site of deposition to the different regions in the body through the nasal 

architecture of mucous, epithelium and olfactory regions. This bio-kinetics of the deposited 

nanoparticles was described using a multi-compartment model which is as shown in Figure 4.20.  

Here the compartments are described with the general mass balance equations given by equation 4.36 

   

  
 ∑                 (4.36) 

Where,    being the amount of material  . The mass transfer rate between compartments is  , where 

    denotes the rate of material being transferred from compartment i to compartment j while Di is the 

rate of material injected into the compartment from the exterior. 

The figure 4.20 shows the multi-compartment model with the flow of quantities in the system and the 

different rate constants that would be used in the model. The exterior input to the compartments which 

are described by D1, D2, D3 and D4 are the deposition fractions which are a result of the previous 

computer simulations on the nasal-upper airway geometry with inhalation of nano-particle data. Hence, 

in a way, this is a hybrid model which utilized the computer simulated data conducting the CF-PD in the 

nasal region, getting the accurate deposition regions for each geometry of the lung and then feeding the 

deposition data into another model describing the kinetics and transfer of the particles in the body. 

 



 

114 
 

 

Figure 4.20: Multi-compartment model to describe the bio-kinetics of deposited particles. 

Hence, Section 4.2.2.2, Section 4.2.3.2 and the current section can be treated in a sequential order 

where first, the airflow results were matched and confirmed, next, the particle deposition simulations 

were conducted on the geometry and lastly, the deposited fractions of the particles was fed into the 

multi-compartment model to determine the concentrations in the various parts of the body. The 

simulations conducted by Kolanjiyil & Kleinstreuer (2013a, 2013b) (67, 118) were using ANSYS CFX® (for 

CF-PD) and MATLAB® (for multi-compartment model), whereas for the present simulation, only 

OpenFOAM® was used to produce the results. The results obtained after the successful combination of 

the CF-PD and Multi-compartment module are as presented in the following figures (4.21 to 4.23). 
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Figure 4.21: Amount of Nanoparticles translocated to the Blood Circulatory system. 

 

Figure 4.22: Amount of Nanoparticles translocated to the Lymphatic system. 
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Figure 4.23: Amount of Nanoparticles translocated to the Other Organs. 

4.3.5 Hybrid CFD-PBPK Model Validation 

4.3.5.1 Introduction 

Once the CFD and the PBPK models have been individually validated in the earlier presented Sections, it 

is important to bridge the gap between these two individual modules. The main purpose of the 

connection between the CFD and the PBPK approaches is the realistic representation of the drug 

dissolution and uptake inside the body after the administration. The uptake using the CFD module is 

dependent on the type of inhaled drugs or gases. The important parameters to be considered for the 

drug dissolution and the subsequent uptake are the stability constant (log K), solubility and the diffusion 

coefficients. An important parameter is also the velocity at which the mucus is regularly secreted and 

replenished in the different regions of the nasal or the oral cavity.  
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The following Section compares the results of a present simulations in OpenFOAM® for an anaesthetic 

gas (Xenon) incorporating the CFD and the subsequent PBPK modelling in order to simulate the plasma 

blood concentration of Xenon with an earlier similar CFD-PBPK study by Haghnegahdar et  al. (2019) (12) 

with CFD simulations performed in Ansys Fluent®. 

 

4.3.5.2 Comparisons with Haghnegahdar et  al. 2019 

Xenon as an anaesthetic gas (AG) is of particular interest since it is highly unreactive and insoluble in the 

human tissue (Goto et  al, 1997 (119)). It is also significantly more efficient than other clinically used AG 

with a rapid induction and later rapid emergence from unconsciousness (Goto et  al., 1998 (120), 

Sanders et  al., 2003 (121)). Although Xenon as an AG has a lot of benefits, it is important to study the 

pharmacokinetics (PK) of the administration of Xenon in order to control the amount of administered 

gas to avoid the health risks associated with the over administration of Xenon to subjects during 

unconsciousness. A number of publications have presented results based on the extrapolation of the 

inhalation of AG from animals like pigs and rats to humans (Nalos et  al. 2001 (122)). PBPK models 

describing the translocation of Xenon from the administration to the different organs in the body has 

also been presented previously (Lockwood 2010 (117)). These earlier PK studies with in vivo results by 

Nalos et  al. (122) and the mathematical model results of a PBPK module by Lockwood (117) have been 

jointly validated by Katz et  al. (2015) (108). The PBPK model by Katz et  al., has been replicated in-house 

using OpenFOAM® and the comparison of these results can be found in Section 4.3.2. While validating 

the Haghnegahdar et  al. CFD-PBPK module, the PBPK end of the study is by using the PBPK module by 

Katz et  al. 
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While simulating the CFD aspect of the study, the Xenon AG is simulated as a gas species in the air flow 

field for different inhalation cases in order to represent the different inhalation breathing scenarios. The 

3 inhalation scenarios considered are: 

A. Case 1: Realistic inhalation breathing pattern (Scheinherr et  al., 2015 (123)) which has a 1.76-s 

inhalation period.  

B. Case 2: Inhalation at constant flow rate of 15 L/min for 2.0 seconds. 

C. Case 3: Inhalation at constant flow rate of 15 L/min for 1.5 seconds. 

Figure 4.24 summarizes the different case scenarios that have been considered in this study. 
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Figure 4.24: Inhalation waveforms for different cases considered in the present simulation. 

 

The governing equations for the CFD simulations are given as following: 

1. Continuity Equation 

  

  
 

 (   )
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2. Momentum Equation 
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Where,    is the gas mixture molecular dynamic viscosity,   is the density of the mixture, and    is the 

turbulent viscosity. 

3. Scalar Transport equation for AG species 
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(4.39) 

Where Y is the mass fraction of the Xenon species,      is the binary diffusivity of the species,    = 0.9 is 

the turbulence Schmidt number. 

4. Third-type Boundary Conditions for Gas absorption at walls 

To calculate the xenon absorption rate, the third-type of boundary conditions as employed in a previous 

study by Feng et  al. (2016) (124) as they have been shown to be more accurate and closer to realistic 

condition than the first-type boundary conditions. These third-type of boundary conditions can be given 

by: 
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Where    represents the mass fraction of xenon in the mucus membrane lining,    is the control volume 

face surface, and    is the outward unit normal vector of   . The absorption coefficient is defined 

according to the two-resistance model as (Treybal 1980 (125)): 

   
    

            
 

(4.41) 

Where      and       denote the diffusivity of the gas species in the mucus layers and the Henry’s law 

constant respectively. Constant mucus layer thickness    = 10    is assumed at all inner walls.  
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In this study    = 0 is assumed, which indicates a rapid removal of xenon via the blood circulation. Some 

constants used in the above equations have been summarized in Table 4.10 along with other properties 

of the xenon gas. 

 

Table 4.10: Properties for the CFD model setup. 

Pressure [atm] 1.0 

Temperature [ K ] 310.15 

Inlet Flow rate [ L/min ] See Figure 4.22 

Inlet Diameter [ mm ] 20 

Xenon Density [ kg/m3 ]  5.710 

Xenon Viscosity [ kg/m/s ] 2.32 e-05 

Inlet Mass Fraction 0.888 

Xenon Diffusivity in Water  [ m2/s ] 3.79 e-09 

Xenon Diffusivity in Gas Phase [ m2/s ] 1.37 e-05 

Dimensionless Henry’s constant 7.48 e-07 

Absorption Coefficient [ 1/m ]  3.67 e+07 

 

The PBPK model parameters have been summarized earlier in Section 4.3.2 with the help of Table 4.9. 



 

122 
 

In order to link the CFD and the PBPK models to give a realistic translocation of the inhaled Xenon gas, 

some post-processing steps are needed in order accomplish the integration. The absorbed xenon 

through the walls is calculated first using the total area-averaged mass fraction      as follows: 

     
∑           

∑       
  (4.42) 

Then, the uptake concentration       can be calculated as  

      ∑
       (  )

      
 (4.43) 

Where     ∑        is the regional surface area and BV is denotes the breathing volume which is 

calculated using: 

    ∫ ( )  

 

 

 (4.44) 

Where  ( ) is the transient volumetric flow rate. The TRANSIT model is employed in the study as, 

               (   )      (4.45) 

where        is the regional uptake concentration at the tissue compartment i, Specifically, i = 1 means 

the epithelium and i = 2 means the sub-epithelium. The inlet to the first compartment (i = 1) is equal to 

the uptake concentration        =      . Hence, the equation for the arterial blood concentration of the 

Xenon gas uptake can be given as, 

      
(           )  (       )  (           ) ∑      

   
      

  

        (4.46) 
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Where      represents the transient xenon concentration escaping from the CFD domain and entering 

distal airways.  

The evolution of the mass fraction according to the different cases is presented in the following figure. 

The cases are as defined in the Figure 4.24. Figure 4.25 and 4.26 depict the time evolution for an inlet of 

67% Xenon by mass for Case 1 at different time steps during the simulation. Figure 4.27 and 4.28 show 

the similar time evolutions for Case 2 and Case 3 respectively. The model geometry considered in the 

present simulations is as described in Section 3.2.1, for which the flow velocities has been extensively 

validated in previous studies by the group. The figures depict the normalized mass fraction which is the 

ratio between the local mass fraction to the inlet mass fraction.  

 

Figure 4.25: Volume rendered normalized xenon mass fractions at different times for Case 1. 
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Figure 4.26: Volume rendered normalized xenon mass fractions at different times for Case 1. 

 

Figure 4.27: Volume rendered normalized xenon mass fractions at different times for Case 2. 

The differences in the Xenon absorption for the unsteady (Case 1) and steady (Cases 2 and 3) inhalation 

rates can be seen in the figures. For the steady inhalation rates, the absorption amount can be seem to 
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be almost equal after a particular amount. This amount is lesser than that during the unsteady 

inhalation in Case 1. In Case 1, due to the increased flow rates of inhalation, more xenon mass reaches 

the deeper lung and hence a greater Xenon uptake in the lower airways.  

 

 

Figure 4.28: Volume rendered normalized xenon mass fractions at different times for Case 3. 

 

Compared to the PBPK models presented earlier (Katz et  al., 2015 (108), Lockwood 2010 (117)), the 

present CFD-PBPK model is more advantageous due to a more realistic input data in the PBPK model 

from the CFD simulations. Figure 4.29 and Figure 4.30 shows the plasma concentration of the Xenon 

after inputting the simulated CFD model results for the various cases simulated. Figure 4.29 shows the 

arterial concentrations for 67% Xenon inhalation from 0 to 5 minutes and Figure 4.30 shows the same 

over an extended period of 60 minutes where the inhalation takes place. We can clearly see that the 

Case 1 has a higher Xenon uptake in the arterial concentrations than Case 2, which has more uptake 
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than Case 3. This is due to the high inhaled tidal volume during the different inhalation conditions. 

However, all the three cases do follow a similar trend in reaching the maximum arterial concentrations. 

These trend lines and the difference between the uptake concentrations match with the previously 

published CFD – PBPK article by Haghnegahdar et  al., 2019 (12). Figure 4.31 shows the concentration in 

the arterial plasma after the 60-minute inhalation period. The inhalation stops after 60-minutes and the 

reduction in the plasma concentration over the time period is shown in the Figure. 

 

 

Figure 4.29: Comparison of Xenon arterial concentrations for 0 to 5 minutes over a 60-minute period 

after inhalation of 67% Xenon for different Inhalation patterns 
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Figure 4.30: Comparison of Xenon arterial concentrations for 60-minute period after inhalation of 67% 

Xenon for different Inhalation patterns 
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Figure 4.31: Comparison of Xenon arterial concentrations after 60-minute period after inhalation of 67% 

Xenon for different Inhalation patterns. Zoomed in image depicting the curve for diminishing 

concentration after the inhalation process is completed. 

 

4.3.5.3 Comparison with Rygg et  al. 2016 

The study of the intranasal corticosteroids has been in focus recently due to the extensive use of the 

technique to treat the problems local to the nasal cavity (like inflammation) with a non-invasive drug 

delivery type. Analysis of the extent of the drug uptake through the nasal cavity is particular challenging 

experimentally, as discussed in the earlier sections, because of the complex nasal geometries and the 

immense subject specificity of these geometries. An improved way of determining the uptake is 

determining the plasma concentration upon the uptake of the inhaled corticosteroids. A number of 

published articles have reported the systemic bioavailability of the drugs via different administrative 



 

129 
 

routes like intravenous (14), orally inhaled (126) and intranasal (14, 107, 127). Usually the efficiency of 

the intranasal corticosteroids is represented as the absolute bioavailability Fabs, which is defined as 

below in equation 4.25 

         
            

            
 

(4.47) 

AUC – Area under the curve 

D – Dose 

IV – Intravenous 

 

 

The dissolution model created in house was used to compare the results with the CFD-PK model that 

was earlier created by Rygg et  al. (127). The model considered the compartments as shown in the 

accompanying figure 4.32 

 

Figure 4.32: Nasal PK model by Rygg et  al. (127) . 
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The compartments are defined mathematically by first-order kinetic equations where the rate constants 

are defined by ‘k’ in the above figure. The present simulation differs from that by Rygg et  al. (127) by 

the dimensionality of the solution. Rygg & Longest (10) developed an absorption model which 

represented the nasal surface area onto a projected 2D surface on which the mucous layer and the 

subsequent uptake was modelled. Whereas the present model which was developed by Sriram and 

colleagues was capable of modelling the dissolution kinetics in the nasal region using a 3D geometry. 

Hence, although for this comparison the number of compartments was kept similar, the rate constants 

had to be tweaked a bit in order to distinguish the different nature of the 2D and the 3D modelling since 

the 3D modelling is more realistic. Table 4.11 compares the parameters used in the two studies: 

Table 4.11: Comparison of Parameters. 

Parameters (h-1) Rygg et  al. (127) Present Simulation 

Kp 2.16 1.5 

K12 47.52 25.37 

K21 2.16 5.0 

Kbind 2.88 1.1 

Kelim 0.119 0.119 

 

The system of ODEs was solved using the Runge-Kutta solvers in OpenFOAM® and the plasma 

concentration was compared with the Daley-Yates et  al. (107)experimental paper which reported 

maximum concentration, and the time at which the maximum concentration occurs, an average for the 

14 volunteers. Figure 4.33 shows the simulated plasma concentration. 



 

131 
 

 

Figure 4.33: Mometasone Furoate plasma concentration for 800μg dose. 

From the above simulation, the AUC is determined using the trapezoidal rule for area under a plot and 

the Fabs calculated is reported alongside that from previous studies in table 4.12 

 

Table 4.12: Comparison of absolute bioavailabilities. 

 Present Simulation Rygg et  al. (107) Daley-Yates et  al. (107, 

127) 

     0.484 0.462 0.46 
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Chapter 5. Results and Discussion 

In the previous chapter, extensive CFD-PBPK-model validations have been presented, which now lead to 

new simulation results for the disposition of inhaled aerosols in the human respiratory tract and 

subsequently their fate in systemic regions. The various airway geometries described in Sections 3.2 and 

3.3 are selectively used to obtain simulation results with the novel CFD-PBPK models. Specifically, the 

simulations have been carried out using the open-source software OpenFOAM® as described in Section 

4.1. The available solvers have been customized in order to suit the needs for this project solution, and 

all the mathematical models to describe the kinetics of the deposited aerosol have been solved by 

modifying the existing ordinary differential equation (ODE) solvers in OpenFOAM®. 

A link of the physiologically based pharmacokinetics (PBPK) model with the computational fluid 

dynamics (CFD) technique has been established in a number of ways. In one case, the inhaled substance 

is an anaesthetic gas, Xenon [Xe], and its subsequent impact on the human body through the blood flow. 

Xenon was selected because of its broad applications in the anaesthetic industries. Being a noble gas, 

Xenon is non-reactive with the toxins in the body and hence is highly efficient in providing anaesthesia. 

Other applications of the hybrid CFD-PBPK models are inhaled drugs, such as inhaled corticosteroids like 

mometasone furoate, budesonide and fluticasone propionate which are used to reduce the 

inflammation in the nasal cavity, to determine their nasal and lung airway transport, deposition and 

uptake with subsequent migration into the systemic region of the dissolved drug (or nanodrug). Clearly, 

airway-wall uptake values of the administered drugs obtained from the CFD simulations are the input 

data for the PBPK model. Thus, it is important to address and implement the various characteristics of 

the administered medicine, whether it is a liquid/solid aerosol or a gas.  
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5.1 Nasal CFD-PBPK model 

In order to link CFD deposition results with PBPK modeling, a mathematical model is needed to describe 

the kinetics of the inhaled substances, their subsequent uptake in the blood stream, and 

accumulation/depletion in tissue and organs. As validated in Section 4.4.3, the nasal PK model is capable 

of providing the concentrations of the inhaled aerosol in the blood stream. Upon duplicating the results 

of Rygg et al. (11) as shown in Figure 4.33 (Section 4.3.5.3), we can then compare the absolute 

bioavailability for the intranasal administration of a particular dosage. A simpler, in-house model has 

been developed which describes the kinetics from the inhalation site to the blood plasma and its 

temporal drug concentrations. Figure 5.1 shows the simplified two-compartment model, which 

describes the kinetics in the human nasal region. Table 5.1 lists the various parameters used for this 

model.  

 

 

Figure 5.1: In-house nasal PK model. 
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The parameters for the nasally administered drugs are described in detailed by Gonda (104, 105), where 

the different rates of degradation, absorption, binding and elimination have been measured for a 

particular set of drugs. Based on the range of parameters provided in the studies by Gonda, the simple 

PBPK model was parameterized based on the experimental data by Daley-Yates et al. (107) to match the 

(         ) point in the study. The experimental study provided only one measurement, as that was 

the point that was above the line of quantification (LOQ). LOQ is the minimum concentration of the drug 

concentration in the blood plasma that can be detected using experimental probes. Hence, the 

maximum concentration and the time at which the maximum concentration occurs is considered to be a 

peak point to be provided to parameterize the computational nasal PK model. The following parameters 

in Table 5.1 are based on a number of trials for the different parameters. 

Table 5.1: Mometasone furoate parameter values (104, 105) used for the nasal CFD-PBPK model. 

Rate of Degradation (h-1) Kdeg 0.95 

Rate of Absorption (h-1) Kabs 0.35 

Rate of Elimination (h-1) Kelim 0.119 

Rate of Binding (h-1)  Kbind 2.25 

 

Some corticosteroids, eg, Budesonide (BUD), are well absorbed through the nasal mucosa directly into 

the systemic circulation (128). In contrast, Fluticasone Propionate (FP) and Mometasone Furoate (MF) 

are poorly absorbed because of their lipophilicity. When the area under the concentration-time curve 

after intranasal administration (refer to Fig. 5.2) is compared with that for intravenous administration, 
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the absolute systemic availability (    ) can be calculated as in Equation 5.1. For both FP (129) and MF 

(130) the systemic availability is very low (14).  

         
            

            
 

(5.1) 

AUC – Area under the curve 

D – Dose 

IV – Intravenous 

 

 

Once in the systemic circulation, many corticosteroids are highly bound by the plasma albumin. The 

degree of blood-protein binding for several corticosteroids has been determined, including TAA (71%), 

FLU (80%), BDP (87%), BUD (88%), and FP (90%), while data for MF were unavailable (131). However, 

data for the lipophilicity and the solubility of MF and FP are closely related; hence, it can be safe to 

assume that the protein binding of MF is between that of BUD and FP. This rate of protein binding then 

is quite high compared to the rest of the parameters as can be seen in Table 5.2 below.  

For example, the drug-elimination constant depends on the clearance rate and volume of distribution. 

Specifically, 

   
    

   
 (5.9) 
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)

     
 

(5.10) 
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 (5.11) 

These calculation yields for fluticasone a kelim value of 0.119 (h-1). 

Table 5.2: Blood Protein binding for different corticosteroid drugs 

Type of Drugs % Blood-Protein Binding 

Triamcinolone Acetonide (TAA) 71 

Fluinisolide (FLU) 80 

Beclomethasone Dipropionate(BDP) 87 

Budesonide (BUD) 88 

Fluticasone Propionate(FP) 90 

 

In the above equations, CL is the clearance rate described as (L/hr) rate of removal of the drugs from the 

body, V is described in (L) and hence the parameters considered in this study, all have a unit of (h-1). 

The volume of distribution (V) is a classic pharmacokinetic parameter derived from intravenous drug 

administration (14). It reflects the tissue distribution of the drug, where higher V-values indicate larger 

drug amounts being either protein bound or occur in peripheral tissues outside of the systemic 

circulation. As the lipophilicity of a corticosteroid increases, so does the volume of distribution. For 

example, fluticasone has an unusually large volume of distribution, in keeping with its high lipophilicity 

(131). The clearance rate (CL) is similar for most of the second-generation intranasal corticosteroids 

(INCS). It is close to the rate of hepatic blood flow, which would be the maximum clearance for drugs 
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primarily metabolized by the liver (131). Half-life (t1⁄2 ) is a function of clearance rate (CL) and volume 

(V). The rate of elimination is calculated using the CL, V and t1⁄2 in Equations (5.9 to 5.11) which use the 

data from intravenous administration as described in many publications (see Affrime et al. (126) and 

Daley-Yates et al. (107); among others). For an intravenous dose of 1000 μg, the area under the curve 

(AUC) is 17557 pg.h/ml and the half-life (t1⁄2) is 5.7 hours. 

Figure 5.2 compares the different experimental and simulated results for the CFD-PK kinetics of the 

nasal region when intra-nasally administered corticosteroids were used. The green curve, depicting the 

‘Rygg model fit’, is the one where the present, more accurate and realistic, 3D simulation data were fed 

into the PK model of Rygg et al. (11) (as described in Figure 4.32); however, employing the transfer-

parameter values that Rygg et al. (1) had provided. 
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Figure 5.2: Comparison of different published data for 800μg of MF administered intranasal. 

It is of interest to note the exponential nature of the simulated data published by Rygg et al. (11). This 

occurs due to the rapid uptake of Mometasone Furoate (MF) in the nasal cavity. Despite the poor 

solubility of MF (0.02 mg/ml), the mucociliary clearance aids in the rapid removal of the inhaled drug 

from the nasal deposition site to the epithelial tissue from where subsequently the drug reaches the 

blood stream. The simulated plasma curve for different doses is as shown in Figure 5.2 alongside the 

comparison with Daley-Yates et al. (107). The ‘nabla’ symbol in the graphs indicate the              data 

pair as reported by Daley-Yates et al. (107) for an 800 g dosage.      is the maximum concentration 

that occurs in the blood plasma and      is the time at which the      occurs. The results obtained in 

the present simulation are compared with that in the literature in Table 5.3 
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Table 5.3: Comparison of results obtained in present study with experimental study for Mometasone 

Furoate aqueous nasal spray. 

Study Administration Cmax 
a( pg/ml ) tmax 

b( h ) AUCc ( pg.h/ml ) 
Absolute 

Bioavailabilityd 

400 µg 

In-house 

Nasal CFD-PK 
Intranasal 13.298 0.68 45.35 0.47 % 

800 µg 

Daley-Yates et 

al. (107) 
Intranasal 25.5 0.75 ± 0.2 64.0 0.46 % 

In-house 

Nasal CFD-PK 
Intranasal 25.3 0.7 68.3 0.48 % 

a – Maximum plasma concentration 

b- Time at which the maximum plasma concentration is reached 

c – Area under Curve (AUC) for the time simulated 

d – Absolute Bioavailability = 100*( AUCnasal x DoseIV )/( AUCIV x Dosenasal ) 

The difference in trend of the present results and the two c(t)-curves related to Rygg et al. (11) is due to 

their simpler 2D model and neglecting a residual concentration in the nasal cavity.  Figure 5.3 shows the 

cumulative uptake (%) of the inhaled drug and the blood concentration for a dosage of 50μg. 

The trends in the simulation by Rygg et al. (11) and the present simulation do not quite match because 

the published paper depicts an exponential decrease to a zero drug concentration in the blood after 8 

hours for intra-nasally administered 800μg of MF. Considering the present simpler, but more realistic 
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results, one can detect some amount of drug in the plasma still available after 8 hours as confirmed by 

experimental evidence (126). 

 

Figure 5.3: Blood concentration and cumulative uptake % for 50μg MF. 

The cumulative uptake of the three generic FDA drugs namely Mometasone Furoate, Flunisolide and 

Ribavirin are provided in Figure 5.4. These data were simulated using the 3D dissolution model by S. 

Chari et al. (2021) which discusses the role of the octanol-to-water partition coefficient (kow) in the 

formulation of the drugs and how it affects the nasal uptake. 
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Figure 5.4: Cumulative uptake concentration for three generic drugs (S. Chari et al. (2021)) . 

Based on the simulated cumulative uptake concentrations, the blood plasma concentrations of the three 

generic drugs are presented in Figure 5.5.  
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Figure 5.5: Blood plasma concentrations for the three generic drugs. 

Although the uptake curves for the two drugs – Mometasone Furoate and Flunisolide are almost 

identical, the plasma concentrations differ due to the different elimination parameters in the body. 

Similarly, the concentrations of Ribavirin rise slowly in the systemic region due to the delayed uptake 

which is a result of the very low octanol/water coefficient. 

The cumulative uptake for 50μg reaches almost 60% of the initial dose within one hour; however, this is 

not true for all the dosages. Upon simulating the different dosages, we can arrive at a broader 

understanding about the realistic uptake, taking place in the nasal cavity, which was missing in the 

earlier published articles. 
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Figure 5.6: Cumulative uptake concentrations for different doses of Mometasone Furoate (MF) . 

It is evident from Figure 5.6 that with an increase in the dosage of the same drug, the cumulative uptake 

concentration slows down over time. This is because the amount of dosage is directly connected to the 

local concentrations that form the driving force. As the drug amount administered increases, there is an 

accumulation at the mucus layer. With drugs of lower solubility, the uptake concentration is much lower 

for increased dosages. For example, a regular amount released from an aqueous nasal spray, say, 50 g, 

results in a more rapid uptake when compared to higher dosages delivered with multiple sprays at time. 

Mometasone furoate (MF) is minimally absorbed when administered as an intranasal spray (85). 

Bioavailability was ≤ 0.1% in a study in which healthy adults received a single intranasal dose of MF 

400μg. In the majority of patients at most time-points, the blood concentration of MF was below the 

limit of quantification (LOQ - 50 pg/mL) of the assay used. Following administration of a single dose of 

intranasal MF 400μg, the peak plasma concentration (Cmax) was also below the limit of quantification (50 

pg/mL) of the assay used. MF plasma concentrations were not quantifiable in 99% of 281 samples taken 

0.5, 1 and 2 hours after intranasal administration of MF 50, 100 or 200μg on days 1 and 7 of a 7-day, 
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once-daily treatment course in 48 children (ages 6 to 12 years) with allergic rhinitis. In the remaining 

two samples, MF concentrations were 50.8 and 52.3 pg/mL, respectively (85). 

        Figure 5.7 compares the results from different experimental paper for 400μg of MF that was 

administered three ways: intravenous (IV), oral inhalation using a dry powder inhaler (DPI), and inhaled 

via a metered dose inhaler (MDI).  

 

Figure 5.7: Comparison of a single 400μg MF dosage administered through different routes. 

Figure 5.7 clearly depicts the stark differences in the different administration techniques for the 

corticosteroids. The invasive technique, which is the intravenous (IV) administration, is the one with the 

highest visibility (in terms of concentration inside the blood plasma). This high availability can be a cause 
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of a number of adverse effects as they exceed the systemic bioavailability. The inhaled route of 

exposure via dry powder inhalers (DPIs) and metered-dose inhalers (MDIs) result in a lesser 

visibility/availability in the blood plasma. However, they remain below the Line of Quantification (LOQ), 

which is determined based on well-defined acceptance criteria for accuracy and precision. It presently 

represents the lowest concentration that could be accurately determined using HPLC/MS/MS 

technology (126). The symbols indicate the mean values that are averaged over the number of subjects 

chosen for the particular study and since most of the values were below the LOQ, the mean values fall 

beneath that line. The results with DPI and MDI-AP administration are consistent with studies using 

intranasal administration of MF that demonstrated minimal systemic activity of MF (85). The graph also 

plots the concentrations obtained from the present simulation for intranasal administration of MF and 

compares it with the other routes of administration. The resultant bioavailability is less than 1%, which 

is consistent with the data in the literature for MF (14, 85, 126). The interesting thing about the present 

simulations is that it predicts the residual concentrations in the blood plasma instead of the exponential 

nature in case of the study by Rygg et al. (11), as compared in Figure 5.2. This residual concentration 

prediction is in the limit that the other route of administrations show through the experimental results 

as compared in Figure 5.7 where the concentrations do not approach zero, even after 10 hours.  

As for the plasma concentration for the different dosages, Figure 5.8 shows clearly the extent to which 

each amount ends up in the blood. Upon increasing the dose amount from 50μg to 800μg, the curve 

trends behave slightly different in the initial stages. As the amount of drug increases, its concentration 

at the epithelial walls increases, resulting in higher uptakes. The slightly different increase for the 800μg 

case is because of the way of drug injection. Due to the high quantity, the 800μg is divided into sets of 

50μg dosages. In experimental studies as well, the patients are given 50μg at an interval of 30-60 

seconds in order to reduce the run-off of the drug caused by the excessive injection of aqueous solution 

in the nostrils (107). This explains the slightly different trend for the 800μg drug dosage. Overall, the 
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trends differ in the total plasma concentrations due to the amount of the dose. Also, for 200μg and 

higher, a maximum concentration is reached somewhere around 0.6 hours that is due to the faster 

saturation in the epithelial tissue because the amount of drug that limits the driving force. The drug 

particles accumulate on the epithelial surface and the concentration then reduces, achieving a residual 

concentration before completely diminishing.  

 

Figure 5.8: Comparison of plasma concentration for different MF doses. 

Another important factor for the uptake is the solubility (Cs) of the drug. Different solubility values were 

considered for a drug that has everything else similar to that of MF (see Figure 5.9). 
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Figure 5.9: Plasma concentration curves for different solubility for a 50μg dose. 

Upon increasing the solubility of the drug, a more rapid absorption of the drug occurs from the nasal 

mucosa to the blood stream, which results in a higher peak of the blood concentration curve. The drug 

simultaneously has a rapid elimination from the blood. These two processes are desirable for the 

production of the drug that shows rapid effectiveness at the site of action and shorter residence time in 

the blood stream to reduce the chances of any side effects. 

The results in the present simulations results have been taken from realistic CFD simulation employing 

the Noyes-Whitney dissolution model for the inhaled drug particles (see S. Chari PhD dissertation, 2021, 

MAE Department, NC State University). The realistic mucous movement in the nasal cavity has been 

considered and the particles are injected assuming that by a nasal spray which results in 80-to-20 



 

148 
 

depositions in the anterior vs. the posterior part of the nasal cavities. These deposited particles then 

dissolve in a timely manner as described by the kinetics of dissolution and subsequent uptake in the 

bloodstream, using a mathematical model as described in the earlier sections. 

A subject variability study can provide more insight into the nasal CFD-PBPK results; hence, two 

additional subjects were considered. The three subject geometries are a result of MRI scans and are 

shown in the following figures (Kelly et al. (2004) (132), Kabilan et al. (2016)(133), Liu et al. (134)). 

Figure 5.10: Subject A geometry. 
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Figure 5.11: Subject B geometry. 

 

 

Figure 5.12: Subject C geometry. 

The preliminary uptake results for the different geometries are shown in Figure 5.12. The variations in 

the uptake concentrations is possibly due to the different surface areas of the absorption region and the 

different mucous velocities in the absorption region for the different subjects (S. Chari, 2021). 
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Figure 5.13: Cumulative Uptake concentrations for different geometries of 50μg dose. 

The cumulative uptake concentrations relate to the simulated blood stream concentrations for the 

different geometries. The initial slope of increase in concentration for subject A is higher than that of B 

and C. It implies a higher slope for the uptake concentration in the blood than for subject B and C. 

Subject A has a high cumulative uptake at the end of 1.5 hours of simulated data for the 50μg dosage 

which is almost 80%, whereas subjects B and C are at about 40% and 30%, respectively. This means that 

for Subject A the plasma concentration peak will be higher than that for Subjects B and C. These trends 

correlate with the simulated blood concentrations shown in Figure 5.13. 
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Figure 5.14: Blood Plasma concentrations for 50μg dose in three subjects. 

The blood plasma concentrations curve (Figure 5.14) and cumulative uptake concentration curves 

(Figure 5.13) are closely related to the geometry. The higher peak in the blood plasma concentration is 

due to the geometry in subject A which allows for an enhanced mucous movement and hence the drug 

uptake is a rapid process. Relatively, as can been from cumulative uptake curves, for subject B and C, the 

uptake is not that rapid since the surface area of the different geometry inhibits the similar mucous 

movements. The time shift is due to the difference of initial slopes in the cumulative uptake curves. 

They essentially inform that the driving force for the drugs is different since the slopes are different 

which results in the maximum concentrations lagging from one another. 
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5.2 CFD-PBPK simulations for two-path model 

Anaesthetic gases, such as xenon, help to carry out surgeries with more ease. In spite of their high 

production costs, the noble gases have been extensively used for anaesthesia. Although it is an essential 

part in medical industry, the input dosages of these gases need to be effectively monitored because the 

subsequent plasma concentration levels, if not within a certain range, can adversely affect the patient. 

The realistic geometry of the human upper airways (discussed in Section 3.2) has been used to carry out 

simulations for xenon uptake. Figure 5.15 depicts temporal, volume-rendered images for the normalized 

mass fractions. 
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Figure 5.15: Volume rendered images of Normalized Xenon Mass Fractions. 

Clearly, xenon is mostly absorbed in the top airways during inhalation, with high absorption rates in the 

oropharynx and the main bronchi. As flow separates at the bifurcations, recirculation occurs, and xenon 

tends to accumulate near these bifurcating points. Considering inhalation of the xenon gas for two 

seconds, only a very small amount of xenon is absorbed by the deeper airways. Figures 5.16 and 5.17 

show the blood concentration curves when using the current geometry. 
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Figure 5.16: Xenon Plasma concentration during the first 5 minutes after inhalation. 



 

155 
 

 

Figure 5.17: Xenon plasma concentration during one hour after inhalation. 

The xenon-absorption data power the PBPK model to trace the inhaled gas via blood and lymph vessels 

to organs. Specifically, this integrated approach helps in predicting a real time distribution of the inhaled 

gases through the different (patient specific) lobes in the airways which in turn provide real-time uptake 

values to be fed into the PBPK model. The traditional PBPK methods predict some constant value for the 

uptake of the gases which makes it redundant in the real-time scenarios. Once the experimental data is 

gathered for the different partition coefficients for the numerous compartments (organs) considered in 

this study, a parametric study for the toxicity levels of different anaesthetics can be conducted which 

would help regulate the inhaled concentrations of anaesthetics to best serve the patients and the 

doctors. 
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The present study for the CFD-PBPK of xenon gas relied on CFD deposition results as well as the partition 

coefficients for the PBPK model. In order to obtain predictive CFD-PBPK simulations, reliable 

experimental data sets for the particular drugs are needed for model input. Data availability in the open 

literature is rare, because the primary focus of such experimental studies is the determination of the 

efficacy of the drug rather than measuring the parameters. However, the CFD-PBPK tool can be 

quintessential concerning this aspect; that is, when knowing some basic differences and ranges in the 

parameters of current drugs, it might be possible to predict the pharmacokinetics of a new drug. 

Inhaled corticosteroids (ICS) are first-line medications for asthma treatment and a therapy option for 

chronic obstructive pulmonary disease (COPD). A better understanding of the pharmacokinetics (PK) is 

important in order to help increase the efficacy and reduce the systemic side effects of these inhaled 

corticosteroids. As evident from the earlier section, subject variability does have a significant impact on 

the concentrations reaching the blood plasma. Also, for the different drugs, the aerodynamic particle 

size distributions and the regional lung deposition pattern affects the systemic pharmacokinetics of the 

inhaled drug. 

In contrast to traditional PBPK techniques (135), a CFD-informed PBPK tool is needed to produce realistic 

input to the mathematically designed PBPK models so that a better understanding of the systemic PK 

can be simulated. 

Figure 5.18 displays a hybrid CFD-PBPK model that describes the fate of an ICS by incorporating CFD 

techniques to simulate the human airways, physiological and formulation-related aspects for inhalation 

therapy. It realistically determines the disposition of the drug particles from the site of administration to 

the blood plasma. Specifically, the inhaled dosage (“Dose” in Figure 5.18) describes the inhaled drug 

dose that is made available at the site of administration, is deposited in oropharynx (Dosemouth), in the 

lung (Doselung) or is exhaled. The fraction of the administered dose that is exhaled is negligible and hence 
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was disregarded in the model. In this model the lung is completely defined by one compartment and so 

is the Gastro-Intestinal tract (G.I.Tract). The drug particles deposited in the lung can either be cleared by 

mucociliary clearance mechanism (kmuc) or by dissolving in the bronchial fluids; then it may be absorbed 

directly into the systemic circulation (kpul). The fraction of drug that is deposited in the oropharynx and 

the fraction that is removed by mucociliary clearance will be swallowed and can be absorbed 

systemically through the G.I. track (ka). The amount of drug that reaches the systemic circulation will be 

distributed throughout the body (kcp and kpc) and eliminated (kelim) according to its PK properties. The 

model was parameterized in terms of CL and V, where CL represents the systemic clearance (in litres per 

hour) of the ICS, V represents the volume of distribution (in litres) of the central body compartment, and 

kelim = CL/V. 

 



 

158 
 

 

Figure 5.18: Hybrid CFD-PBPK model for Inhaled corticosteroids. 

The rate constants considered in the model are first order rate constants (k) with units (h-1). Table 5.4 

describes the parameters used for the different compartments. 

Estimates for the typical value parameters given in Table 5.4 are in accordance with a previously 

published deterministic PK model (136). It should be noted that literature estimates for both the 

pulmonary dissolution and absorption processes were not available. Therefore, it was assumed that 

literature estimates of the “pulmonary absorption rate” rather represent the dissolution than the 

absorption process. This assumption that the dissolution process is the rate-limiting step seems 
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reasonable given the lipophilic character of ICS and the fast pulmonary absorption of lipophilic 

substances (137, 138). 

Table 5.4: Parameters for hybrid CFD-PBPK model 

Mucociliary Absorption Rate (h-1) Kmuc 1.0 

Absorption Rate (h-1) Ka 0.45 

Pulmonary Absorption Rate (h-1) Kpul 5.0 

Rate of Elimination (h-1) Kelim 2.0 

Rate of distribution (h-1) 

Kcp 20.0 

Kpc 7.0 

 

Figure 5.19 compares the present hybrid CFD-PBPK simulation results with a traditional PBPK model that 

was designed based on the parameters by Weber and Hochhaus (135) as well as the experimental 

results by Mollmann et al. (139). All the simulations are considered for 1000 μg of Budesonide (BUD) 

administered via oral inhalation using dry powder inhalers (DPIs). 
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Figure 5.19: Validation of hybrid CFD-PBPK module for Budesonide. 

The differences in the c(t)-curves for the hybrid CFD-PBPK model and the traditional PBPK model is due 

to the lack of realistic CFD deposition data and the neglect of simulating mucosal clearance in the 

traditional PBPK model. The change in the      is because of the delayed absorption in the realistic 

geometry whereas the traditional PBPK model assumes instant uptake. Nevertheless, both models fall 

well into the range of the experimentally determined data for Patient 2 as reported by Mollmann et al. 

(139). Table 5.5 compares the various results obtained from the present simulations with the existing 

published data (139-142).  Considering the c(t) data points for Patient 1, it is evident that subject-

variability is a major issue. 
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Table 5.5: Comparison of hybrid CFD-PBPK data with existing studies. 

 Hybrid 

CFD-PBPK 

Traditional 

PBPK 

Stude 1 – 

Mollmann 

et al. (19) 

Study 2 – 

Harrison et 

al. (20) 

Study 3 – 

Mortimer et 

al. (21) 

Study 4 – 

Dalby et al. 

(22) 

Cmax (ng/ml) 0.98 1.001 0.89 2.02 2.09 2.26 

tmax (h) 1.13 0.24 0.41 - 0.21 0.5 

AUC (ng. h/ml) 4.97 4.12 2.56 - - - 

t1/2 (h) 4.6 3.6 2.97 - - - 

 

This model can now be used to gain helpful insights by varying the sets of parameters that can help in 

assisting the design and development of enhanced ways of drug administration in order to maximize the 

systemic concentrations; thus, improving the drug efficacy and reducing costs. Figure 5.20 presents one 

such case study where the blood plasma concentration curves are represented as a function of the 

changing value in a specific drug deposition. Doselung is the fraction of the Budesonide drug that is 

deposited in the lung and the change in concentration that follows is as shown in Figure 5.20. 
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Figure 5.20: Case studies for varying lung deposition fractions for 1000 μg Budesonide. 

Naturally, the blood-concentration of Budesonide peak as more drug is deposited in the lung; but, as 

that happens the drug concentrations also rapidly decrease from the blood compartments. This is due to 

the enhanced rate of elimination over the rate of absorption from the G.I. tract. These results are 

valuable because drug development aims at producing drugs and drug administration systems which 

have a fast action along with a quick elimination from the system so that the side effects of the drug can 

be minimized. The area under the curve (AUC) can provide valuable insight into the drug behaviour as it 

depicts total concentration a drug has for a particular amount of time. The AUC and other results for the 

above case study are presented in Table 5.6. 
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Table 5.6: Results from case study for different deposition fractions. 

Doselung Cmax (ng/ml) tmax (h) AUC (ng h/ml) 

0.3 0.98 1.13 4.5 

0.4 1.08 0.74 5.01 

0.5 1.19 0.62 5.08 

0.6 1.33 0.55 5.15 

0.7 1.47 0.51 5.22 

0.95 1.85 0.48 5.33 

 

From the AUC numbers for the different deposition fractions considered in the case study, it is evident 

that the AUC does not increase too much since as the concentrations peaks are higher, there is an 

equally rapid elimination which tends to balance out the AUC levels.  

A study where a hybrid CFD-PBPK model is incorporated has great applications in drug research and 

development, and is superior over current traditional PBPK methods.  
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Chapter 6 Conclusion and Future Work 

A predictive and simplified CFD-PBPK model has been developed to investigate the transport, absorption 

and translocation of drug particles as well as anaesthetic gas (Xenon) for representative human nasal 

and lung-airway models, considering different case scenarios. Incorporating a CFD approach provides in-

depth results on the transport and deposition of administered drugs or gases used in the medical 

industry. The computational deposition results are then realistic inputs to the PBPK model, which tracks 

the fate of the administered medicine through vessels, tissue, and organs.  Knowing the best dosage for 

aggressive drugs is very important to avoid overdosing and to achieve a reduction of harmful side effects 

that may be caused by high plasma concentrations, even for life-saving drugs. Some of the quantitative 

conclusions can be summarized as follows: 

 Incorporating CFD- input for the PBPK model is necessary in order to predict the fate of 

administered drugs and gases realistically and accurately. 

 The nasal hybrid model has great capabilities and precision to compare well with the 

experimental studies for the bioavailability of inhaled corticosteroids. Major findings 

include: 

(i)  The hybrid model can be used to predict realistically the plasma concentrations in the body when the 

concentrations are way lesser than the limit of quantification using the experimental methods. 

(ii) The uptake of the drugs is function of the dosage administered. Hence a careful optimum dosage can 

be predicted using the hybrid model which helps in excellent anti-inflammatory effects with the 

minimum systemic bioavailability. 
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(iii) A wide range of data can be now obtained using this hybrid model for a new drug with different 

dose, solubility, diffusivity and particle size which can aid in predicting excessive or minimal plasma 

concentration peaks before going forward with experimental studies. 

 The absorption rates are not evenly distributed in all parts of the geometry for the Xenon 

administration case. This is so because of the patient specific airways under the 

consideration. The airway lobes are such that they exist in different planes and hence the air 

velocity during inhalation is unevenly distributed in one lobe than the other which also 

affects the way the inhaled gas species behave. 

 Breathing patterns have a significant influence on the absorption and translocation of gases. 

The time of inhalation also has a great impact on the amounts of gas translocated into the 

blood plasma. 

 In case of solid or liquid drugs, inhalation conditions, such as size, airflow, dissolution and 

uptake parameters, influence the amount of drug that is absorbed from the mucous into the 

epithelial tissues and the subsequent uptake in the blood stream. The plasma concentration 

as depicted in the various figures is hence a result of a number of parameters dependent on 

the inhalation flow rates, drug characteristics and patient specific geometry. 

 The experimentally validated CFD-PBPK model provides great potential for future use as a reliable non-

invasive tool for multiple patient-specific pulmonary studies. Future refinements of the CFD-PBPK model 

may include: 

1) Implementation of a subject variability study. 

2) A parametric analysis based on experiments between healthy people and patients in order to 

gauge the PBPK parameters and model the nasal hybrid model even more realistically. 
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3) Incorporating a Whole-Lung Airway Model (WLAM) in order to account for the behaviour of the 

particles deposited in the deep lung regions. 
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