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Abstract. This report describes Risøs contribution to the TEARHS project. The 
aim of the TEAHRS project is to develop and assess methodologies to deter-
mine the acute toxicity of inhalation of fluctuating concentrations of hazardous 
substances as a contribution to the improvement of quantitative risk assessment.  

A mathematical model is described that predicts the physical and chemical 
processes in the airways during short exposures to toxic substances. Based on 
this modelling, it has been assessed how fast and to what level tissue in the air-
ways is exposed to the substance. These time scales turn out to be small, in the 
order of a few seconds. Considering the aspiration pattern, it is concluded that 
relevant time scale for absorption in the airways is 5 to 10 seconds. In real at-
mospheric, toxic gas clouds, fluctuations at this time scale are large. There is 
still a large gap between the empirical information on toxic effects and the rele-
vant time scale for exposure. Concentration-time-fatality relations are obtained 
from experiments with rats down to 5 minutes of exposure. If the information 
from these relations is extrapolated down to 5 to 10 seconds using different as-
sumptions, the predicted mortality is quite different. 

This study indicates that atmospheric dispersion models for acutely toxic sub-
stances need to provide information about concentration fluctuations of time 
scales of 5 to 10 sec. Final conclusions can only be drawn when it becomes 
clear how the gap between concentration-time-fatality relations and short dura-
tion fluctuations can be closed. 
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Preface 
This report describes the contribution of Risø National Laboratory to the project 
“Toxic Effects from Accidental Releases of Hazardous Substances - TEAHRS” 
during 1998 to 2000.  

The aim of the TEAHRS project is to develop and assess methodologies to 
determine the acute toxicity of inhalation of fluctuating concentrations of haz-
ardous substances as a contribution to the improvement of quantitative risk as-
sessment.  

The contribution of Risø focussed on the development of mathematical mod-
els describing the physical and chemical processes relevant for short exposures 
to toxic substances. The aim of this modelling is to be able to estimate how fast 
toxic substances penetrate into different parts of the lung. Moreover, Risø dem-
onstrated the implications of the findings of this study using real observed ex-
posure patterns in toxic clouds. 

The activities have been organised in work packages. The work packages de-
scribed in this report are: 

• Work package 3, modelling physical and chemical processes. The largest 
part of this report is directly linked to this activity, which comprises the 
development and evaluation of a model describing the time-dependent 
distribution of toxic material in the body following exposure (chapters 1 
to 5) and description of the hydrolysis of phosgene (chapter 9). 

• Work package 5, development of concentration-time-effect relationships.  
In chapter 6, the above mentioned model has been applied to selected sub-
stances and time scales for reaching final doses in different parts of the 
body (internal doses), for humans as well as for rats (laboratory animals), 
are determined.  

• Work package 6, develop guidelines for relevant time scales in risk as-
sessments.  
In chapters 7 and 8, methodologies are presented and demonstrated (using 
real observed exposure patterns) how to use the information obtained 
from the time scales for internal doses in combination with the informa-
tion on concentration-time-effect relationships obtained by TNO-
Toxicology in the framework of TEARHS.  

• Workpackage 7, documentation. This report documents the modelling of 
the physical/chemical processes, including the evaluation of these models 
using experimental data and other information. It is attempted to describe 
the models in detail, as to give the reader the possibility to judge the sci-
entific basis of the model, including assumptions, simplifications and val-
ues of parameters. The model describing the internal dose is implemented 
as a Pascal code (Delphi® 3) for scientific use. 
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1 Morphology of the human airway 
system 

1.1 Description and dimensions of the human air-
way system 
Figure 1 shows the main anatomical parts of the human airway system. The 
parts of the system including the nose, mouth, pharynx and larynx are called the 
extrathoracic region, the remaining parts of the lung, from the trachea down-
ward is the thoracic region. The thoracic region is divided in the bronchial re-
gion (trachea, main bronchi and bronchi), the bronchiolar region (bronchioles) 
and the alveolar region (terminal bronchioles, alveolar ducts and alveoli). The 
alveoli are the terminations of the airway system. They are tiny volumes (typi-
cal diameter 100-300 µm, Weibel, 1963) separated from each other by thin tis-
sue (the interalveolar septum) of about 5-10 µm thickness, containing small 
capillaries to enable transfer of gas between the blood and the air in the alveoli 
(Weibel and Gill, 1977, Nunn, 1993). 

In order to apply a simple description to reproduce air flow and diffusion in 
the whole airway system, we choose a regular branching model for the human 
airways, comparable to Weibel’s “model A” (Weibel, 1963). “Regular” means 
that any element of the airway system is supposed to branch in 2 or more equal 
lower elements, as opposed to asymmetrical models, where the more general 
assumption is used that the lower level branches are not necessarily of equal 
size. Weibel’s model A is also dichotomous (i.e., the elements are supposed to 
have 2 branches). The anticipated airflow and diffusion modelling approach 
does not require that the branching is dichotomous. 

The basis for the airway morphology is the description as applied by the In-
ternational Committee on Radiation Protection (ICRP) (ICRP, 1994). The 
model is based on a review of research on dimensions and geometry of the hu-
man airways. The ICRP recognises that there are significant differences in re-
ported airway dimensions, therefore all data was scaled to a standard functional 
residual capacity (FRC) of 3.3 litre. The ICRP-model is the recommended 
model for radio-dosimetry and as such reflects considerable consensus.  

The ICRP-model for the upper airways (trachea to terminal bronchioles) is 
based on Weibel’s Model A, although the terminal bronchiole in ICRP’s model 
is at generation 15 instead of 16 (the trachea is generation number 0). For the 
alveolar region, the ICRP uses a more realistic model, accounting for the fact 
that the individual pathways in the lung can end between the 15th and 30th gen-
eration. The ICRP-model accounts for 26 generations, but the number of ele-
ments of the 25th and 26th generation is less than the number of lower generation 
elements. In order to maintain a regular and almost dichotomous branching, we 
have joined the last three generations in one group, see Figure 1.2. In our de-
scription of the alveolar region, the average number of branches per alveolar 
duct varies between 2.4 (generation 20) and 1.5 (generations 23 and 24, see 
Table 1.1). For the dimensions (diameter and length) of bronchi and bronchioles 
the data from the ICRP model have been applied. Dimensions for the nasal pas-
sages have been adopted from Guilmette, Wicks and Wolff (1989). Dimensions 
for pharynx and larynx have been derived from Nunn (1993). The resulting 
branching model is included in Table 1.1. The fraction of surface covered by 
alveoli of the respiratory bronchioles and the number of alveoli per bronchiole 
is in accordance with Weibel (1963). The number of alveoli per alveolar duct is 
chosen in order to arrive at the total number of alveoli of 300 million.  
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Figure 1.1. Anatomical elements of the human airways, adapted from ICRP, 
1993. 

Some of the total volumes and surfaces of airway regions used in the ICRP 
model are inconsistent with volumes and surfaces calculated using simple geo-
metrical relations and the diameters and length of the elements as mentioned in 
Table 1.1. In our model the volumes and surfaces consistent with the values in 
Table 1.1 will be used, except for the alveoli and the upper airways above the 
trachea. For the alveoli independent values for surface and volume will be used 
as to reproduce the total sum of volumes and surfaces of the alveoli according to 
the ICRP. Alveolar volume and surface is 4.5 l and 140 m2, respectively (see 
also Table 1.3). For the complexly shaped upper airways, volumes and surfaces 
are separately mentioned in Table 1.2. 
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Figure 1.2. Diagram of the branching model for the human airway system, 
adapted from Weibel, 1963. 

1.2 Airway volumes and respiration 
In Table 1.1 all dimensions have been transformed to a Functional Reference 
Capacity (FRC) of 3.3 l. The FRC is the volume at the end of the normal expira-
tion, with relaxed expiratory and inspiratory muscles. In this position, elastic 
forces from the rib cage and the diaphragm prevent complete collapse of the 
lung (due to surface tension in the alveoli). This means that at FRC a pressure 
difference of about 0.5 kPa exist between the alveoli and the pleural cavity 
around the lung (the transmural pressure gradient). During respiration the 
transmural pressure gradient can be increased to about 2 kPa. At that pressure 
gradient the Total Lung Capacity (TLC) is obtained. The TLC is about 3 l larger 
than the FRC (Nunn, 1993). One should note that FRC and TLC depend on a 
number of factors, like body size, sex, age, posture and lung disease (Nunn, 
1993). The ICRP (1994) has published recommended scaling factors for body 
height, age, and sex.  
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Table 1.1. Regular branching human airway morphology with dimensions for a 
male with a Functional Reference Capacity (FRC) of 3.3 litre (scaled to FRC) 

 Generation Total 
number 

Number of 
branches 

Diame-
ter at 
entrance 
(mm) 

Length 
(mm) 

Fraction 
of surface 
alveolated

Number 
of al-
veoles per 
duct 

Total num-
ber of 
alveoles 
per genera-
tion 

Mouth -6 1 1 15.4 83.0   
        

Nares-nasal valve -8 2 1 11.8 30.0   
Nasal cavity -7 2 0.5 12.7 63.0   
Nasopharynx -6 1 1 13.1 63.0   

        
Oral pharynx -5 1 1 10.2 44.0   
Laryngal pharynx -4 1 1 10.7 35.0   
Vestibulum 
laryngis 

-3 1 1 16.0 20.0   

Rima glottidis -2 1 1 7.0 2.0   
Cavum laryngis -1 1 1 11.6 20.0   
Trachea 0 1 2 16.4 90.5   
Main bronchi 1 2 2 11.9 37.6   
Bronchi 2 4 2 8.4 14.8   
Bronchi 3 8 2 6.0 8.1   
Bronchi 4 16 2 4.3 8.8   
Bronchi 5 32 2 3.5 7.8   
Bronchi 6 64 2 2.8 6.3   
Bronchi 7 128 2 2.3 5.7   
Bronchi 8 256 2 1.9 5.0   
Bronchioles 9 512 2 1.6 4.1   
Bronchioles 10 1024 2 1.3 3.4   
Bronchioles 11 2048 2 1.0 2.8   
Bronchioles 12 4096 2 0.82 2.3   
Bronchioles 13 8192 2 0.66 1.9   
Bronchioles 14 16384 2 0.55 1.6   
Terminal 
bronchioles 

15 32768 2 0.48 1.3 0 0 0 

Respiratory 
bronch. 

16 65536 2 0.46 0.99 0.12 6 393216 

Respiratory 
bronch. 

17 131072 2 0.41 0.82 0.25 9 1.2E+06 

Respiratory 
bronch. 

18 262144 2.25 0.36 0.67 0.5 12 3.1E+06 

Alveolar duct 19 589824 2.37 0.33 0.56 1 19 1.1E+07 
Alveolar duct 20 1.4E+06 2.40 0.31 0.46 1 15 2.1E+07 
Alveolar duct 21 3.4E+06 2.35 0.29 0.38 1 12 4.0E+07 
Alveolar duct 22 7.9E+06 1.47 0.27 0.32 1 9 7.1E+07 
Alveolar duct 23 1.2E+07 1.52 0.26 0.26 1 7 8.1E+07 
Alveolar sac 24 1.8E+07 0 0.26 0.18 1 4 7.1E+07 
Alveoli from 16-24  0.24 0.18   3.0E+08 
 
By using the expiratory muscles, one can reduce the volume of the lungs below 
the FRC. The extra expiratory volume is the Expiratory Reserve Volume 
(ERV). As the lung volume decrease, in some parts of the lungs the alveoli will 
close, preventing ventilation and gas exchange in those parts. This volume is 
called the Closing Capacity (CC). The CC increases with age and it equals the 
FRC in uprigth position at about 66 years and in supine position (when the FRC 
is about 30% lower than in upright position) at about 44 years. 

Figure 1.3 shows a normal respiration pattern with a tidal volume (VT) of 
about 640 ml during 15 sec. (12 breaths per minute), followed by maximal in-
spiration and expiration and returning to normal breathing again. 
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Figure 1.3. Patterns and volumes of respiration. 

 

Table 1.2. Volumes and wall surfaces for the upper airway elements, from 
Guilmette, Wicks and Wolff (1989) and Nunn (1993). 

 Generation Volume (ml) Surface (mm2) 
Mouth -6 14.6 5896 

   
Nares-nasal valve (both sides) -8 6.5 5878 
Nasal cavity (both sides) -7 16.0 16300 
Nasopharynx -6 20.4 3660 

   
Oral pharynx -5 3.4 1404 
Laryngal pharynx -4 3.1 1200 
Vestibulum laryngis -3 4.0 1027 
Rima glottidis -2 0.07 44 
Cavum laryngis -1 2.1 726 
 

The inflation of the lung, and thus the volume of the airway system, depends on 
the transmural pressure gradient. The elasticity of different lung elements is dif-
ferent, and the relative change in volume of the different elements is therefore 
also different. For a single element the volume is approximately proportional to 
the cube root of the transmural pressure gradient (Thorpe and Bates, 1997, for a 
discussion of the dynamic effect of the surface tension of the alveolar lining see 
Nunn, 1993). There is uncertainty with respect to the relation between alveolar 
surface and alveolar volume. With alveolar surface proportional to alveolar vol-
ume to a power k, i.e. S ∝  Vk, k is reported to vary between 0.41 to 0.77 (Hop-
pin and Hildebrandt, 1977). In this study, we will assume geometric isotropy, 
i.e. k is 2/3.  

Thorpe and Bates (1997) concluded that for a dog lung (Horsfield, Kemp and 
Phillips, 1982) the effect of transmural pressure-gradient changes on overall 
linear dimensions (radius and length) of airway elements can be written as: 
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Here αk is the relative dimension at zero transmural pressure gradient, x(P) and 
xTLC are the linear dimensions at transmural pressure gradient P and at TLC, 
respectively, and PTLC is the transmural pressure gradient at TLC. Thorpe and 
Bates suggest a linear relation between αk and generation number k: 

kk ⋅−= 10 ααα  Equation 1.2 

Here α0 is the relative linear dimension of the trachea (generation 0) at zero 
transmural pressure gradient and α1 is a linear coefficient. Thorpe and Bates 
(1997) use α0 = 0.717 and αk,max = 0.2 for the trachea and the highest genera-
tion, respectively, in case of a dog lung. We expect that the extrathoracic ele-
ments don’t inflate. We have chosen that for the human trachea α0 = 0.9726 and 
α1 = 0,0274, applying the linear relation only for 0 ≤k ≤ 19. This means that all 
fully alveolated alveolar ducts (generations 19 to 24 including the alveoli) are 
assumed to inflate with αk = 0.452. With this number an FRC of 3.3 l at a 
transmural pressure gradient of 0.5 kPa and a TLC of 6.4 l at a pressure gradient 
of 2 kPa is reproduced. It is noted that the compliance of the trachea, bronchi 
and bronchioles has an almost negligible effect on the FRC and TLC due to the 
limited volume involved. 

Equation 1.1 suggests that there is a one to one relation between pressure and 
geometry (length, area and volume). This relation neglects the hysteresis that 
appears in the lung (Nunn, 1993). Due to hysteresis, the transmural pressure 
gradient during inflation (inspiration) is greater than during expiration at the 
same lung volumes. Different factors affect the hysteresis, as the elasticity of 
the lung is largely determined by the complex dynamic properties of the alveo-
lar surface layers, which determine the surface tension inside the alveoli. 

The volumes and some surfaces for a male with an FRC of 3.3 l, i.e. with di-
mensions as in Table 1.1, are listed in Table 1.3. These numbers are in agree-
ment with the numbers of the “standard” male with an FRC of 3.3 l as proposed 
by the ICRP (1994). The difference between TLC and Residual Volume is 
called the Vital Capacity (VC), which is 4.64 l in the “standard” male. 

Table 1.3. Airway volumes and surfaces at various levels of lung inflation. 

 Inflation 
at  

Residual 
Volume 

Inflation 
at  

FRC 

Inflation 
at FRC 

plus Tidal 
Volume 

Inflation 
at TLC 

Total airway volume (l) 1.76 3.30 3.94 6.40 
Total volume of alveoli (l) 1.28 2.48 2.89 4.89 
Total airway surface (m2) 70.6 109.3 123.5 172.0 
Alveolar surface (m2) 70.2 108.8 122.9 171.2 
Transmural pressure  
gradient (kPa) 

0.08 0.50 0.75 2.00 

 
Normal respiratory frequencies are about 12-20 per minute at rest (ICRP, 1994). 
With 12 breaths per minute, i.e. fR = 0.2 Hz, the volumetric flow rate V’ is fR⋅VT 
= 128 ml/s (or 7.68 l/min or 0.46 m3/hour). During exercise, the ventilation flow 
rate increases due to increased tidal volume and respiratory frequency (ICRP, 
1994, Åstrand, 1983). 
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1.3 A model of the airway walls 
The walls of the airways exist of surface tissue (epithelium). At most places, a 
liquid lining consisting of mucus covers this tissue. The epithelium rests on 
supportive tissue (upper airways down to the bronchioles) or it forms the 
boundary between the air in the lung and the blood capillaries (in the alveoli). 
Small, waving hair-shaped protrusions (cilia) from the upper layer of cells in the 
epithelium (ciliated tracheobronchial epthelial cells) move the mucus in the di-
rection of the nasopharynx, where the mucus will be swallowed. This muco-
ciliary transport is capable of clearing inhaled particles from the conducting 
airways in a few hours and is a major detoxication mechanism. Direct observa-
tions have shown that transport rates in the trachea or large bronchi in several 
species range from 1 to 3.5 cm/min (Menzel & Amdur, 1986). The mucous 
layer is divided into the hypophase, i.e. the mucus closest to the epithelium in 
which the cilia protrude, and the epiphase lying on top of the hypophase (Miller 
et.al, 1993).  

This gives raise to development of a simple model of the walls of the airways, 
see Figure 1.4. As the physical-chemical properties of the epiphase and hypo-
phase are probably very similar, no distinction between the two layers needs to 
be made. In the alveoli, the thickness htissue of the blood layer is only half the 
thickness of the capillary, as the other side faces the neighbouring alveolus.  
 

Epiphase

Hypophase
}liquid lining, transport in
direction of nasopharynx

Epithelium (static)

Supportive tissue and/or
blood with perfusion rate
(m3/s per volume), removing
diffused gases

hlining

hepith

htissue

Air

Figure 1.4. Model of the airway walls. 

The liquid lining moves slowly in the direction of the nasopharynx. This means 
that there is a convective transport of substances in the liquid lining in that di-
rection. All over the airway system, the thickness of the lining is maintained by 
secretion of mucus from the epithelium, to compensate for loss of lining due to 
evaporation, etc. This will not be considered, which means that we are not inter-
ested in describing the mass balance for the lining, only for the substances 
transported. 

Around the alveoli, the substances that are diffused/absorbed in the blood 
(blood cells and plasma), will be removed by the blood flow (perfusion). The 
rate of removal of the substances is proportional to the flow rate related to the 
volume (or mass) of blood. Also in the other parts of the airways, the supportive 
tissue will be perfused at a certain rate by the blood, removing substances from 
the site. 

To apply this model, we need information of the thickness of the layers for all 
elements in the airway, as well as rates for lining transport and perfusion. 

The thickness of the alveolar epithelium of 0.75µm (harmonic mean) is taken 
from Miller et al., 1993. According to their data, the capillary lumen in a man 
with a FRC of 3.3 l will be about 165 ml. Assuming that the blood capillaries 
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can be considered as a sheet covering the alveolar surface, the thickness of this 
sheet can be calculated to be about 1.7 µm. This corresponds well with micro-
graph pictures in Weibel and Gill, 1977. With a cardiac output of 331 l/hour 
(Gargas et al, 1993), the perfusion rate in the lung is 0.55 s-1. The velocity of the 
alveolar lining can be estimated using the analysis by Podgórsky and Gradón, 
1993. With an average cleansing time of 60 min., the lining velocity will be 
about 4.8 × 10-7 m/s. According to these authors, the lining thickness is about 
0.05 µm. 

The remaining wall-layer thicknesses are derived from various sources, 
mainly micrographs. Miller et al. (1993) list lining thickness for bronchioles, 
bronchi and main bronchi, 1.8, 6.9, and 8.3 µm, respectively. For higher air-
ways 10 µm is assumed, for lower airways the lining layer thickness develop-
ment is distributed regularly between alveoli, bronchioles and bronchi. 

Table 1.4. Dimensions and characteristics of the human airway walls at FRC. 
For the completely alveolated alveolar ducts, the wall properties are not rele-
vant (grey area).  

 Generation Mucociliary 
velocity 
(mm/s) 

Thickness 
of lining 

(mm) 

Thickness 
of epithe-
lium (mm)

Thickness 
supportive 

tissue (mm) 

Mass frac-
tion of 

blood in 
tissue 

Perfusion 
rate per 
second 

Mouth -6   0.05 0.50 5% 0.0069 
        

Nares-nasal valve -8 -0.09 0.01 0.05 0.50 5% 0.0069 
Nasal cavity -7 -0.09 0.01 0.05 0.50 5% 0.0069 
Nasopharynx -6 -0.14 0.01 0.05 0.50 5% 0.0069 

        
Oral pharynx -5 -0.27 0.01 0.05 0.50 5% 0.0069 
Laryngal pharynx -4 -0.29 0.01 0.05 0.50 5% 0.0069 
Vestibulum laryngis -3 0.40 0.01 0.017 0.50 5% 0.0069 
Rima glottidis -2 1.00 0.01 0.017 0.50 5% 0.0069 
Cavum laryngis -1 0.67 0.01 0.017 0.50 5% 0.0069 
Trachea 0 0.52 0.01 0.017 0.50 5% 0.0069 
Main bronchi 1 0.47 0.008 0.014 0.47 5% 0.0069 
Bronchi 2 0.45 0.007 0.012 0.334 5% 0.0069 
Bronchi 3 0.40 0.006 0.010 0.239 5% 0.0069 
Bronchi 4 0.36 0.005 8.9E-03 0.171 5% 0.0069 
Bronchi 5 0.29 0.004 7.6E-03 0.139 5% 0.0069 
Bronchi 6 0.23 0.004 6.6E-03 0.111 5% 0.0069 
Bronchi 7 0.18 0.003 5.7E-03 0.092 5% 0.0069 
Bronchi 8 0.14 0.003 5.0E-03 0.076 5% 0.0069 
Bronchioles 9 0.11 0.002 4.3E-03 0.062 5% 0.0069 
Bronchioles 10 0.08 0.002 3.8E-03 0.051 5% 0.0069 
Bronchioles 11 0.05 0.002 3.7E-03 0.041 5% 0.0069 
Bronchioles 12 0.03 0.002 3.7E-03 0.033 5% 0.0069 
Bronchioles 13 0.02 0.002 3.7E-03 0.026 5% 0.0069 
Bronchioles 14 0.012 0.002 3.7E-03 0.022 5% 0.0069 
Terminal 
bronchioles 

15 0.007 0.002 3.7E-03 0.020 5% 0.0069 

Respiratory bronch. 16 0.003 0.002 3.7E-03 0.012 5% 0.0069 
Respiratory bronch. 17 0.002 0.002 3.7E-03 6.8E-03 5% 0.0069 
Respiratory bronch. 18 0.001 0.002 3.7E-03 4.0E-03 5% 0.0069 
Alveolar duct 19 0.001 0.001 2.4E-03 3.2E-03 5% 0.0069 

Alveolar duct 20 0.001 5.E-04 1.6E-03 2.7E-03 5% 0.0069 
Alveolar duct 21 0.001 3.E-04 1.2E-03 2.5E-03 5% 0.0069 
Alveolar duct 22 3.0E-04 2.E-04 1.1E-03 2.4E-03 5% 0.0069 
Alveolar duct 23 1.5E-04 2.E-04 1.1E-03 2.4E-03 5% 0.0069 
Alveolar sac 24 4.6E-05 2.E-04 1.1E-03 2.4E-03 5% 0.0069 
Alveoli From 16-24 4.8E-05 5.E-05 7.5E-04 1.5E-03 100% 0.55 
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Epithelium thickness at the nose and the trachea was derived from micrographs 
from St.George et al. (1993). Remaining values are interpolated between the 
alveoli and the trachea. 

The thickness of supporting tissue is hard to determine, because at the higher 
level airways, the supporting tissue is attached to other tissue without a clear 
distinction. At the level of alveolar ducts, the tissue thickness can be thought 
equal to the thickness of the fibre strands around the duct entry – this is about 4 
µm (micrograph from Weibel and Gill, 1977). But micrographs show that along 
the respiratory bronchioles, tissue thickness rapidly increases to 20 µm in the 
terminal bronchiole (value for cats, St.George et al., 1993). From other micro-
graphs in the same reference, a tissue thickness of about 0.5 mm from the tra-
chea upward seems a reasonable assumption. 

To obtain a rough agreement between the mucus transport throughout the air-
way system (what is coming out of one element will roughly be transported fur-
ther by the next element) it is necessary to assume that at each generation of 
bronchi and bronchioles about 10% of the mucus disappears. In this way a bal-
ance can be obtained between the cleansing time of the alveoli, the velocity of 
the mucociliary transport (about 3 cm/min) at the trachea, and the thickness of 
the lining layer (50 nm in the alveoli and about 10 µm in the trachea).  

Gargas et al. (1993) list values for cardiac output and perfusion of organs. We 
assume that the supporting tissue of the airways can be classified as “slowly 
perfused organs”. For a cardiac output of 331 litre/hour, perfusion of these or-
gans will be 340 mg/(kg⋅s), which is represented in the model by a mass frac-
tion of blood in tissue of 5% and a perfusion (refreshment) of this blood at a 
rate of 0.0069 per second. 

Results for wall layer thickness and properties are indicated in Table 1.4. 

1.4 Disadvantages of the selected representation of 
the airway system 
In the selected representation of the airway system, i.e. by applying a regular 
branching model and having each generation of elements only represented once, 
some aspects of the real airway system can not be accounted for.  

It appears, that normally not all parts of the lung (i.e. parts with the same gen-
eration) are ventilated at the same rate. Likewise, not all parts of the lung are 
equally perfused (they have a different blood flow rate), thus showing different 
air/blood gas exchange rates. The level of exercise is an important factor for the 
amount of so-called physiological dead space (dead space includes the volume 
of air inspired but not taking part in oxygen/carbon dioxide exchange) (ICRP, 
1994). 

2 Morphology of the airway system 
of laboratory animals 
The most important laboratory animal for inhalation toxicology is the rat. An 
airway model of the rat that corresponds to the human model in chapter 1 from 
the trachea downwards was found in Yeh, Schum and Duggan (1979). Quantita-
tive data of the dimensions of the nasal-pharyngeal passage is collected from 
Schreider and Raabe (1981). The data from these sources was transferred to a 
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rat with a weight of 300 g (Wistar rat) assuming that volume and weight are 
proportional. The data for Total Lung Capacity are included in Table 2.1.  

For the wall thickness dimensions, the sparse information was completed as-
suming regular changes of dimensions along the airway elements and similarity 
with the airways of larger mammals (humans). With respect to airway lining, 
information can be found in Miller et al., 1993 for the nose (<15 µm), trachea 
(8-12 µm), large bronchi (5-10 µm), lobar bronchi (2-5 µm), bronchi (3 µm), 
bronchioles (2 µm) and terminal bronchioles (0, “no epiphase or mucus ob-
served”). We have, despite the observation mentioned above, assumed that a 
regular lining layer is available down to the alveoli. For the alveoli, human val-
ues have been used. 

Table 2.1. Regular branching airway morphology of a rat with a weight of 300 
g and a Total Lung Capacity (TLC) of 12.9 ml (scaled to TLC) 

 Generation Total  
number 

Number
of  

branches 

Diameter 
at entrance

(m) 

Length 
(m) 

Fraction of 
surface 

alveolated 

Number of 
alveoles 
per duct 

Total num-
ber of al-
veoles per 
generation 

External nares -7 1 1 0.00196 0.00584    
Maxilloturbinate 
region 

-6 1 1 0.00395 0.01116    

Ethmoturbinate re-
gion 

-5 1 1 0.00437 0.00850    

Nasopharynx -4 1 1 0.00213 0.01594    
Oropharynx -3 1 1 0.00353 0.00319    
Laryngopharynx -2 1 1 0.00337 0.00266    
Esophagus -1 1 1 0.00165 0.00691    
Trachea 0 1 2 0.00329 0.02596    
Main bronchi 1 2 1.5 0.00281 0.00693    
Bronchi 2 3 1.67 0.00255 0.00387    
Bronchi 3 5 1.6 0.00197 0.00170    
Bronchi 4 8 1.75 0.00158 0.00201    
Bronchi 5 14 1.64 0.00130 0.00113    
Bronchi 6 23 1.65 0.00119 0.00110    
Bronchi 7 38 1.71 0.00108 0.00126    
Bronchi 8 65 1.68 9.20E-04 9.59E-04    
Bronchioles 9 109 1.69 8.43E-04 8.82E-04    
Bronchioles 10 184 1.68 7.56E-04 9.30E-04    
Bronchioles 11 309 1.69 6.78E-04 7.07E-04    
Bronchioles 12 521 1.68 5.62E-04 7.27E-04    
Bronchioles 13 877 1.68 4.75E-04 5.81E-04    
Bronchioles 14 1477 1.68 3.49E-04 5.33E-04    
Terminal bronchioles 15 2487 2 1.94E-04 3.39E-04 0 0 0 
Respiratory bronch. 16 4974 2 1.65E-04 2.81E-04 0.12 6 29844 
Respiratory bronch. 17 9948 2 1.55E-04 2.42E-04 0.25 9 9.0E+04 
Respiratory bronch. 18 19896 2 1.45E-04 2.13E-04 0.5 14 2.8E+05 
Alveolar duct 19 39792 2 1.36E-04 1.94E-04 1 24 9.6E+05 
Alveolar duct 20 79584 2 1.36E-04 1.84E-04 1 24 1.9E+06 
Alveolar duct 21 159168 2 1.36E-04 1.74E-04 1 24 3.8E+06 
Alveolar duct 22 318337 2 1.36E-04 1.65E-04 1 24 7.6E+06 
Alveolar sac 23 636673 0 1.36E-04 1.65E-04 1 24 1.5E+07 
Alveoli From 16-23  7.10E-05 6.97E-05   3.0E+07 

 
Based on Miller et al., 1993 and Gehr et al., 1993, the epithelium thickness at 
the alveoli is 0.38 µm. Epithelium thickness in the nose was set at 17 µm.  

The thickness of the capillary layer around the alveoli was calculated from the 
alveolar surface and the capillary volume and is 1.3 µm, slightly less than the 
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value in humans. With a cardiac output of 7.1 litre per hour, the perfusion of the 
alveolar sheet is 2.52 per second.  

Tissue thickness at the respiratory bronchioles and the terminal bronchiole 
was at 17/20 part of the human values (the human value taken to be equal to 
values for cats, see the previous chapter). The tissue thickness above the trachea 
is set at 80 µm, a factor 6.25 lower than for humans (The linear scale between 
humans and rats, taken as the cube root of the weight ratio, is about a factor 7). 

Mucociliary velocity was calculated using the same principles as for humans, 
based on a cleaning time of 60 min. for the alveoli. 

Results are shown in Table 2.2.  
 

Table 2.2. Dimensions and characteristics of the airway walls of rats at TLC. 
For the completely alveolated alveolar ducts, the wall properties are not rele-
vant (grey area). 

 Generation Thickness 
of lining 

(mm) 

Thickness 
of epithe-
lium (mm) 

Thickness 
supportive 

tissue 
(mm) 

Muco-
ciliary 

velocity 
(mm/s) 

Mass frac-
tion of 

blood in 
tissue 

Perfusion 
rate per 
second 

External nares -7 0.01 0.017 0.08  5% 0.026 
Maxilloturbinate 
region 

-6 0.01 0.017 0.08  5% 0.026 

Ethmoturbinate 
region 

-5 0.01 0.017 0.08  5% 0.026 

Nasopharynx -4 0.01 0.017 0.08  5% 0.026 
Oropharynx -3 0.01 0.017 0.08  5% 0.026 
Laryngopharynx -2 0.01 0.017 0.08  5% 0.026 
Esophagus -1 0.01 0.017 0.08 1.034 5% 0.026 
Trachea 0 0.01 0.017 0.08 0.470 5% 0.026 
Main bronchi 1 7.5E-03 0.013 0.070 0.334 5% 0.026 
Bronchi 2 5.0E-03 0.008505 0.062 0.335 5% 0.026 
Bronchi 3 4.4E-03 0.007507 0.055 0.270 5% 0.026 
Bronchi 4 3.8E-03 0.006632 0.048 0.218 5% 0.026 
Bronchi 5 3.4E-03 0.005864 0.043 0.157 5% 0.026 
Bronchi 6 3.0E-03 0.005191 0.037 0.108 5% 0.026 
Bronchi 7 2.6E-03 0.0046 0.033 0.074 5% 0.026 
Bronchi 8 2.3E-03 0.004082 0.029 0.053 5% 0.026 
Bronchioles 9 2.0E-03 0.00363 0.026 0.036 5% 0.026 
Bronchioles 10 2.0E-03 0.00363 0.023 0.021 5% 0.026 
Bronchioles 11 2.0E-03 0.00363 0.020 0.013 5% 0.026 
Bronchioles 12 2.0E-03 0.00363 0.018 8.4E-03 5% 0.026 
Bronchioles 13 2.0E-03 0.00363 0.015 5.4E-03 5% 0.026 
Bronchioles 14 2.0E-03 0.00363 0.014 4.0E-03 5% 0.026 
Terminal bronchioles 15 1.4E-03 0.00271 0.012 5.4E-03 5% 0.026 
Respiratory bronch. 16 1.0E-03 0.00205 6.8E-03 4.0E-03 5% 0.026 
Respiratory bronch. 17 7.4E-04 1.6E-03 3.9E-03 2.7E-03 5% 0.026 
Respiratory bronch. 18 5.3E-04 1.2E-03 2.2E-03 1.8E-03 5% 0.026 
Alveolar duct 19 3.8E-04 1.0E-03 2.4E-03 1.2E-03 5% 0.026 
Alveolar duct 20 2.7E-04 8.2E-04 2.3E-03 7.6E-04 5% 0.026 
Alveolar duct 21 1.9E-04 7.0E-04 2.2E-03 4.6E-04 5% 0.026 
Alveolar duct 22 1.4E-04 6.1E-04 2.2E-03 2.6E-04 5% 0.026 
Alveolar sac 23 1.0E-04 5.4E-04 2.1E-03 1.1E-04 5% 0.026 
Alveoli From 16-

23 
5.0E-05 3.8E-04 1.3E-03 1.5E-05 100% 2.520 
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2.1 Respiration of the rat 
We apply data for Wistar rats as observed under experimental conditions, i.e. in 
restraining tubes. This leads to increased respiration frequencies and inhalation, 
(frequency about 180-210 per min. and a tidal volume of 2 to 2.5 ml), compared 
to published information (160 per min. and 1.4 ml, respectively) due to some 
stress. The volumes and some surfaces for a Wistar rat of 300 g are summarised 
in Table 2.3. The transmural pressure gradients are estimated to match the re-
quired volumes. For the calculations presented in this report, an inspiration fre-
quency of 180 per min. and a tidal volume of 2 ml are used, leading to a minute 
ventilation of 360 ml/min. 

Table 2.3. Airway volumes and surfaces at various levels of lung inflation for a 
Wistar rat. 

 Inflation 
at  

FRC 

Inflation at 
FRC plus 

Tidal  
Volume 

Inflation  
at  

TLC 

Total airway volume (ml) 6.9 8.9 12.9 
Total volume of alveoli (ml) 4.1 7.6 8.3 
Total airway surface (m2) 0.40 0.48 0.64 
Alveolar surface (m2) 0.39 0.47 0.63 
Transmural pressure gradient (kPa) 0.60 1.13 2.5 

3 Modeling gas flow in airways 

3.1 Incompressible gas flow without mass transfer 
through walls 
The airway system is considered as a structure of tube-like elements. These 
elements are linked to each other and join interface surfaces as shown in Figure 
3.1.  The properties of the elements that are relevant for the airflow through the 
system are: the elements’ volume (V1 for element 1 in Figure 3.1) and the ele-
ments’ interface area (A1 for element 1 in Figure 3.1) with the lower generation 
adjacent element. The interface area at the connection with the higher genera-
tion adjacent elements is also relevant, this total area is equal to the number of 
branches (denoted with b, see Table 1.1) times the individual interface area (A2 
in Figure 3.1) of the adjacent higher generation elements. The interface areas 
are defined such that the vector of total airflow into the element is perpendicular 
(normal) to the area, such that the nett flow into the element is V1⋅A1. 

The maximum transmural pressure difference is in the order of 2 kPa. Rela-
tive to atmospheric pressure (100 kPa) it means that effects of compressibility 
are in the order of 2%. Assuming that the nose is a perfect conditioner for the 
inspirated air, the air at the lower elements will be at body temperature. As an 
acceptable simplification we will therefore assume incompressible gas flow, and 
in this section we will also assume that the mass transfer of gas components 
through the walls of the elements is zero. 
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Figure 3.1. Properties of airway elements relevant for air flows. 

 
The general balance of mass (i.e. also valid for compressible flow) for an ele-
ment as shown in Figure 3.1 can be written as: 
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−=  Equation 3.1 

 
Here, <ρ>1 means averaging density over volume V1 and <ρUi> means averag-
ing the product of density and velocity (normal to area Ai) over the area Ai. 
With ρ constant over time and volume, Equation 3.1 can be divided by ρ. This 
leads to the balance of volume: 
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For the highest generation, the alveoli, U2 = 0. Together with this boundary 
condition, Equation 3.2 shows that the flow is completely dominated by the in-
flation of the elements. As we consider the flow to be incompressible, move-
ments of gas are instantaneously progressing through the whole system, and 
neither flow resistance nor momentum plays a role. In other words, there is no 
need to consider the momentum balance equations in the incompressible case. 
Furthermore, the velocity at any interface area in the system depends only on 
the rate of volume change at the higher generations and can be calculated ex-
plicitly by: 
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Here, ai is the number of alveoli at generation number i (ai is only non-zero for 
the respiratory bronchioles and alveolar ducts and sacs, see Table 1.1). Va is the 
volume of a single alveolus and n is the highest generation number of the air-
way system (n=24 according to Table 1.1 for the human airways, the highest 
generation number is the number of the alveolar sacs, i.e. the alveoli are not 
counted as they appear separately in the equation). 
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According to Equation 1.1, the change of volume can be related to the change 
of transmural pressure gradient. It should be noted that this relation neglects the 
hysteresis and other dynamic effects on the elasticity of the lung. This relation 
should therefore mainly be interpreted as a means to compare the relative 
changes of volumes of the elements with each other, rather than as a means to 
link pressure forces to the gas flow: 
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 Equation 3.4 

4 Gas-phase transport and diffusion 
in the airways 

4.1 Transport and diffusion of inert, insoluble sub-
stances in incompressible flow 
The simplest case of mass transport is related to substances that don’t react and 
that don’t migrate through the walls of the elements. This means that one can 
write a mass balance that only takes into account convection of material with 
the main gas flow and gas-phase diffusion. 

In addition to the properties relevant to gas flow, it is necessary to define the 
length (l) of the element. Furthermore, the mass concentration (C) is primarily 
defined at the centre of the element. Two remarks need to be made here. First, 
as for density, we need to average concentration over volume, denoted by <C>i 
for element i. Furthermore; we also need the concentration defined at the inter-
face area, because this quantity is convected by the main flow. C01 and C12 will 
denote these concentrations at the upper (with lower generation numbers) and 
lower (with higher generation numbers) interfaces, respectively. In this case the 
definition will involve some averaging over the interface areas. The properties 
are indicated in Figure 4.1. 

Assuming incompressible flow, the component mass balance for element 1 as 
in Figure 4.1 can be written as follows. The definitions of <..> and <..>1 (area 
and volume averaging, respectively) are as in chapter 3: 
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Here, D is the diffusion coefficient for the component in the gas phase (typically 
air). The terms ∆<C> represent the concentration gradient across the interfaces 
and s01 and s12 are the corresponding distances between the elements over which 
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the diffusion takes place. In order to express all concentrations using the values 
in the elements’ centres, we need to make the assumption that <CU> over an 
interface area can be replaced by <C><U>. This is not necessarily true, as varia-
tions of U and C in radial direction might be correlated, but for most relevant 
flow regimes it is a reasonable assumption. 
 

Figure 4.1. Properties of elements relevant to mass transport and diffusion. 

For a stable numerical solution, it appears that we need upwind differencing for 
the advective terms: <C01> = ((1+δ)⋅<C>0 +(1-δ) <C>1)/2 with δ=1 if velocity is 
from element 0 to 1 and δ=-1 if velocity is from 1 to 0. 

The gradient diffusion terms can be substituted using the differences of the 
centre concentrations, and the distances s01 and s12 both by half the sum of the 
elements’ lengths. For easier reading, we substitute <C>i by Ci and <Ui> by Ui. 
With this, the convection-diffusion equation can be written as: 
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The above equation leads to a set of coupled, 1st order ordinary differential 
equations that need to be solved by numerical integration over time. Volumes, 
areas, lengths and velocities can be calculated directly (see section 3.1). The 
boundary condition for the set of equations is the external concentration (the 
concentration at the mouth or nose). 

Using an explicit Runge-Kutta integration scheme, a stable numerical time 
step is approximated by: 
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Taking values at the alveolar level (l ≈ d ≈ 300µm), the time step should be less 
than about 0.01 s. 
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4.2 Transverse diffusion of gases to tissue sur- 
rounding the airways 
Based on the model for the airway walls, we can describe diffusion of substance 
to and through the walls. We define bulk concentration values in the centres of 
the layers identified in Figure 1.4, see Figure 4.2.  

Transverse diffusion in the airway itself is a combination of turbulent diffu-
sion and molecular diffusion. We assume that the turbulent region is well mixed 
(infinitely large diffusion coefficient). In case there is a turbulent region in the 
core of the airway tube, the diffusion path length is assumed to be equal to the 
thickness of the viscous layer. The thickness of the viscous layer can be esti-
mated from (Tennekes & Lumley, 1974): 
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Here, ν is the kinematic viscosity of the air (about 15⋅10-6 m2/s), u* is the scale 
of the turbulent fluctuations, Ubulk is the bulk velocity of the air within the air-
way (as calculated by Equation 3.3). 

If there isn’t a turbulent core in the flow, then the concentration profile will 
take a parabolic shape, where the maximum concentration is 2 times the bulk 
concentration (when the concentration at the wall is zero). The bulk concentra-
tion can be found at a distance of √½ times the radius from the centre, in other 
words, the effective value of hvisc is 0.147 times the diameter.  

For complexly shaped elements, like the nose, an effective “hydraulic” diame-
ter is used to determine h visc using Equation 4.3. This diameter is derived from 
the assumption that the complex shape can be represented by a tube with an el-
lipsoid cross section, in such a way, that surface and volume of the element 
matches the values listed in Table 1.2. The area of and ellipse equals π⋅a⋅b, the 
circumference of an ellipse is approximated as 2⋅π⋅√(a2 + b2), where a and b are 
the short and long axis of the ellipse. The short axis is used in determination of 
hvisc, as it gives an indication of the average width of the flow channel. 
 

Air concentration profile

 Cbulk

 Clining

 Cepith

 Ctissue

hvisc

airway centreline

element 0 element 1 element 2
 

Figure 4.2. Definition of bulk concentrations in the airways 
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The diffusive flow between the wall layers is determined by the differences be-
tween the bulk concentrations in these wall layers, corrected by the equilibrium 
partition coefficients (or Henry constants) between the layers. At the interface 
between the layers there will be local equilibrium. Using this, one can write for 
the mass flux of a substance m’ (in kg s-1m-2) between the air inside the airway 
and the lining: 
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Here, λair/lining is the partition coefficient between air and the lining for the sub-
stance in question. ρair and ρlining are the densities of air and lining and Dair and 
Dlining are the diffusion coefficients for the substance in air and in the lining, re-
spectively. The thicknesses h are according to Figure 1.4 and Figure 4.2. For the 
other interfaces, similar expressions can be derived. 

In principle, using bulk properties for the layer compartments will overesti-
mate the diffusion through the layers (numerical diffusion due to course discre-
tisation). Morris, Hassett and Blanchard (1993) refer to studies that show that 
these effects are small if the compartment thickness is less than 10 µm. In this 
application, compartment thickness may well be more than 10 µm, but at this 
state of modelling, we refrain from dividing layers into smaller elements. 

The general formulation for the mass balance in a wall layer of an element of 
the airway can be written as follows: 
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 Equation 4.5 

 
Here, Aperi is the peripheral surface of the airway element, ρi is the density and 
Ui is the velocity of layer i (Ui is only relevant for the lining) with δi the up-
wind-differencing factor: if Ui > 0, δi = 1, otherwise δi = -1. The last term is only 
relevant for the perfused tissue: it presents the removal of substance by blood. 
The symbol fi denotes the mass fraction of blood in the tissue and qi is the local 
perfusion rate (s-1). Cvenous is the concentration in the blood. For the alveolar re-
gion, this will be the venous concentration. For parts higher up in the airway 
system, this may be the arterial concentration, but for convenience a single 
value is used for the whole system. (Note that Cvenous will be time dependent as 
the last term of Equation 4.4 actual contributes to mass transfer from the airway 
wall into the body.) 

Now an additional term is needed in Equation 4.2 to account for the removal 
of material from the air to the wall. This term is actually the mass flow repre-
sented by Equation 4.4: periliningair Am →− ' . 
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The time scales related to diffusion through the walls in the lower part of the 
airway are very small, for the alveoli in the order of 10-6 seconds. In order to 
enforce larger time steps in the numerical procedure than implied by this time 
scale, we prescribe equilibrium conditions in those cases when the time step is 
larger than the time scale. In case of total equilibrium through the entire 
air/blood barrier the concentration distribution through the wall layers corre-
sponds to an equilibrium transport of substance from the air to the blood: 

 
bloodtissuetissueepithepithliningliningairmequilibriu mmmmm →→→→ ==== '''''  

 
This equilibrium mass flux can be calculated from the concentration gradient 
between air and the blood, divided by the total transport resistance Rair/blood: 
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4.3 Other similar modelling approaches 
The model presented here is very similar to an approach by Miller et al. (1985). 
They also divided the airway system longitudinally in elements corresponding 
to the generations. Air, lining (mucus or surfactant), and tissue are distinguished 
as different compartments in transverse direction. For this system the diffusion 
equation is solved, using a forced velocity distribution. Inflation is not included, 
but corrections to the molecular diffusion are applied instead. The model is pri-
marily used to describe the uptake of ozone. As ozone is very reactive, the 
chemical reaction is of primary importance and as “dose” is actually defined as 
the uptake by chemical reactions in a compartment, the published results are 
difficult to compare to the present model. One result that probably can be taken 
over to our study is, that results are not sensitive to gas-phase molecular diffu-
sion and mass transport. 

Johansson (1991) also used a similar approach to model the uptake of sol-
vents. In this case, airway elements beyond generation 5 are grouped together 
such that the model treats 9 “regions”, the last region representing the alveoli. 
The gas phase and a 1-µm thick, inner layer of lining (mucus) are considered to 
be in equilibrium, while diffusion to a 15-µm outer wall layer is included in the 
upper 8 regions. In the 9th region, immediate equilibrium between alveolar air 
and arterial blood is assumed. Thickness of inner and outer wall layer as well as 
the gas phase/wall transfer coefficient were obtained by fitting the results with 
observations for acetone, diethyl ether and ethanol (see also chapter 5). 
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5 Evaluation of the airway diffusion 
model 
There is little information available that can be used to evaluate the airway dif-
fusion model. Measurements of internal doses (i.e. concentrations inside the 
airways and the airway wall tissue) could not be traced in the literature.  

Only observations of concentration in exhaled air following exposure of some 
substances are available. These observation indirectly show absorption in the air 
way system, albeit that little information can be derived with respect to the site 
of absorption. Schrikker et al. (1985) report measurements of the uptake of ace-
tone and diethylether by male humans over short periods (exposure duration 40 
s). This includes presentation of the concentration traces in the inhaled and ex-
haled air, which allows analysing what happens during a single breath. The next 
2 sections will show how our model compares with these measurements. 

Johanson (1991, see section 4.3) has also used these measurements to develop 
and evaluate a model that shows resemblance with our model, albeit that only 9 
compartments are distinguished compared to the more than 30 elements in our 
representation of the airways, and the airway walls contain one compartment 
only. Johanson used Schrikker et al.’s (1985) data to fit the rate of diffusion 
from the air to the wall.  

Other experimental data is available from Nodelman & Ultman (1999). Small 
amounts of chlorine were injected as “boluses” at different moments during the 
inhalation cycle and the exhaled air analysed for the non-absorbed chlorine. By 
varying the time of injection, some control was obtained about the penetration 
of the chlorine in the (upper) airways and thus about the different absorption 
rates along several airway elements. This study concentrated on absorption in 
the nasal and oral area. Some results will be discussed in section 5.3. 

5.1 Diethylether 
Table 5.1. Physical properties for diethylether and acetone as used for evalua-
tion of the model. 

 diethylether acetone 
Partition coefficient λal (kg/kg in 
air)/(kg/kg in water), 37 ºC 

67.01 
(Fiserova-Bergova, 

1983) 

2.225 
(Fiserova-Bergova, 

1983) 
Partition coefficient λet (kg/kg in 
water)/(kg/kg in tissue), 37 ºC 

1.081 
(Fiserova-Bergova, 

1983) 

1.661 
(Fiserova-Bergova, 

1983) 
Diffusion coefficient in air 
(m2/s) 

9.5⋅10-6 
(Johanson, 1991) 

7.9⋅10-6 
(Johanson, 1991) 

Diffusion coefficient in lining, 
epithelium and tissue (m2/s) 

0.832⋅10-9 
(find reference) 

1.085⋅10-9 
(find reference) 

 
The physical properties of acetone and diethylether are listed in Table 5.1. It 
should be noted that a low value of the partition coefficient λal corresponds to a 
high concentration in the lining that is in equilibrium with the gas phase. In or-
der words, low values of λal indicate that the substance easily dissolves in the 
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lining (water)1. Acetone dissolves easier in water than ether. This has consider-
able consequences for the internal dose of the airway walls and the uptake of the 
substance, as we will show. 

First, the comparison of calculations and measurements for diethylether is 
shown. The measurements and simulation are based on a mouth-breathing hu-
man male, exercising at 50W, pulmonary ventilation 25.2 l/min, cardiac output 
9.9 l/min and a breathing frequency of 18.2 per minute. 

The results are shown in Figure 5.1. This Figure shows some experimental 
problems. The concentration in inhaled air (taken directly from Schrikker et al., 
1985) should be at 100% of the exposed concentration. Johanson (1991) ad-
justed the concentration scale as to reproduce the inhaled concentration as 
C/Cexposure=1. This would increase all measured concentrations by 10%. Consid-
ering this, the calculations fit very well to the measurements. The averaged con-
centration in exhaled air after the first 4 breaths, when steady state seems to be 
reached, is calculated to be 0.33⋅Cexposure, equal to the measured value if we cor-
rect with the above 10%. Also the minimum exhaled concentration agrees very 
well.  
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Figure 5.1. Comparison of measured (Schrikker et al., 1985) and calculated 
concentrations of diethylether in inhaled and exhaled air. Exposure duration is 
40 s. After the 6th breath, the averaged exhaled concentration was measured 
directly over 4 breaths. 

An analysis of the calculation results for concentrations inside the airways 
shows that the end-exhaled concentration equals the alveolar concentration. 
This means that there is almost no interference of absorption in the elements of 
the upper airway on the uptake and washout of diethylether. The alveolar con-
centration can be estimated from the total mass flow (uptake) of ether and the 
partition coefficient from air to blood. From the equilibrium between concentra-
tion in alveolar air and blood it follows that Calveolar air = λair/blood⋅Calveolar blood. 
From the mass balance Qair⋅(Cexposure – Calveolar air) = Qblood⋅(Calveolar blood – Cvenous), 

                                                      
1 In this report all concentrations and therefore also partition coefficients are based on mass con-

centrations. As partition coefficients often are based on volume concentrations and/or partial 
pressures, values for partition coefficients in this report seem roughly a factor 1000 larger 
than normally encountered in literature due to the ratio of densities for air and water. 
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with Qair and Qblood the pulmonary ventilation and cardiac output in kg/s, respec-
tively, it follows that, assuming Cvenous = 0: 
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For this case, the alveolar concentration can be estimated to be 0.15⋅Cexposure on 
average. Figure 5.2 shows that according to the model calculations, during ex-
halation the concentration in the lowest part of the lung falls to about 10% of 
the exposure concentration Cexposure. During exhalation there is only a small con-
centration gradient in the airway: from around 10% at the alveoli to about 15% 
at the mouth. During inhalation the concentration in the upper airways again 
show almost no gradient until the first respiratory bronchiole (the first airway 
element with some alveoli), indicating that there is almost no uptake at the up-
per level elements. From here, the concentration during inhalation reduces rap-
idly from almost 100% at the first respiratory bronchiole to 15% at the alveolar 
sacs. This result is in agreement with the results obtained by Johanson (1991). 
In Johanson’s case, the alveolar region is represented by only one element. In 
this region, variations during inhalation and exhalation are predicted from 25% 
to 15%, respectively. 
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Figure 5.2. Gas phase concentration of diethylether in the lower part of the 
respiratory system 

5.2 Acetone 
The experimental conditions during the inhalation tests with acetone were iden-
tical to the conditions for diethylether. The results of the experiments and the 
model calculations are shown in Figure 5.3. It appears that in this case the 
agreement between the model results and the experiments is less good. In the 
case of a well soluble vapour like acetone, the concentration of mixed-exhaled 
and end-exhaled air is not determined by the alveolar concentration, but by the 
absorption (during inhalation) and desorption (during exhalation) of the upper 



Risø-R-1208(EN)  27 

airway walls. A correct description of the concentration in the exhaled air de-
pends on the correctness of the description of the lateral diffusion processes in 
the upper airways. Johanson (1991) reached good agreement, but it should be 
noted that he used the measurements to adjust the diffusion rate from the gas 
phase to the walls, so his results can not be considered as a blind evaluation. 

According to Equation 5.1, the concentration in the alveolar region would be 
about 1% of the exposure concentration. In practice, the concentration does not 
penetrate beyond the first alveolar ducts, with almost zero concentrations at 
lower levels. The concentration is already significantly reduced in the upper 
airways. At the terminal bronchiole, concentration varies between 20% and 60% 
during inhalation and exhalation, respectively. For the corresponding region, 
Johanson (1991) predicts a variation between 20% and 70%.  
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Figure 5.3. Comparison of measured (Schrikker et al., 1985) and calculated 
concentrations of acetone in inhaled and exhaled air. Exposure duration is 40 s. 
After the 6th breath, the averaged exhaled concentration was measured directly 
over 4 breaths. 

In view of the poor agreement between the calculations and the measurements 
some sensitivity calculations were performed. These calculations included the 
following parameter variations: 

1. Maximising the thickness of the lining, epithelium and supporting tissue 
to 5 µm for each layer. In Johanson’s (1991) model, a 1-µm layer is 
thought to be in instantaneous equilibrium with the gas phase, with a 
buffer layer of 15 µm behind it. It can be expected that the thickness of 
the wall layers have an effect on the amount of acetone absorbed and de-
sorbed, and thus affect the concentration in exhaled air. 

2. Decreasing the diffusion coefficient in air by a factor of 10, thus simulat-
ing reduced mass transfer from the air to the wall layer.  

3. Decreasing the diffusion coefficient in lining, epithelium and tissue by a 
factor of 10, decreasing the mass transfer through the wall layers. 

 
Results for the sensitivity calculations are included in Table 5.2. Although limit-
ing the wall layer thickness has a significant effect on the end-exhaled concen-
tration, only reducing the diffusion coefficient has a significant effect on both 
mixed-exhaled and end-exhaled concentrations. The question is whether a re-
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duced diffusion coefficient (compared to diffusion in water) is realistic. Miller 
et al. (1993) state that diffusion in tissue is generally lower than in water “but 
often not much different”. For oxygen, the lowest measured value of the diffu-
sion coefficient in tissue (which appeared to be in dog connective tissue) is a 
factor 3 lower than in water. Miller et al. conclude: “For large molecules, diffu-
sion coefficients in biological substances may be very different from the water 
values, making measurements in biological tissues and fluids necessary”. 

Table 5.2. Comparison of experiment and sensitivity calculations for acetone. 

 Averaged (mixed)  
exhaled concentration 

Minimum (end)  
exhaled concentration

Experiments (Schrikker et al., 
1985) 

0.44 0.22-0.28 

Standard model calculation 0.68 0.56 

Wall thickness maximised at 
15 µm 

0.69 0.46 

Air diffusion coefficient at 
onetenth 

0.67 0.57 

Lining/tissue diffusion coeffi-
cient at onetenth 

0.56 0.37 

 

Table 5.3. Time scales for diffusion for a number of wall layer elements and 2 
values of the diffusion coefficient. 

 Time scales (s) 
 Diffusion coefficient 

1.085⋅10-9 m2/s (acetone 
in water) 

Diffusion coefficient 
1.085⋅10-10 m2/s 

 epithelium supporting 
tissue 

epithelium supporting 
tissue 

Mouth/Nares-nasal valve to 
laryngal pharynx  

2.30 230 23.0 2304 

Trachea 0.27 230 2.66 2304 
Main bronchi 0.19 208 1.87 2078 
Bronchioles 1st level 0.017 3.58 0.17 35.8 
Terminal bronchioles 0.012 0.37 0.12 3.69 
Respiratory bronchiole 3rd 
level 

0.012 0.015 0.12 0.15 

 
In any case, changing the diffusion coefficients by a factor of 10 has significant 
effects on the time scales needed to reach equilibrium with the gas-phase con-
centrations. The time scale for an individual wall layer is h2/D. For some typical 
elements the time scales for diffusion into the wall layers are presented in Table 
5.3.  
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Figure 5.4. Concentration of acetone in the mouth as calculated using the stan-
dard model and the diffusion coefficient for water. Concentrations in lining, 
epithelium and tissue have been multiplied by the partition coefficient as to 
show deviation from equilibrium. 
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Figure 5.5. Concentration of acetone in the mouth as calculated using a diffu-
sion coefficient for lining, epithelium and tissue that is one-tenth of the value for 
water. Concentrations in lining, epithelium and tissue have been multiplied by 
the partition coefficient. 
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The effect on the concentration in the wall layers is also presented in Figure 5.4 
and Figure 5.5. As one can see, the conclusions on how fast the epithelium layer 
reaches equilibrium with the concentration in the gas phase changes drastically. 
Using the diffusion coefficient for water, the concentration in the mouth or nose 
and the airways above the trachea reaches equilibrium in the course of a single 
breath. If the diffusion coefficient is reduced by a factor 10, it will take about 
half a minute. We can conclude that the diffusion coefficient is a critical pa-
rameter in order to assess the correct internal dose in the upper airways. 

5.3 Chlorine absorption in the nasal area 
Measurements from Nodelman & Ultman (1999) were used to compare with 
model calculations of absorption of chlorine during a single inhala-
tion/exhalation cycle. Small amounts of chlorine were injected in the inhaled air 
as small “boluses” of gas at different moments before the end of inhalation. The 
moment of injection determines the penetration of the chlorine in the airway. 
The inhaled volume since the gas injection is defined as the Penetration Vol-
ume. The exhaled gas is analysed for remaining chlorine and in this way absorp-
tion of chlorine depending on penetration can be determined. As the volume of 
the upper airway elements (nares, nasal cavity and nasopharynx) is known, see 
Table 1.2, information is obtained about the level of absorption along these 
elements. Results are shown in Figure 5.6. The comparison is difficult because 
of the complex physical/chemical behaviour of chlorine.  

Solubility of chlorine is determined by hydrolysis, i.e. the formation of chlo-
rine and hydrogen ions (Cl- and H+) and hypochloride (HOCl), see Whitney & 
Vivian (1941). As a result, the partition coefficient depends on the amount of 
chlorine (in molecular and hydrolysed form) in the solution, such that the parti-
tion coefficient approaches zero for low concentrations (i.e. infinite solubility). 
At the exposed concentrations of 3 ppm, the partition coefficient is about 1, for 
0.5 ppm it is only 0.25 (based on mass concentrations). Nodelman & Ultman 
argue that on the bases of the buffering capacity (pH remains constant at 6.6) 
and the high natural content of chlorine ions (0.16 mol/l) the partition coeffi-
cient for the air/mucus system is constant however, independent of the exposure 
concentration. This is supported by the fact that the reported measurements are 
the same for bolus concentrations of 0.5 and 3 ppm. Based on the data from 
Whitney & Vivian, we estimate this constant partition coefficient to be about 6 
for the mucus conditions mentioned by Nodelman & Ultman. 

Another complicating factor is that hypochloride is a very reactive, oxidising 
substance, and we expect that it will almost instantly react with substances pre-
sent in the mucus and epithelium. These will be irreversible reactions, leading to 
a constant sink of hypochloride in the lining and epithelium. Our model, which 
does not contain irreversible chemical reactions as by now, can not describe this 
aspect. 

The model results shown in Figure 5.6 are produced using a constant partition 
coefficient of 1 (kg Cl2/kg air per kg Cl2/kg lining). The respiratory frequency is 
30 per minute and the tidal volume is 500 ml, this means a ventilation flow rate 
of 250 ml/s. Figure 5.6 shows absorption of chlorine during one inhala-
tion/exhalation cycle. The chlorine bolus is injected at the end of the inhalation 
phase of this cycle. A penetration volume of zero means that the injection takes 
place just as the inhalation stops and exhalation starts.  

We show two types of results. The first result is the maximum absorbed 
amount of chlorine in the lining, epithelium and tissue during the respiration 
cycle. This maximum is found some 10-100 ms after the start of exhalation. Af-
ter that maximum is reached, the exhaled air with low chlorine concentration 



Risø-R-1208(EN)  31 

(from the deeper airways) will desorb the chlorine. This maximum absorbed 
fraction would be an indicator of absorption if all absorbed chlorine were 
bounded in the lining and other tissue. 

The other result is the absorbed fraction at the end of the respiration cycle. 
This includes the desorbtion during exhalation.  

It seems that the results for end-exhaled absorption follow the observed de-
pendency on the penetration volume best, while the maximum absorption is in 
better agreement with the asymptotic results for large penetration volumes. The 
importance of this comparison is limited, however, because of the large uncer-
tainty in the value of the partition coefficient, which is an important parameter 
for absorption. 
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Figure 5.6. Comparison between measured and calculated chlorine absorption 
as function of the penetration of chlorine in the nasal area. 

5.4 Discussion of the evaluation 
It appears that the model reproduces uptake of gases in the lower parts (alveolar 
region) very well. There is however quite some uncertainty about the correct-
ness of the model for very soluble substances and the corresponding absorption 
in the oral or nasal region.  

Correct values for the partition coefficients for the air/lining and lining/tissue 
systems are very important. The sensitivity study also shows the relevance of 
diffusivity in lining and tissues compared to thickness of lining and tissue layers 
in the case of reversible absorption and desorption. 

Possible improvements of the model are: 
• Using detailed substance-dependent data on solubility and diffusivity in 

lining, epithelium and tissue. 
• Using better geometrical descriptions of the elements (especially in the 

oral and nasal region) and their wall compartment thickness. 
• Using empirical mass transport rates in the nasal/oral regions in stead of 

using correlations for pipe flow as described in section 4.2. 
• Including chemical reactions as a “sink” of absorbed material. However, 

this requires detailed information of chemical reactivity in the wall layers. 
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6 Assessment of the selected sub-
stances 

6.1 Substance properties 
The following substances are selected for detailed study in the TEARHS pro-
ject:  
• hydrochloric acid (HCl),  
• ammonia (NH3) ,  
• chlorine (Cl2),  
• phosgene (COCl2),  
• hydrogen-disulphide (H2S), and  
• sulphur-dioxide (SO2). 

 
In order to perform calculations with the airway diffusion model, the relevant 
properties were collected. Data source for these properties are Miller et al. 
(1993), Landolt-Börnstein (1962, 1969), Handbook of Chemistry & Physics 
(1999 p 6-190), Linke Seidel (1958), and Meylan & Howard (1991). These 
properties are summarised in Table 6.1. In those cases that the partition coeffi-
cient is not constant, it has been pursued to provide values for low concentration 
ranges. Partition coefficients are not appropriate and should be used with care in 
case chemical reactions are involved in the solution process (Miller et al., 
1993). This is e.g. the case for chlorine, sulphur-dioxide, and phosgene. Chlo-
rine and phosgene will be hydrolysed, forming hydrochloric acid in the aqueous 
phase, see section 5.3 and chapter 9.  

Table 6.1. Physical properties of the selected substances. 

Substance mol  
weight 

(kg/kmol) 

Partition co-efficient λaw 
at 37 ºC (kg/kg air per 

kg/kg water) 

Diffusion co-
efficient in water 

(m2/s) 

Diffusion co-
efficient in air 
(m2/s) at 37 ºC 

HCl 36.5 1.55 * 3.87⋅10-9 at 35 ºC** ca. 1.8⋅10-5  

NH3 17 0.97  1.5⋅10-9 at 20 ºC 2.5⋅10-5 ±10% 

Cl2 70.9 strongly varying for low 
concentrations * 1.8⋅10-9±6% at 35 ºC 1.27⋅10-5 ±3% 

COCl2 98.9 184 (25ºC) unknown 
1.73⋅10-5  

(temperature 
unknown) 

H2S 34.1 410±30  1.36⋅10-9 at 25 ºC 1.8⋅10-5 ±5%   

SO2 64.1 42* 2.5⋅10-9 at 37 ºC 1.17⋅10-5 ±15% 

* Henry law is not valid (i.e. partition coefficient depends on gas-phase and liquid-phase 
concentration). 

**For low concentrations. 
 

The behaviour of substances in the airways is dominated by the solubility. The 
partition coefficient expresses the solubility. In the table above one can distin-
guish two or three groups. Clearly distinguishable are the very easily soluble 
substances (ammonia, chlorine and hydrochloric acid) with partition coeffi-
cients in the order of 1 based on mass concentrations. One can divide the re-
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maining substances into easily soluble substances with a partition coefficient of 
50-200 (sulphur-dioxide, phosgene), and slightly soluble substances with parti-
tion coefficients higher than ca. 500 (hydrogen-sulphide, maybe phosgene).  

For comparison it should be noted that oxygen should be considered to be a 
“hardly soluble” gas with a partition coefficient of 37,000. 

Internal exposure of the tissue in the airways is calculated for ammonia, rep-
resenting very easily soluble gases, and for sulphur dioxide, representing easily 
soluble gases. Some additional calculations are performed for hydrogen-
sulphide. Therefore we used the model described in the chapters 3 to 5. These 
calculations focused on assessing the time-scales for different parts of the air-
ways, i.e. estimates of the time needed to reach the final internal exposure con-
centration following a sudden external exposure of the gas (step function). 

6.2 Calculation conditions 
Calculations are performed for humans, using the airway geometry for the 
“standard man”, see chapter 1, and using the respiration conditions for exercise 
at 50W, identical to conditions for the evaluation study, sections 5.1 and 5.2, 
although nose breathing is simulated in this case. 

For ammonia and sulphur-dioxide, calculations are also performed for rats, 
using the geometry and conditions described in chapter 2. 

6.3 Ammonia (NH3) 
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Figure 6.1. Example of the internal dose. The Figure shows the concentration in 
the epithelium and tissue of the 1st level bronchioles following a stepwise expo-
sure to ammonia. The concentration in the epithelium is in almost instantaneous 
equilibrium with the lining and air. Concentrations are expressed as mass con-
centration, divided by the exposure mass concentration in the air. 

Calculations were performed following a step function exposure starting at time 
t=0, which is also the time for a new inhalation. The calculation duration is 40 s 
for the human and 60 s for the rat. The concentrations in the airways, the lining, 
the epithelium as well as in the tissue at the lower airway elements follow a 
fluctuating pattern corresponding to the respiration pattern, with an increasing 
trend as the whole airway system absorbs the substance and reaches a state of 
equilibrium, see e.g. Figure 6.1. In the upper airway, the tissue is thicker, and 



34  Risø-R-1208(EN) 

the concentration in the tissue does not follow the respiration pattern, as in 
Figure 5.4. 

We estimate the asymptotic concentration C∞ for the internal exposure of the 
lining, epithelium, and tissue together with the time scale τ assuming a first or-
der response to the step function exposure: 

 
( ))/exp(1)( τtCtC exposureinternal −−= ∞ . Equation 6.1 

 
We do this both for the maximum concentrations (i.e. during inhalation) and the 
minimum concentrations (during exhalation). It appears that a first order re-
sponse is a reasonable assumption for most of the situations, although it is clear 
in some occasions, that there is more than one time scale, e.g. the time scale of 
the layer itself and the time scale of the whole airway system.  

Results for the human airway system are presented in Table 6.2. The concen-
tration in the thin lining layers in the upper airways (nares and trachea) adjusts 
rapidly to the external exposure. The time scale for the epithelium in the nares is 
slightly more than the estimated time scales for acetone (see Table 5.3). Time-
scales for tissue in the nares and trachea couldn’t be estimated on the basis of a 
40 s. calculation, in this case estimates for acetone suggests values in the order 
of 200 s. Although the lining and epithelium are thinner for the lower airways, 
the time scales are larger. This is typical for very soluble gases. The uptake of 
gas in the upper airways is so effective, that it takes some time before the gas 
penetrates deeper in the airways. For the bronchioles at level 1 and the terminal 
bronchioles, the time scales for lining, epithelium and tissue are almost the 
same, suggesting that these time scales are dominated by processes involving 
the whole airway system. 
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Figure 6.2. Asymptotic values of mass concentration in the human airways fol-
lowing a step function exposure to ammonia. Concentrations are expressed as 
percentages of the equilibrium concentration in the layers corresponding to the 
external exposure concentration. 

The asymptotic concentrations, also shown in Figure 6.2, are well below 100%, 
decreasing towards the lower part of the airways. The gas doesn’t penetrate sig-
nificantly deeper than the first respiratory bronchioles, where is effectively re-
moved by the blood. 

Another characteristic of soluble gases is that the difference between maxi-
mum and minimum concentrations is relatively small, due to the buffering ef-
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fect of the gas absorbed and desorbed by the walls during inhalation and exhala-
tion, respectively. 

Table 6.2. Estimates of time scales and asymptotic values of the concentrations 
in the wall layers of human airway elements for ammonia. Concentrations are 
expressed as percentages of the equilibrium concentration in the layers corre-
sponding to the external exposure concentration. 

  Lining Epithelium Tissue 
  time 

scale (s) 
Asymp-

tote 
time 

scale (s)
Asymp-

tote 
time 

scale (s) 
Asymp-

tote 
        

min 7.6 62% 6.5 65%   
average     >70 ca 67% Nares 
max 1 82% 3.6 70%   

        
min 12 56% 12 54%   
average     >100 ca 66% Trachea 
max 1.3 73% 1.9 69%   

        
min 14.8 58% 12.7 58% 15.1 61% 
average       Bronchioles 

level 1 max 7.3 71% 7.9 70% 12.5 65% 
        

min 20 20% 30 21% 32 21% 
average       Terminal 

bronchiole max 23 35% 24 35% 24 35% 
 

In case of ammonia, we have some data on concentration in exhaled air from 
experiments with humans (Silverman et al., 1949). During these experiments, 
seven male adults were exposed to anhydrous ammonia at 500 ppm during 30 
min. Respiration rate, ventilation rate and concentration in exhaled air were 
measured and some other physiological and subjective reactions registered. It 
was observed that ventilation rate and respiration rate increased upon exposure, 
and changed cyclically during the exposure period. The concentration in ex-
haled air changed during these cycles. Finally, the concentration in exhaled air 
reached on average 77% of the exposure concentration. This equilibrium level 
was reached after 10 to 25 min., though responses to changes in expiration pat-
terns were apparently faster. The recovery time to reach base level was between 
3 and 8 min. It should be noted that from the description of the experiment it is 
unclear whether Silverman et al. could resolve concentration measurements at 
less than 3 min. The results are compared with the present results in Figure 6.3. 
The time scale that is calculated by the present model (first order response time) 
is about 17 s, thus considerably shorter than reported by Silverman et al. The 
predicted equilibrium concentration in exhaled air (about 65%) is not in contra-
diction with the experimental results.  

Silverman et al. observed that the exhaled air contained some undetermined 
amines. A part of the increased buffering of ammonia can be due to chemical 
reactions, increasing the response time. The present model does not include 
chemical reactions, and supposes 100% reversible absorption and desorption 
from the lining, epithelium and tissue. Neither accounts the model for the sig-
nificant physiological effects, i.e. the increase of ventilation rate by 50% to 
250% at these relatively high exposure concentrations. 
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Figure 6.3. Comparison of present model results with experiments from Silver-
man et al.. The graph shows the averaged concentration in exhaled air (fraction 
of concentration in exposed air). Results for the first 5 min. for Silverman's 
subject No. 7 are included. 

The model calculation results for exposure of a rats with ammonia are presented 
in Figure 6.4 and Table 6.3. Surprisingly enough, for ammonia the time scales 
in a small rat are larger than for a human being. For that reason, the calculation 
period was 60 s in this case. Even though, it was not possible to estimate the 
asymptotic internal exposures for elements deeper than the nose region from a 
60 s. record, having time scales longer than 100 s, say.  

 

Table 6.3. Estimates of time scales and asymptotic values of the concentrations 
in the wall layers of rat airway elements for ammonia. Concentrations are ex-
pressed as percentages of the equilibrium concentration in the layers corre-
sponding to the external exposure concentration. 

  Lining Epithelium Tissue 
  time 

scale (s)
Asymp-

tote 
time 

scale (s) 
Asymp-

tote 
time 

scale (s) 
Asymp-

tote 
        

min 7.3 72% 6.4 76%   
average     9.1 84% Nares 
max 2 83% 4.7 79%   

        
min 17 60% 23 60%   
average     39 61% Ethmoturbi-

nate region max 22 61% 21 61%   
 

Part of the explanation is that the surface area of the rat’s nose is larger than the 
human’s nose’s surface. Ammonia is therefore more effectively removed by the 
rat’s nose, and the following slow diffusion in the nose’s tissue causes the 
whole rat airway system to respond slowly. The fact that the surface-to-volume 
ratio of all airway elements in the rat is larger than in humans (a logical conse-
quence of the smaller size of the rat) has the same effect. Anyway, over a 40 to 
60 s period of exposure, concentrations in humans will be close to final, asymp-
totic values (except for the thicker tissue layers in the upper airways), while in 
rats, very low, but steadily rising concentrations are found from the nasophar-
ynx downwards. The slow penetration of ammonia into the rat lung is also illus-
trated by the fact that after 60 s, only 5% of the total net mass of ammonia in-
haled is absorbed by the blood, while in humans this is already 20% after 40 s. 
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Figure 6.4. Asymptotic values of mass concentration in the rat airways follow-
ing a step function exposure to ammonia. Concentrations are expressed as per-
centages of the equilibrium concentration in the layers corresponding to the 
external exposure concentration. 

6.4 Sulphur-dioxide (SO2) 
For SO2 the same calculations have been performed as for ammonia, though the 
calculation period was 40 s both for the human and rat case. SO2 has a partition 
coefficient of 42 (based on mass concentrations) and the equilibrium concentra-
tion in the aqueous phase is therefore about a factor 50 lower than for ammonia. 
Still, absorption of sulphur-dioxide plays a role in determining the pattern of the 
internal dose in the airways. 

Results for the human system are presented in Table 6.4 and Figure 6.5. From 
Equation 5.1 it follows that the average alveolar concentration of SO2 should be 
about 10% of the exposure concentration. This is in agreement with the mini-
mum concentration in the alveolar duct and the terminal bronchiole. The 
absorption of gas in the upper airways down to the terminal bronchiole is low: 
the maximum concentrations are only reduced a few percent (at the terminal 
bronchiole). The minimum concentration at the nose shows some effects of 
desorption of gas during exhalation, but is mainly due to the inertia of the 
diffusion process. Time scales are small (1 – 2 s) and fairly uniform throughout 
the whole airway system, except for the time scales of the thick tissue layers in 
the upper airways. This is also caused by the fact that the alveolar equilibrium 
concentration is low, and this equilibrium stage is reached almost 
instantaneously. This means that maximum exposure of the airway walls (again 
with exception of the tissue layers at the upper airways) is already reached 
within a single breath. Table 6.5 and Figure 6.6 show the results for a rat. In this case, SO2 behaves 
more like a soluble gas. In a rat, absorption and desorption during inhalation 
and exhalation have a clear effect on the concentration pattern, and unlike in the 
human case, the concentration decreases gradually towards the lower airway 
elements. Time scales are very similar to those in humans in absolute terms, but 
it should be noticed, that in rats equilibrium is reached after at least 5-6 breath 
cycles, contrary to the human case. 
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Table 6.4. Estimates of time scales and asymptotic values of the concentrations 
in the wall layers of human airway elements for SO2. Concentrations are ex-
pressed as percentages of the equilibrium concentration in the layers corre-
sponding to the external exposure concentration. 

  Lining Epithelium Tissue 
  time 

scale (s)
Asymp-

tote 
time 

scale (s) 
Asymp-

tote 
time 

scale (s)
Asymp-

tote 
        

min 1.5 33% 1.9 51%   
average     67 75% Nares 
max 0.4 91% 0.9 87%   

        
min 2.3 23% 2.6 24%   
average     57 68% Trachea 
max 0.3 95% 0.3 91%   

        
min 1.4 27% 1.4 29% 1.6 44% 
average       

Bronchi-
oles 
level 1 max 0.5 92% 0.6 91% 1 84% 
        

min 1.7 12% 1.6 13% 1.7 13% 
average       Terminal 

bronchiole max 0.4 96% 0.4 96% 0.4 96% 
        

min 2 8% 2 8% 2 8% 
average       Alveolar 

duct 1 max 0.5 63% 0.5 63% 0.5 63% 
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Figure 6.5. Asymptotic values of mass concentration in the human airways fol-
lowing a step function exposure to SO2. Concentrations are expressed as per-
centages of the equilibrium concentration in the layers corresponding to the 
external exposure concentration. 
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Table 6.5. Estimates of time scales and asymptotic values of the concentrations 
in the wall layers of rat airway elements for SO2. Concentrations are expressed 
as percentages of the equilibrium concentration in the layers corresponding to 
the external exposure concentration. 

  Lining Epithelium Tissue 
  time 

scale (s) 
Asymp-

tote 
time 

scale (s)
Asymp-

tote 
time 

scale (s) 
Asymp-

tote 
        

min 2 76% 2 76%   
average     3 91% Nares 
max 0.1 94% 0.1 94%   

        
min 2.7 60% 3.1 66% 4 70% 
average       Trachea 
max 2.4 76% 2.9 73% 4 74% 

        
min 1.5 39% 1.5 42% 1.5 53% 
average       

Bronchi-
oles 
level 1 max 0.9 77% 1 74% 1.4 62% 
        

min 1.6 19% 1.6 22% 1.6 28% 
average       Terminal 

bronchiole max 0.9 58% 1.4 55% 1.5 49% 
        

min 1.8 8% 1.8 8% 1.8 8% 
average       Alveolar 

duct 1 max 1.6 25% 1.6 25% 1.6 25% 
 
 

0%

20%

40%

60%

80%

100%

N
ar

es

Tr
ac

he
a

Br
on

ch
io

le
s

Te
rm

in
al

br
on

ch
io

le

Al
ve

ol
ar

du
ct

 1

m
as

s 
co

nc
en

tr
at

io
n 

(fr
ac

tio
n 

of
 

ex
po

su
re

 c
on

ce
nt

ra
tio

n) Lining Max.
Lining Min.
Epith Max.
Epith. Min.
Tissue Max
Tissue Min.

 
Figure 6.6. Asymptotic values of mass concentration in the rat airways follow-
ing a step function exposure to SO2. Concentrations are expressed as percent-
ages of the equilibrium concentration in the layers corresponding to the exter-
nal exposure concentration. 
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6.5 Hydrogen-sulphide (H2S) 
Hydrogen-sulphide is an example of a hardly soluble substance, with a partition 
coefficient of about 410. For this substance, only results for the human case are 
presented. It is expected that the situation in rats will be very similar. Results 
are included in Table 6.6 and Figure 6.7. 

According to Equation 5.1, the average alveolar concentration is about 51%. 
This is in very good agreement with the minimum concentrations (i.e. concen-
trations at the end of exhalation) throughout the whole airway system. No sig-
nificant absorption or desorption occurs in the non-alveolated part of the air-
ways, so concentrations during inhalation in this part are almost 100%, devia-
tions are due to the inertia of diffusion. Overall time scales are slightly higher 
than for SO2, which is caused by the fact that it takes several breaths before the 
total lung volume is replaced by air at the exposure concentration. This depends 
on the ratio between the tidal volume and the functional reference capacity 
(FRC). At the conditions used here (exercise at 50 W), after 2 breaths, i.e. 6-7 s, 
the lung concentration reaches 49% if alveolar uptake by the blood is neglected. 
This explains the time scales for the minimum concentrations (i.e. concentra-
tions at the end of exhalation) very well. 

Table 6.6. Estimates of time scales and asymptotic values of the concentrations 
in the wall layers of human airway elements for H2S. Concentrations are ex-
pressed as percentages of the equilibrium concentration in the layers corre-
sponding to the external exposure concentration. 

  Lining Epithelium Tissue 
  time 

scale (s)
Asymp-

tote 
time 

scale (s) 
Asymp-

tote 
time 

scale (s)
Asymp- 

tote 
        

min 5.6 53% 3.5 63%   
average     >100 ca. 74% Nares 
max 0.4 97% 1 84%   

        
min 6.2 49% 6.3 50%   
average     >100 ca. 72% Trachea 
max 0.3 98% 0.3 94%   

        
min 6 50% 5.8 51% 4.4 64% 
average       

Bronchi-
oles 
level 1 max 0.3 99% 0.5 98% 1.5 86% 
        

min 6.2 49% 6.2 49% 6.3 50% 
average       Terminal 

bronchiole max 0.2 99% 0.2 99% 0.3 98% 
        

min 6.5 48% 6.5 48% 6.5 48% 
average       Alveolar 

duct 1 max 1.5 67% 1.5 67% 1.5 67% 
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Figure 6.7. Asymptotic values of mass concentration in the human airways fol-
lowing a step function exposure to H2S. Concentrations are expressed as per-
centages of the equilibrium concentration in the layers corresponding to the 
external exposure concentration. 

6.6 Distribution of mass 
Another comparison of the three substances can be made by looking at the dis-
tribution of the mass between the different compartments (air, lining, epithe-
lium, tissue and blood). These distributions are shown in Figure 6.8. The Figure 
shows how fast the airway system reaches an equilibrium state. In an equilib-
rium state, the amount of mass present in lining, epithelium and tissue, as well 
as in the air in the lung, are constant with time (apart from the fluctuations re-
lated to the respiration pattern). Then the increase in the total net amount of 
mass in the airways (inhaled minus exhaled) is equal to the increase of mass in 
the blood, i.e. these two lines will have the same slope. It can be seen that in the 
case of ammonia, equilibrium is not reached within 40 s. The amount of mass in 
the tissue is still raising, and only a small fraction of the ammonia is absorbed 
by the blood. In case of sulphur-dioxide, equilibrium is obtained very fast. In 
case of hydrogen-sulphide, it takes a bit longer. In this case, the amount of mass 
in the air is also shown. Contrary to the better soluble ammonia and sulphur di-
oxide, a considerable fraction is present in the air in the lungs. This is because 
in this case the gas penetrates into the deepest alveoli, and the alveolar region 
has a considerable volume, much larger than the volume of the upper airways 
(see Table 1.3). 

Note that the net uptake of the three different gases is (almost) equal, even 
though the partition coefficient varies more than a factor 400. Under equilib-
rium conditions, this uptake depends only on the ratio of the ventilation rate and 
the cardiac output.  
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Figure 6.8. Distribution of the net inhaled mass of gas in the human airways. 
MassNetIn is the sum of inhaled and exhaled gas. 
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7 Exposure to fluctuating concentra-
tions 
In this chapter we will apply the findings from the previous chapters to the prac-
tical situation of exposure to fluctuating concentrations. We will apply theory 
from control systems analysis to two extreme though relevant situations, i.e. the 
exposure to a single, (short) finite duration pulse, and exposure to a periodic 
time series of concentration. Real exposures, e.g. in atmospheric clouds of toxic 
material, will be in the form of a stochastical time series, but it will contain fea-
tures from both types of idealised exposure. 

7.1 Response to single concentration pulses 
Using the information provided by the asymptotic internal exposure concentra-
tions included in Table 6.2, Table 6.3, Table 6.4, Table 6.5, and Table 6.6 to-
gether with the time constants τ in these tables, it is possible to construct the 
response of the internal exposure concentration (i.e. the concentration in a wall 
layer of a selected element in the airways) from Equation 6.1 directly. For expo-
sure to a constant concentration C starting at time tstart and ending at time tend, 
the response will be: 

 
( ))/)(exp(1)( τstartexposureinternal ttKCtC −−−=  for tstart<t≤tend 

( ))/)(exp()/)(exp()( ττ startendexposureinternal ttttKCtC −−−−−=  for t>tend. 

 Equation 7.1 

 
Here, the asymptotic internal exposure concentrations included in Table 6.2, 
Table 6.3, Table 6.4, Table 6.5, and Table 6.6 are included as the amplification 
factors K. If absolute concentrations in the wall layers are required, the values 
need to be divided by the partition coefficient between the air and the wall layer 
in question. 

7.2 Frequency response using Fourier decomposi-
tion 
In chapter 6, the response of the human and rat airways to a step function expo-
sure is analysed. This information can be used to predict the internal dose in the 
airways in response to a fluctuating exposure concentration. Therefore we use 
principles from time series and control system analysis. 

Any periodic time series, and therefore any periodic series of exposure con-
centration, can be decomposed into a number of harmonic series (Fourier de-
composition): 
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++= ππ  Equation 7.2 

 
Here, f is the lowest frequency in the periodic series. This idea can be extended 
to any (i.e. non-periodic, like step functions or single pulses) time series or sig-
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nal, in that case the discrete summations turn into integrals over an infinite 
number of frequencies. We then speak about Fourier integrals, which in its sim-
plest form can be written as: 

 

[ ]∫
∞

Φ+=
0

d))(2cos()(2)( ffftfDtCexposure π  Equation 7.3 

 
Here, D(f) represents the amplitude corresponding to frequency f, and Φ(f) the 
phase shift at this frequency. 

The asymptotic internal exposure concentrations included in Table 6.2, Table 
6.3, Table 6.4, Table 6.5, and Table 6.6 can be considered to be static amplifica-
tion factors K of the dynamic response function of the airway element in ques-
tion. The same tables provide the time constants τ for these functions. The re-
sponse function consists of two parts, first the amplification of the amplitude 
α(f), and the phase shift of the resulting series compared to the external expo-
sure series φ(f): 
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)2arctan()( τπφ ff −=  Equation 7.4 
 

Normally, α(f) will be sufficient to obtain an estimate of the final level of the 
internal exposure concentration for a given external exposure signal with an 
overall frequency f. But for more complex situations this response function can 
be applied to a Fourier transformed signal in order to determine the internal ex-
posure concentration. For the Fourier transform of the internal exposure can be 
written: 

 
Dinternal ( f ) = α( f )D( f ) 
 Equation 7.5 
Φinternal ( f ) = Φ( f ) + φ( f ) 
 

Now the series of the internal exposure concentration can be obtained from in-
verse Fourier transform of Dinternal and Φinternal. In the majority of cases, this will 
be quite a tedious task, requiring numerical procedures. 

7.3 Interaction with the respiration pattern 
The theory provided in the previous two sections ignores the fact that the air-
ways only have an intake of the externally exposed gas during inhalation. Sam-
pling by the airways is, so to speak, intermittent. Therefore, the above method-
ology can only be applied for concentration pulses with a length of at least one 
respiration cycle or for time series when the highest frequency is less than half 
of the respiration frequency.  

For a single pulse shorter than the length of a respiration cycle, the best pro-
cedure is to replace it by an ensemble averaged pulse, lasting for the duration of 
the respiration cycle, and adjusting the concentration as to maintain the dose. 

For periodic exposures, it is not so easy to provide a way of handling expo-
sures that are dominated by frequencies less than twice the respiration fre-
quency. This is probably an academic problem, as most practical exposures will 
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be stochastic, and high frequency variations should be filtered out. But just to 
show the consequences, imagine that the exposure time series has exactly the 
same frequency as the respiration. If inhalation and high exposure concentra-
tions are in phase, the subject will perceive the exposure as being a constant 
exposure, not noticing the low concentrations during exhalation. If inhalation is 
out of phase with the high concentrations, the subject will not perceive an expo-
sure at all. 

8 Application to atmospheric gas 
clouds 

8.1 Atmospheric data 
In this chapter an atmospheric plume from a continuous release of ammonia is 
considered as an example of real data. Generally the concentration inside a 
plume is a highly fluctuating quantity. This has several causes. The mixing of 
the plume with the surrounding air is a stochastic process driven by turbulence.  
Eddies that are roughly the size of the diameter of the plume are responsible for 
most of the mixing, while they, at the same time, constantly create concentra-
tion differences as air is 'stirred' into the cloud. . Plumes never reach a 'well 
mixed' state but continue to undergo mixing with the air that surrounds it at any 
point downwind of the source. 

Eddies that are small compared to the plume diameter have little effect except 
to even out concentrations over small distances. Eddies larger than the plume 
diameter tend to create meandering rather than mixing, because they move the 
plume as a whole without mixing. As a result the concentration a fixed down-
wind position is characterised by fluctuations caused by in-plume inhomogenei-
ties and intermittency created by the meandering.  The intermittency is caused 
by the fact that the observation point is sometimes inside, sometimes outside the 
plume.  

Figure 8.1a shows an example of a concentration time series measured in an 
atmospheric plume from a ground source. The measurements were taken during 
trial023 of the FLADIS experiment (Nielsen & Ott, 1996). Detailed release 
conditions can also be found in the REDIPHEM database (Nielsen & Ott, 
1995). The data shown were sampled at a rate of 20 measurements per second 
with an UVIC® sensor located 150m downwind of an ammonia source. The 
UVIC is a very fast instrument, fast enough to justify the sampling rate, and the 
data can be regarded as virtually free of instrumental effects.  The figure shows 
200 seconds out of a total length of 1200 seconds. The example is typical and 
representative for other substances than ammonia. It also has scaling properties. 
Multiplication by a constant factor scales the signal to match other source 
strengths. A rescaling of time axis should have the same effect as changing the 
downwind position. Thus characteristic time scales, e.g. the duration of zero 
concentration periods, increase with downwind distance. 

The wild fluctuations are the most prominent feature of the signal. It alter-
nates between periods with bursts of sharp peaks and periods of complete ab-
sence of the plume. A very large range of concentrations is released. Reducing 
such complexity to a few discrete statistics might lead to severe loss of informa-
tion. The mean value is, for example, looses its significance as actual values are 
likely to be either much higher or much lower than the mean.  It may therefore 
seem more relevant to base averages exclusively on periods where the signal is 
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non-zero, so-called conditional sampling. For the present example the condi-
tional average concentrations is about 2 times higher than the unconditional av-
erage. An alternative method, the so-called moving frame method, utilises a 
cross-plume array of sensors to define concentrations relative to the instantane-
ous plume centre. From this one can form e.g. the average concentration at the 
centre of the plume (which is generally moving around). This mean value is 
generally larger than the conditional average. It is important to realise that dif-
ferent data analyses yield quite different averages. 

The probability density function (pdf), i.e. the frequency of occurrence of a 
given concentration value, represents somewhat more complete information. 
Although the pdf contains more information than just an average value, it does 
not cover all aspects of the fluctuations. For example it is likely important 
whether a certain concentration level occurs frequently and for short periods of 
time, or it occurs rarely but for long periods. The pdf does not distinguish be-
tween these two behaviours. A more complete description therefore also has to 
cover the duration aspect. Statistics the quantify the durations of the periods 
with zero concentration might also be of interest in case they allow for some 
kind of recovery. 

8.2 Time averaging 
Physiological effects are caused by concentrations within the body.  These re-
sult from concentrations in the air, but air concentrations are not the main pa-
rameter, because the respiratory system acts as a filter. The airway model de-
scribed in the previous chapters can be regarded as specifying a set of filters 
characterising the build-up of concentrations in various parts of the respiratory 
system as a response to concentrations in the air. The response analysis of the 
lung model shows that characteristic response times depend much on the loca-
tion within the respiratory system and also differ for different substances. From 
chapter 6 it appears that time scales for the reaching final internal exposure con-
centrations vary between about 1 s for lining and epithelium up to more than 
100 s for tissue layers, depending on the substance and the site in the lung. 
Therefore we show the effect of averaging time scales of 1, 10, 100 and 1000 s. 

In order to illustrate the effect of time averaging simple first order filters have 
been applied to the measured time series of Figure 8.1, curve a. Filtered signals 
are shown in curves b-d for three different averaging times: 1s, 10s and 100s. A 
first order filter is equivalent to putting the sensor into a ventilated, well mixed 
compartment, where the averaging time equals the volume divided by the venti-
lation rate. The main feature of the filtered signals is the reduction of the con-
centration range due to smearing of peaks and ’filling’ of the periods with zero 
concentrations. The main effect of averaging is to make the curved flatter and 
reduce the concentration range. An averaging time of 100s almost completely 
smears out the peaks.  

All sensors have a finite response time. For most commonly used sensors it is 
much longer than in the example shown here. Therefore time averaging enters 
the problem also in this way. If a measured time series is to be used to assess 
toxic effects, the instrumental averaging time must match the physiological av-
eraging time.  
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Figure 8.1. A concentration time measured in a plume. a: raw data, b:1s filter, 
c: 10s filter, d:100s filter. 

8.3 Dispersion models 
Toxic effects are often assessed from model results rather than from actual 
measured data. Models can only predict reproducible features of dispersion, in 
other words statistics, and in practice only mean concentrations are available. 
Models of the dispersion from a constant rate source, e.g. CFD models or a box 
models, are typically expressed in terms of quantities averaged over an ensem-
ble of realisations, which in turn is assumed to be equal to a time average over 
an infinite averaging time. In most models the large scale eddies, which are re-
sponsible for the meandering that creates the pauses in the concentration signal, 
are not explicitly accounted for, which leaves doubt as to the extent to which 
meandering can be considered part of the model. Therefore it is often unclear 
which type of average apply to concentrations predicted by models. In most 
cases the only hint is the data analyses applied to the data that are used to tune 
model parameters. In any event a model prediction would resemble the 100s 
average more than the shorter averages.  

8.4 Toxic effects 
Toxicological experiments are often interpreted in terms of probit functions, and 
probit functions are often used in conjunction with model results to assess toxic 
effects. In the following the implication of time averaging on probits is investi-
gated.   

We refer to the parallel report on the TEARHS project by Arts et al. (2000). 
In a typical animal experiment rats are exposed to a constant concentration C 
for a certain period of time T. The mortality rate is estimated for a number of 
combinations of  C and T and an experimental probit function Y(C,T) is fitted 
to the data. The following functional form is used for the fit 

 
Y = A + B ln(Cn T) 
 

where A, B and n are substance specific constants. The quantity D=CnT is re-
ferred to as the dose. The question is how Y, or D, should be estimated from an 
experimental time series. 

For this purpose the experimental time series of Figure 8.1a is taken as an ex-
ample. We will allow the time series to represent an ammonia release (as it ac-
tually does) or let represent one of the substances that have been investigated in 
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the present study. For non-constant concentrations we follow convention and 
replace  CnT by  ∫ cn(t) dt. This is not the only possible generalisation. For ex-
ample C could be taken as the conditional average and T could be adjusted 
down in order only to take periods with non-zero concentrations into account. It 
is also necessary to specify what in meant by c(t). We could take c(t) to be the 
concentration in the air or, perhaps better, we could choose a suitably filtered 
concentration. Whenever model results are used to evaluate D some kind of fil-
tering is involved, hence practice shows that averaging c(t) is an option.   

Time series corresponding to larger or smaller release rates can be emulated 
by a simple rescaling of the concentration. Replacing c(t) by k c(t), where k is a 
constant, is equivalent to replacing A with the value A’ = A + n B ln(k).  It is 
therefore merely a matter of adding a constant to Y.  In a similar fashion a re-
scaling of the time axis, for the purpose of emulating a different downwind dis-
tance, just shifts Y by a constant amount. The uncertainty of the probit Y, intro-
duced by any lack of knowledge of the proper choice of averaging time, is 
therefore independent of both the release rate and the distance from the source.  

Table 8.1 shows probits evaluated for the raw signal as well as for averaging 
times of 1s, 10s, 100s and 1000s. The exponent n in the expression for the dose 
is taken from Arts et al. (2000). The probit levels are adjusted arbitrarily so that 
Y=5 for 10s averaging time. 

 

Table 8.1. Probits evaluated from an experimental time series after applying 
three different first order filters. The 2nd column lists the exponent in the expres-
sion for the dose for each substance. 

Sub-
stance 

n Raw data Taverage 
=1s 

Taverage 
=10s 

Taverage 
=100s 

Taverage 
=1000s 

COCl2 0.789 4.5 4.6 5 6.7 7.1 
Cl2 1.040 5.1 5 5 4.9 4.7 
HCl 1.592 6.2 5.8 5 3.9 1.4 
NH3 2.012 6.7 6.2 5 3.5 0.4 
H2S 8.291 10.5 8.5 5 -0.4 -6.1 

 

Table 8.2. Predicted mortalities (%) corresponding to the probits of Table 8.1. 

Substance Raw data Taverage=1s Taverage=10s Taverage 
=100s 

Taverage 
=1000s 

COCl2 31 34 50 95.5 98.2 
Cl2 54 50 50 46 38 
HCl 88 79 50 14 0.016 
NH3 95.5 88 50 6.7 0.0003 
H2S 100 99.98 50 3.33E-06 0.00E+00 

 
There is little difference between the results for the raw data and for the data 
filtered with an averaging time of 1s. This indicates that 1-second averages are 
sufficiently resolved. For larger averaging times the differences are more pro-
nounced, and the tendency increases rapidly as the exponent n increases. In 
Table 8.2 the corresponding mortalities are listed. For phosgene and chlorine, 
for which n ≈ 1, averaging has little effect. For HCl and ammonia predictions 
vary by an order of magnitude. For H2S the effect of averaging is so enormous 
that the even the slightest adjustment of the averaging time change the predicted 
mortality completely. 

The concentration-time-fatality relations by Arts et al. are obtained using rats 
being exposed to a constant concentration during at least 5 minutes. Arts et al. 
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recommend not to use these relations for exposures lasting less than one minute: 
in that case it is suggested to use n=∞. Neither does Arts et al. present recom-
mendations how to apply these relationships to fluctuating concentrations.  

We have chosen to apply Arts et al.’s recommendation for short duration ex-
posures for fluctuating concentrations as well. In this way we come to the fol-
lowing procedure: As before a first order filter was applied to the raw signal. 
Then the filtered series subsequently was divided into 1-minute intervals and 
the maximum was determined for each interval, and the dose was calculated 
using the maximum concentration for each interval.  

Table 8.3 shows mortalities evaluated following this method. Probit values are 
scaled in such a way, that mortalities are comparable with those presented in 
Table 8.2. This method yields considerably higher mortalities than the other 
method, particularly for small averaging times. It is evident that averaging has a 
very large impact on the predicted mortalities. 

Table 8.3. Predicted mortalities (%) based on 1-minute maxima of filtered con-
centrations.   

Substance Raw data Taverage=1s Taverage=10s Taverage 
=100s 

Taverage 
=1000s 

COCl2 100 100 99.85 83 95 
Cl2 99.9998 99.97 95.2 61 42 
HCl 100 100 99.89 34 0.038 
NH3 100 100 99.5 19 0.001 
H2S 100 100 56.5 1.65E-05 0.00E+00 

 
If the data is processed in this way, we observe a very important effect of aver-
aging time, i.e. the response time scales of the exposed lining and tissue layers 
in the airways, on the assessment of toxicity. Even for chlorine, for which one 
would expect no effect of concentration fluctuations, as the exponent is almost 
equal to one, enormous differences in the assessment occur. Hydrogen sulphide 
shows the most extreme effect. For this substance there exists effectively a kind 
of concentration limit irrespective of the exposure duration beyond the subject 
dies. This behaviour is assessed (with rats) down to exposures of 5 minutes. The 
essential question is, whether this behaviour can be extrapolated down to ex-
tremely short exposures, e.g. during a few seconds. On the contrary, note the 
increase of predicted fatality for phosgene if the averaging time is raised from 
100 s to 1000 s. Apparently low concentrations periods still present when aver-
aging over 100 s reduce the toxic dose compared to the 1000 s-averaged con-
centrations.  

8.5 Discussion 
In this example we have applied two methods of assessing toxic effects to ex-
perimentally observed time series of concentration fluctuations. These methods 
are logical extrapolations using information on the toxic effects of constant ex-
posures over finite periods. It should be stressed that there is no information 
available that contains guidance how to use concentration-time-fatality relation-
ships of Probit-functions in combination with fluctuating concentrations, e.g. 
considering recovery between peak concentrations. The recommendation based 
on one-minute maximum concentrations (after filtering using the averaging time 
appropriate for the airway element of interest) is a conservative approach. It is 
especially conservative for substances with relatively small exponents (like 
chlorine and phosgene), while simply extrapolating the concentration-time-
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fatality relationships to small time scales may be underestimating the toxic ef-
fects for some substances. 

Either way, neglecting concentration fluctuations on the scale of 10 seconds 
where this is shown to be a relevant time scale (see chapter 6), will lead to an 
underprediction of toxic effects for substances that appear to have an exponent 
larger than 1 in the concentration-time-fatality relationship. 

9 Hydrolysis and degradation of 
phosgene in airway tissue 

9.1 Introduction and scope 
Phosgene (COCl2) is a very common and important intermediate in chemical 
industries and is used in many different applications, for instance in the produc-
tion of isocyanates, which are intermediates in polyuretane manufacturing. 
Nowadays about 700000 t phosgene per year are used in the chemical indus-
tries. Phosgene is also produced by heating and combustion of chlorinated hy-
drocarbons or by photochemical reactions of these compounds. Examples are 
the use of tetrachloromethane containing extinguishers, which can produce sig-
nificant phosgene concentrations under usage and welding of components not 
correctly cleaned with chlorinated solvents. (Roth-Weller, 1999). Phosgene is 
listed on Schedule 3 of the Chemical Weapons Convention, as it is very toxic. 
In the following, phosgene’s toxic effects and its reactivity towards water are 
briefly reviewed. Based on the findings a simple kinetic model is developed 
using a compartment approach that reduces the time and distance dependent 
problem into a time dependent model.  

9.2 Physical chemical properties 
Phosgene is a colourless gas or a clear to yellow liquid, registered under the 
CAS no. 75-44-5 and the DOT no. UN 1076. The odour threshold is from about 
0.4 to about 1.5 ppm (Schneider and Diller). The odour, which can only be de-
tected briefly at initial exposure times, is reported to be of mouldy hay, but may 
be strong, stifling and unpleasant at high concentrations (Hardy). The solubility 
of phosgene is only slightly in cold water and at higher temperatures it hydroly-
ses rapidly. The following estimations are found in the SRC PhysProp web 
based database2 together with the citation of the original literature:  

• The octanol-water partition coefficient is calculated to log POW = -0.71 
(Meylan and Howard, 1995) and  

• Henry's partition coefficient is calculated to H = 0.00892 atm-m3/mole at 
25 °C (corresponding to 184 kg/kg air per kg/kg water) (Meylan and 
Howard, 1991). 

                                                      
2 http://esc.syrres.com/interkow/webprop.exe?CAS=75-44-5 downloaded the 25.04.2000 
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9.3 Toxicological effects of phosgene 
Contact with liquid phosgene can cause severe skin and eye irritation and burns 
with permanent damage. Inhaling phosgene can irritate the nose and throat. Fur-
ther it can irritate the lungs causing coughing and /or shortness of breath. 
Slightly higher exposures can cause pulmonary oedema. For rats the level of 
phosgene giving irritation is found to be close to the levels giving lethal effects 
(Arts et al., 2000). Long-term effects of phosgene may be caused by repeated 
exposures to very low levels that can cause permanent lung damage in form of 
emphysema and bronchitis. Sciuto reports evidences that the lining or surfactant 
layer is extremely vulnerable to the toxic effects of phosgene, and thus inhibits 
proper alveolar gas exchange. Phosgene might also render the air/blood barrier, 
and evidence is shown that phosgene might penetrate the air/blood barrier and 
cause toxic effects in the blood (Scuito, 1998). Phosgene reacts with the NH2-, 
OH- and SH- groups contained in that barrier (Schneider and Diller). 

9.4 Chemical reactions of phosgene  
Mertens et al. (1994) provided kinetic data for the reaction of in situ prepared 
phosgene using CCl4 water mixtures irradiated by fast electrons. The hydrolysis 
was measured as a function of temperature and pH. This is shown in Figure 9.1. 
The authors found good agreement of their measurements with one other study 
using a very different method. The temperature dependency of hydrolysis is 
pronounced and the decay half-life in water at 37 ° C is t½=0.042 s correspond-
ing with a first order decay rate of k=16.4 s-1. The effect of the pOH on the hy-
drolysis is found negligible at about neutral pH values by the authors (Mertens 
et.al, 1994).  For the reaction of water vapour with gaseous phosgene in air a 
second order rate constant is found with k = 1.2 10-23 cm3molecule-1 s-1 (upper 
limit) at 296 K by Hatakeyama and Leu, 1989. 
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Figure 9.1. Hydrolysis of Phosgene as a function of temperature in water at pH 7 

It is also found (Schneider and Diller) that phosgene reacts rapidly with amines, 
alcohols, and thio-alcohols, as shown in, Figure 9.2, but no rate constants could 
be found in the literature. Therefore, the three reactions have been lumped into 
one reaction assuming first order kinetics and the reaction rate is assumed to be 
the same as for the hydrolysis of phosgene in water. 
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Figure 9.2. Phosgene reactions occuring in the blood-air barrier (Schneider 
and Diller) 

9.5 A compartment model for phosgene degrada-
tion in the lung 
A crude model of phosgene diffusion and reaction in the alveolar region of the 
lung is developed in the following. It assumes five compartments, one for the 
air phase and four for the lung membrane: the lining, epithelium, tissue and 
blood capillaries. The volumes of these compartments were calculated accord-
ing to Table 9.3. For this model it is assumed that the tissue has the same vol-
ume as the blood capillaries compartment, while the overall lung model as-
sumes only the tissue, which is filled 100% with the blood capillaries in that 
lung region. As the phosgene model is mainly intended for demonstration and 
qualitative comparison this difference will not change the main findings. The air 
containing part is identical with the compartment [0] in the following. The lin-
ing, epithelium, tissue and blood capillaries are regarded as compartments la-
belled [1] to [4], respectively.  

In the lung mass exchange is assumed only between the directly connected 
compartments, thus between compartment [0] (air) and [1] (lining consisting 
mainly from water) the dimension less partition coefficient λAW is applied:  

 
λAW=H/RT = C[0]/C[1] = k1/k0   
 

H is the Henry constant, C[n] is the concentration of the gas in the compartment 
n with the volume Vn. Using a kinetic approach the equilibrium constant λ0 1 
equals k1/k0, with k the first order rate constants for the changes of concentra-
tion versus time. For instance, changes of compound A with the concentration C 
in compartment 1 is described by the differential approach:  

 
d[C1,A]/dt = -k1[C1,A] + k2[C2,A].  
 

In case of equilibrium the number of molecules diffusing from either sides are 
exactly the same, thus d[C1,A] /dt =0. From that one receives  

 
C1,A/C2,A = k2/k1 = λ12,  
 

which is here described by the octanol water partition coefficient λOW. This as-
signment is likely to be a rough estimate only, as the epithelium also contains 
substantial amounts of water, which is likely to alter the equilibrium concentra-
tions between the two layers. But as no other data are found the octanol water 
partition coefficient is used. For the equilibrium between the compartments [2] 
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and [3] and [3] and [4] an arbitrary partition coefficient of λ=1 was applied as-
suming that the epithelium, tissue and blood have very similar properties. 

Thus the set of the equilibrium coefficients provide the ratios of the rate con-
stants kn. Therefore, it is sufficient to know just one rate constant to scale the 
model to the right dimension in time. The rate constant times the concentration 
is describing a mass flux that is entirely due to diffusion: 
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comparing both sides of the equation the rate constant is equal to: 

 

111
1

11
f

k
fxV

DA
xV

DAk basis
total

=
∆

=
∆

=  

 
From this the rate constants can be calculated knowing the diffusion-related pa-
rameters. The definition of fn= Vn/Vtotal is described in the next paragraph. In 
this model another approach was used, as a kbasis was calculated using time 
scales found in the lung model calculations: kbasis = ln2/t. The diffusion time for 
sulphur dioxide in the lining (compartment 1) was used as the characteristic 
time scale, giving kbasis=10 s-1.  

The compartment approach results in a set of ordinary differential equations, 
as they are listed in Table 9.2. These equations are solved using the 
CHEMSIMUL program (Kirkegaard et.al, 1992, 1999). A closed system made 
up by a total volume is assumed in the calculation. To ease the calculations and 
to allow for easy scaling to calculate for other regions of the lungs the concen-
trations Cn are redefined. Instead a concentration Xn is defined as the mass in 
the total lung volume Vtotal: X1=m1/Vtotal . Vtotal is the sum of the volumes of the 
five compartments. Thus to calculate the concentration Xi in any compartment 
the following equation can be applied:  

 
Xtotal = mtotal/Vtotal= (m0 +m1 +m2 +m3 +m4)/Vtotal.  
 

Multipling each term with the corresponding Vn/Vn  and defining fn = Vn /Vtotal 
results in :  

 
Xtotal = f0*C0 + f1*C1 + f2*C2 + f3*C3  + f4*C4. 
 

The fraction fn is here defined as the volume fraction of a compartment within a 
volume of the lung and C is the concentration in a unit volume of the respective 
compartment.  

For the partition λ follows: 
22
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This equation allows to scale the partition coefficients λ for different compart-
ment volumes by use of the volume fractions fn .  

As input for the gas phase reaction also a water concentration is needed. Here 
the vapour pressure of water (relative humidity =100%) at 37 °C is used in the 
model giving a water partial pressure of about 6% in the lungs air. 

In the following the reactions are listed in Table 9.1. This base set of rate con-
stants are scaled on the effective diffusion in the lining RE1 and this was as-
sumed to be of k=10 s-1 or t½=0.07 s, which is the characteristic time scale for 
SO2 diffusion through the lining as it is found with the other calculations. The 
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volume fractions are calculated according to Table 9.3 and have been included 
into the rate constants for the model. This is shown in Table 9.1 and in Table 
9.2 the differential equation system is shown. 

 

Table 9.1. Reaction scheme and first and second order rate constants k. The 
rate for RE2 and RE3 was scaled to the characteristic tome scale for SO2 calcu-
lated by the lung model. The other rates describing diffusion are calculated 
from this and the respective partition coefficient λ. The values for liquid and 
gaseous water reactions are found in the literature and the reactions RE21 to 
RE24 represent the air -blood barrier reactions of phosgene assuming the same 
rate as for hydrolysis of phosgene. 

RE1 COCl2[0]=COCl2[1] k = 27.4 
RE2 COCl2[1]=COCl2[0] k = 10 
RE3 COCl2[1]=COCl2[2] k = 10 
RE4 COCl2[2]=COCl2[1] k = 51.3 
RE5 COCl2[2]=COCl2[3] k = 51.3 
RE6 COCl2[3]=COCl2[2] k = 51.3 
RE7 COCl2[3]=COCl2[4] k = 51.3 
RE8 COCl2[4]=COCl2[3] k = 51.3 

Diffusion  

RE10 COCl2[0]+H2O[0]=CO2[0]+2*HCl[0] k2.order = 1.2E-23 
RE11 COCl2[1]=CO2[1]+2*HCl[1] k = 16.4 
RE12 COCl2[2]=CO2[2]+2*HCl[2] k = 16.4 
RE13 COCl2[3]=CO2[3]+2*HCl[3] k = 16.4 
RE14 COCl2[4]=CO2[4]+2*HCl[4] k = 16.4 

Gaseous and 
liquid hydroly-
sis 

RE21 COCl2[1]=PRO[1] k = 16.4 
RE22 COCl2[2]=PRO[2] k = 16.4 
RE23 COCl2[3]=PRO[3] k = 16.4 
RE24 COCl2[4]=PRO[4] k = 16.4 

Air-blood bar-
rier reactions 

Table 9.2. Differential equation system according to Table 9.1 generated by 
CHEMSIMUL 

 D[COCl2[0]]/DT = - K1*COCl2[0] + K2*COCl2[1] - K10*COCl2[0]*H2O[0] 
 D[COCl2[1]]/DT =   K1*COCl2[0] - K2*COCl2[1] - K3*COCl2[1] + K4*COCl2[2] - K11*COCl2[1] 

- K21*COCl2[1] 
 D[COCl2[2]]/DT =   K3*COCl2[1] - K4*COCl2[2] - K5*COCl2[2] + K6*COCl2[3] - K12*COCl2[2] 

- K22*COCl2[2] 
 D[COCl2[3]]/DT =   K5*COCl2[2] - K6*COCl2[3] - K7*COCl2[3] + K8*COCl2[4] - K13*COCl2[3] 

- K23*COCl2[3] 
 D[COCl2[4]]/DT =   K7*COCl2[3] - K8*COCl2[4] - K14*COCl2[4] - K24*COCl2[4] 
 D[H2O[0]]/DT   = - K10*COCl2[0]*H2O[0] 
 D[CO2[0]]/DT   =   K10*COCl2[0]*H2O[0] 
 D[HCl[0]]/DT   =   2*K10*COCl2[0]*H2O[0] 
 D[CO2[1]]/DT   =   K11*COCl2[1] 
 D[HCl[1]]/DT   =   2*K11*COCl2[1] 
 D[CO2[2]]/DT   =   K12*COCl2[2] 
 D[HCl[2]]/DT   =   2*K12*COCl2[2] 
 D[CO2[3]]/DT   =   K13*COCl2[3] 
 D[HCl[3]]/DT   =   2*K13*COCl2[3] 
 D[CO2[4]]/DT   =   K14*COCl2[4] 
 D[HCl[4]]/DT   =   2*K14*COCl2[4] 
 D[PRO[1]]/DT   =   K21*COCl2[1] 
 D[PRO[2]]/DT   =   K22*COCl2[2] 
 D[PRO[3]]/DT   =   K23*COCl2[3] 
 D[PRO[4]]/DT   =   K24*COCl2[4] 
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Table 9.3. Characteristic morphological lung data and equilibrium constants, 
as well as calculated volume fractions 

Values used to model the alveolar region of the lung 
Surface 108.8 m2   
V0 2.48⋅10-3 m3   
KAW 0.365     
KOW 0.195     

Values for layer thicknes (m). The sum h3+h4 give the tissue layer thick-
ness. In the alveoli region of the lung the tissue is filled up with blood 
capillaries. 

 alveoli: h1 h2 h3 h4  
  5.0*10-8 7.5*10-7 7.5*10-7 7.5*10-7  

Volumes in m3 calculated from the total surface area and the thicknesses 
except V0 

 V0 V1 V2 V3 V4 Vtotal 
 2.48*10-3 5.44*10-6 8.16*10-5 8.16*10 -5 8.16*10-5 2.73*10-3 

Volume fractions used in the model 
 f0 f1 f2 f3 f4 ftotal 
 0.908 0.002 0.03 0.03 0.03 1 

9.6 Results 
Using the model the time constants for formation and degradation of phosgene 
in the lung are found as presented in Table 9.4. It is seen that the concentrations 
are decreasing and only about 1.4% of the phosgene will be found in compart-
ment 4 (blood). Also the short time delay between the compartments can be 
seen. The response of the model is found to be linear in concentration, thus in-
creasing the initial concentration by e.g. a factor of 100 still 1.4 % will be found 
and the decay times are constant. 

 

Table 9.4. Calculated maximum concentrations and time constants for half life 
for phosgene. 

Compartment Maximum 
concentration3. 

Time for maxi-
mum concentra-

tion (s) 

Formation 
half life (s) 

Decay half 
life (s) 

0  Air 1.0000E+12 0 None 4.0169E-01 
1  Lining 5.1608E+09 3.3397E-02 1.6698E-02 4.2942E-01 
2  Epithelium 1.4331E+10 3.3397E-02 1.6698E-02 4.2947E-01 
3  Tissue 1.3832E+10 3.3397E-02 1.6698E-02 4.2951E-01 
4  Blood 1.3584E+10 3.3397E-02 1.6698E-02 4.2953E-01 
 

In Figure 9.3 the equilibrium for phosgene in the lung compartments have been 
calculated only using the equations RE1 to RE8. Here it can be seen that the 
equilibrium is achieved within tenth of seconds. The concentration of compart-
ment [0] decreases only slightly, due to its large volume fraction, while the con-
                                                      
3 The concentrations are given as mn/Vtotal in molecules/cm3 : 1e12 molecules/cm3 is about 0.04 

ppm in the gas phase 
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centration of phosgene in compartment [1] is the highest. The ratio of the con-
centrations resembles the respective partition coefficient. 
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Figure 9.3. Simulation of the phosgene distribution in the lung without chemical 
reactions 
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Figure 9.4. Simulation of the phosgene distribution in the lung including chemi-
cal reactions 

In Figure 9.4 also the degradation reactions have been modelled and it can be 
seen that all the phosgene will be degraded within 2 to 3 s which would be 
within one single inhalation cycle. This might be an upper limit for the degrada-
tion of phosgene in the lung, as this compartment model does not include phos-
gene convection in the lung and blood perfusion through the lung. There will be 
the products HCl, CO2 and unspecified products PRO (i.e. products from reac-
tion with amino acids) in the lung after reaction. As the rate constants for the 
formation of these products are set to the same value, it is sufficient to discuss 
the behaviour of HCl as it will be fully representative for the other products too. 
The only difference is that PRO is not included within compartment 0. The HCl 
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results are shown in Figure 9.5. It can be seen that the concentrations in the dif-
ferent compartments are very different and that the concentration in compart-
ment 1 is the highest, while it is by far lowest for the compartment 0. In Table 
9.5 the distribution of HCl based on the volume of the total lung is shown. It 
can be seen that the HCl yield in the compartment 0 is almost negligible, thus 
the hydrolysis is most relevant in the compartments containing water. 
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Figure 9.5. Formation of hydrogen chloride 

 

Table 9.5. The maximum concentrations Cn for HCl (based on the total lung 
volume) and the distribution in percent. Theoretically 2.00E+12 molecules of 
HCl could be produced, but here 50% of the phosgene is degraded through re-
action: COCl2[n] PRO[n]. 

HCl max values C0 C1 C2 C3 C4 Ctotal 
molecules/cm3 2.27E+07 1.10E+11 3.06E+11 2.95E+11 2.89E+11 1.00E+12 
% of total HCl 0.002 11.0 30.6 29.5 28.9 100.0 

9.7 Discussion 
In this chapter a crude model for phosgene distribution and degradation in the 
lung is developed. Only very few rate constants have been found in the litera-
ture directly, others have been calculated using relevant equilibrium constants 
and an assumed characteristic time scale for the lining which is within the diffu-
sion time scales for the other gases found by modelling them with the lung 
model. The lung compartment volumes have been calculated from the overall 
surface area and the cell diameters for the alveoli region given elsewhere in this 
report. From that volume fractions fn have been calculated used to scale the ba-
sis rate constants k to the appropriate lung dimensions. By doing so the partition 
coefficients are maintained.  

Due to the lack of experimental data the findings of phosgene degradation and 
HCl formation can only be described qualitatively. The most remarkable finding 
is the high concentration of phosgene and HCl in the lining, which is in agree-
ment with the pathological findings. Also the fact that the phosgene is hydro-
lysed mainly in the lungs tissue is in agreement with the literature. In this model 
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regardless the initial phosgene concentration a fraction of phosgene will be 
found in the blood capillary compartment. This might be in contradiction with 
the toxicological findings, that only rather high concentrations of phosgene are 
likely to diffuse into the blood capillaries. The reason for this could be an un-
derestimation of the reaction rates describing the air blood barrier, which is 
based on an assumption only. 

This procedure will be applicable for other gases and also for other parts of 
the lung or different segments. This type of modelling will support the estab-
lishment and understanding of experiments and modelling of penetration of 
lung probes/tissue with gases. It also supports the prediction of rate constants 
not directly measurable. Rate constants established and verified by this experi-
mental/theoretical approach can easily be included into the lung model de-
scribed in chapter 1 - 6. Knowing more about the reaction mechanisms and the 
biochemical response, more complex reaction systems can be established. This 
will be important to better predict time delayed effects as oedema formation. 

10 Conclusions 

10.1 Results from this study 
This report provides a description of a mathematical model to predict the inter-
nal concentrations (the internal exposure) within elements of the respiratory 
system in response to external exposures to toxic substances. The model has a 
high degree of detail, discriminating more than 30 elements in the human respi-
ratory system, each divided into an air volume, lining, epithelium and support-
ing tissue, the latter being perfused with blood. 

The model accounts for turbulent and laminar convection of air through the 
elements during each respiration cycle, lateral molecular diffusion in the air 
phase, and transverse molecular diffusion through the wall layers (lining, 
epithelium and tissue) 

The information about the overall geometry of elements in the respiratory sys-
tem of humans and rats is rather complete. There is however limited informa-
tion about the dimensions of wall layers (thickness of lining, epithelium and 
supporting tissue), so part of the information provided (and applied) in this re-
port is based on inter- and extrapolations, and subjective interpretations of mi-
croscopic photographs. 

The model has been validated using published experiments involving di-
ethylether and acetone. Results for diethylether, which is a slightly soluble sub-
stance, are good, in case of acetone, a very soluble substance, differences occur 
for which no full explanation exists as by now. Comparisons with experiments 
on chlorine are hard to interpret because of the reactivity of chlorine.  

Improvements of the model for soluble substances may be obtained using bet-
ter descriptions of the wall compartments; better data on solubility and diffusiv-
ity in the wall compartments; better information on mass transport in the na-
sal/oral regions; or including chemical reactions. 

Using the model, time scales and internal exposure concentrations have been 
calculated for a number of substances (ammonia, sulphur-dioxide and hydro-
gen-sulphide), both for the human respiratory system as well for the respiratory 
system of a rat.  

Both time scales and exposure concentrations depend on the solubility of the 
substances. For very soluble substances (ammonia, hydrochloric acid, acetone) 
the time scales are largest, for humans in the order of a few to 20 seconds for 
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lining and epithelium, the longer time scales occurring in the deeper parts of the 
lung. Time scales for tissue in the nasal/oral region is in the order of one to sev-
eral minutes. In humans, internal exposure concentrations seem to be rather uni-
form (about 80% of the external concentration) down to the terminal bronchi-
oles, and reduced to almost zero at the first alveolar ducts.  

In rats time scales are larger due to more effective absorption, probably at the 
larger surface area in the nasal passages, also causing less penetration of the 
substance in the upper airways. During the calculations, concentrations at the 
trachea were already reduced to about 25%.  

The difference of internal exposure in humans and rats for very soluble gases 
should be noted, as they are quite opposite (as regards to time scales) from a-
priori expectations. 

For less soluble substances, time scales in humans are extremely short. Within 
one or two inhalations, equilibrium conditions throughout the respiratory sys-
tem are reached, the only exception being the tissue in the nasal/oral region. 
Internal concentrations are close to the external concentrations down to the ter-
minal bronchiole. Depending on the solubility, the substances penetrate deeper 
into the alveolated parts of the lung. For sulphur-dioxide, with an average alveo-
lar concentration of 10% of the exposure concentration, the penetration is lim-
ited. For hydrogen-sulphide (average alveolar concentration 50%), the sub-
stance has a uniform concentration throughout the alveolar region. 

For these less soluble substances (sulphur-dioxide), the difference between 
humans and rats are less than for ammonia, though effects of absorption in the 
upper airways are still more pronounced compared to humans. Time scales are 
(in absolute terms) comparable to humans, i.e. a few seconds for lining and epi-
thelium. 

The information is used to provide a method to predict the internal exposure 
in response to exposure to fluctuating concentrations.  

Considering the short time scales that appeared in this study, one can con-
clude that attention should be paid to both effects of as well as prediction of 
fluctuating concentrations up to frequencies of 0.1-0.2 Hz for substances that 
cause local damage to the respiratory system. 

We have been unable to derive guidelines how to apply concentration-time-
fatality relations (Probit functions) to fluctuating concentration time series. The 
concentration-time-fatality relations are based on exposure to constant concen-
trations over 5 minutes. These relations can probably be extrapolated to an ex-
posure over about 1 minute. But it is uncertain how these relations should be 
applied to fluctuations at smaller time scales. We demonstrated that consider-
able difference occur in predicted fatality rates, if real fluctuating concentration 
data is processed either by extrapolating the concentration-time-fatality relations 
to the relevant exposure frequencies (0.1 Hz) or by taking 1-minute maximum 
concentrations. 

As an example of modelling chemical reactions in lung tissue, we concen-
trated on phosgene. Results are in agreement with literature. This type of model-
ling can support dedicated experiments, e.g. in-vitro experiments, looking at 
absorption of substances in tissue and the damage to tissue caused by these sub-
stances.  

10.2 Recommendations 
A critical element in the performance of the model appeared to be the diffusion 
of substances in cell tissue. Assessment of diffusion rates in cell tissue as com-
pared to continuum aqueous phases would improve the reliability of the model. 
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Likewise, solubility of substances needs attention, especially for reactive sub-
stances, where solution in the aqueous phase is accompanied by chemical trans-
formation. Acidity and presence of other substances can be important factors, 
reason why data from solubility in pure water may not be sufficient, and chemi-
cal reactions in the wall compartments may be important to predict the correct 
absorption of the substance in the airways.  

This study only considered the internal exposure concentrations with respect 
to levels and time scales. No progress was made regarding understanding the 
processes that cause damage and the time scales related to these processes. This 
is a necessary prerequisite in order to be able to link existing knowledge on tox-
icity of substances to exposure to fluctuating concentrations. 

The preliminary recommendation from the parallel study (Arts et al., 2000) to 
use maximum concentrations over 1 minute for short duration exposures in 
combination with the conclusion from this study mean, that atmospheric disper-
sion models need to provide information about concentration fluctuations down 
to time scales of 5 to 10 sec. 
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