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Abstract—This paper presents a comparative analysis of 

mathematical and full-scale models in determining the 

aerodynamic nose drag coefficient. According to the results of 

experimental tests of a full-scale model obtained by 3D 

printing, it is possible to calculate the value of the aerodynamic 

nose drag coefficient by obtaining the pressure drop values  

total losses for the corresponding given air flow rates. The 

discrepancy between the values of the aerodynamic nose drag 

coefficients in this case did not exceed 15% and is explained by 

methodological errors associated with the approaches in 

calculating the aerodynamic model of the nasal cavity, in 

particular, the impossibility of taking into account all local 

disturbances and their mutual influence, and the properties of 

the plastic surface of the air channels of the full-scale model 

during experimental tests 
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I. INTRODUCTION (HEADING 1) 

This Rapid prototyping technologies allow to provide an 
important and new qualitative result in most medical fields, 
especially in implantology and planning of surgical 
interventions. A relatively short-term and fairly accurate 
process of manufacturing full-scale models for medical 
purposes is made possible by modern methods of rapid 
prototyping and, first of all, the methods of extrusion 3D 
printing, which has become the most widespread in recent 
years [1, 2]. 

In the tasks of configurational planning of functional 
rhinosurgical operations, it is expedient to visualize and 
model dynamic changes in the geometrical characteristics of 
the anatomical structures of the operating area [3, 4]. In 
addition, full-scale models can be used to predict the 
functional result of the operation and pre-operative 
verification of the decisions made using tests on special 
aerodynamic stands [5].  

The purpose of the work is to assess the adequacy of 
mathematical and natural models in determining the 
coefficient of aerodynamic nasal resistance in order to assess 
the possibilities of developing an approach to computer 
planning of rhinosurgical interventions based on the study of 
geometric and functional characteristics of real personified 

models of the internal structure of the upper respiratory tract 
according to diagnostic data of computed tomography. 

II. RESEARCH METHODS 

The initial data for the conducted studies were sets of 
images of tomographic sections obtained with the help of a 
spiral X-ray tomograph SOMATOM + of the company 
SIEMENS (Germany). Patients were examined in the 
diagnostic center of the Kharkiv Regional Clinical Hospital 
(HOKB). Initially, the images are saved in the DICOM 
format [4], converted using the standard DICOM_IMAGE 
utility into a BMP (Windows bitmap) raster format with a 
size of 512 × 512 (x × y) and an 8-bit representation of 
intensity levels. Pre-processing of tomographic images was 
done by the method of median filtering [1, 2] to eliminate 
possible disturbances in the form of impulse noise. Also, for 
control, rhinomanometry studies of patients were carried out 
using a device for testing nasal breathing based on a certified 
block of differential flow characteristics of TNDA-PVC [6] 
using measurements by the type of posterior active 
rhinomanometry [4, 7-8] in forced breathing mode. 

From the analysis of the literature, it turns out that many 
works are based on mathematical modeling of aerodynamic 
processes in the nasal cavity [9-12], correlations between 
various research methods, in particular, computed 
tomography and rhinomanometry [13-15], and are also 
devoted to the determination of subjective and objective 
signs of nasal breathing disorders [16, 17]. 

Determination of the coefficient of aerodynamic nasal 
resistance was based on a mathematical model of one-
dimensional air flow in the nasal cavity [18]. Output data - 
sets of tomographic slices (see Figure 1) were segmented to 
obtain airways by the threshold method according to the 
intensity level corresponding to air in Hu units on the 
Hounsfield scale when selecting the soft tissue imaging 
window [4]. Next, the contours of the obtained anatomical 
configuration were determined with their subsequent 
skeletonization of the boundaries and intellectual processing 
[18-20] to eliminate unnecessary elements that may be 
incorrectly taken into account during geometric calculations. 
An example of a segmented model of the nasal cavity is 
shown in Figure 2. 
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Fig. 1. Illustration of data preparation for spiral computed tomography for 

segmentation of nasal cavity structures in different imaging projections.  

 
Fig. 2. Segmented model of the nasal cavity.  

Determination of the theoretical coefficient of 
aerodynamic resistance of the nasal cavity is based on the 
assumption that the airways of the nose are considered as 
two parallel channels. The total air flow is the sum of the 

flow through the left 
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nasal passages, 
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At the same time, the nasal cavity is divided into cross-
sections that are perpendicular to the air flow, and the total 

pressure losses along the length (l-length)  
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local (r-regional)
 Lr

p
 

and 
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are the 

sums of these resistances in each cross-section. Therefore, in 
accordance with expression (1), pressure drops through each 
nasal passage will be determined by the following formulas 
[4, 21]
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where 
L

 , 
R

  are the Darcy coefficients (pressure loss 

along the length) for the left and right nasal passages, 
respectively; 

L
 , 

R
  

are local resistance coefficients for the left and right 

nasal passages, respectively; 

L
L , 

R
L  are the lengths of the left and right nasal passages, 

respectively; 

L
Q , 

R
Q  

– air flow through the left and right nasal passages, 

respectively; 

  – air density; 
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are the hydraulic (equivalent) diameters of the left 

and right nasal passages, respectively, which are expressed 
for each intersection of the left and right nasal canals with 

the planes 
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S ,
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P  perimeters, respectively, 

according to the formulas 
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– coefficients of aerodynamic nasal resistance for 

the left and right nasal channels, which are determined from 
formulas (3), (4) and (5) as 
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Based on the fact that in the proposed model it is not 
possible to take into account the mutual influence of local 
resistances, only the largest of them is determined [4, 20].  

Taking into account the quadratic dependence of the 
pressure drop on the air flow rate Q in the turbulent flow 
regime during forced breathing  

2
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then when using equations (6) and (7) the total coefficient of 
aerodynamic resistance of parallel channels will be 
determined from formula (8) as 
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Cross-sections of the nasal cavity were selected based on 
the data of multiplanar reconstructions in the frontal plane 
with an interval of 2 mm. 



III. CONSTRUCTION OF A NATURAL MODEL OF THE UPPER 

RESPIRATORY TRACT 

The development of a full-scale model of the upper 
respiratory tract is based on the further transformation of 
segmented geometric models in stl format using special 
slicer programs, such as Сura 3D (see Figure 3, a) in G-code, 
taking into account the characteristics of the 3D printing 
device and prototyping parameters for subsequent 
production. The appearance of the finished full-scale model 
of the nasal cavity, which was made by the method of 
extrusion thermal printing on the WanhaoDuplicatorM1 3D 
printer from PLA plastic, is shown in Figure 3, b. 

 
Fig. 3. A personalized model of the nasal cavity according to the data 

spiral computed tomography: a) virtual model; b) natural model.  

The determination of the characteristics of the air flow on 
the model was carried out on a pneumatic stand (see Fig. 4), 
while the air flow Q was set with the help of a compressor, 
which corresponded to physiological values - from 1 to 4 l/s, 
and at the points of pressure measurement at the inlet and 
outlet of the nose of the channel, the corresponding values 

were obtained on the converters 
1

p
 
and 

2
p  (in Fig. 4 

installed on the flow meter type Venturi nozzle) to obtain the 
pressure drop. 



 

Fig. 4. Pneumatic stand for conducting aerodynamic tests.  
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Moreover, in accordance with formula (8), the 
aerodynamic nose drag coefficient was determined as  
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Assessment of the adequacy of the models was carried 
out with the help of posterior active rhinomanometry [4] with 
the determination of the pressure drop and air flow in 
patients in normal conditions and in patients with nasal 
breathing disorders in forced mode. The structural diagram 
of the conducted research is shown in Figure 6.  

It consists of obtaining data on the geometric 
configuration of the nasal cavity according to computer 
tomography data, segmentation and construction of a 3D 
model of the nasal cavity, on the basis of which the 
construction of mathematical and natural models of the nasal 
cavity is carried out, testing the latter on an aerodynamic 
stand, analysis of the correspondence of the received data 
and assessment of their adequacy (results of theoretical and 
natural modeling) when compared with rhinomanometry data. 

IV. RESULTS AND DISCUSSION 

We got (fig. 5) theoretical (Т) – according to the data of 
mathematical modeling of the values of aerodynamic nose 
drag coefficients according to formulas (6), (7), (9), natural 
(N) – experimental values that are obtained by means of 
aerodynamic tests of a printed model of the nasal cavity with 
obtaining values according to formulas (10), (11) and 
rhinomanometric (R) – real data obtained during the study of 
specific patients with calculations according to formula (11).  

Personalized data were selected from three patients with 
a conditional norm (1) (without nasal breathing disorders 
according to the tomogram in Fig. 6, a) and with typical 
nasal breathing disorders with curvature of the nasal 
membrane (2) (with clearly expressed local resistance 
according to the tomogram in Fig. 6, b) and chronic sinusitis 
(3) – (with narrowing of the nasal cavity in most areas of the 
nasal cavity according to the tomogram in Fig. 6, c).  

According to the data in Figure 5, it can be seen that 
normally (case (1) in Figure 5) aerodynamic nose drag 
coefficients are low enough and amount to about 0.3 kPa•s/l, 
while the data of the natural modeling (N), which are 
obtained from the natural model, and theoretical (T) are 
lower than rhinomanometric (R), which is caused by the 
properties of the plastic surface of the natural model and 
insufficient consideration of minor local resistances in the 
mathematical model (T). 

 

Fig. 5. The results of determining the coefficients of aerodynamic nasal 

resistance in case of a conditional norm (1), deviation of the nasal 

membrane to the left (2), chronic rhinosinusitis (3): (R) – rhinomanometric, 

(N) – natural, (Т) – theoretical data.  



When the nasal membrane is curved (case (2) in Figure 
5), the coefficients of aerodynamic nasal resistance are the 
largest (about 2 kPa•s/l) than in other cases, while the 
theoretical (T) and real-world simulation data (N) are 
significantly lower than the rhinomanometric ones, which 
shows the impossibility of a more adequate consideration of 
turbulence in the mathematical model (T) and the generalized 
smaller effect of friction losses during studies of the natural 
model (N). are low enough and amount to about 0.3 kPa•s/l, 
and the experimental data obtained by the full-scale model 
are lower than the rhinomanometric and theoretical ones, 
which is due to the properties of the surface of the full-scale 
model and insufficient consideration of small local 
resistances in the mathematical model. 

 

Fig. 6. Axial computer tomograms of patients with: a) conventional norm; 

b) bleeding of the nasal membrane to the left; c) chronic rhinosinusitis.  

In case of chronic rhinosinusitis (case (3) in Figure 5), the 
coefficients of aerodynamic nasal resistance are also quite 
high (about 1.6 kPa·s/l), while the data of natural modeling 
(N) are relatively the largest, which is caused by the possible 
influence of the nasal cycle during rhinomanometry (R), as 
well as the lack of influence of local resistances in the model 
during theoretical calculations (T).  

Thus, based on the obtained data of aerodynamic nose 
drag coefficients in the considered examples of typical 
pathologies and the conventional norm, it can be concluded 
that the theoretical model has a systematic error in the 
direction of decrease, which can be somewhat eliminated. 
But, this needs further research with sets of statistical data. 

V. CONCLUSIONS 

In the paper, three methods of obtaining data on the 
coefficient of aerodynamic nose drag are considered and 
their comparative analysis is carried out. Thus, according to 
the one-dimensional air flow model, it is possible to obtain 
theoretical results regarding this coefficient, taking into 
account local resistances and friction costs against the wall of 
the nasal cavity. According to the results of experimental 
tests of the full-scale model, which is obtained by the 3D 
printing method, it is possible to calculate the value of the 
aerodynamic nose drag coefficient by obtaining the pressure 
drop values - total losses at the corresponding specified air 
flow rates. The initial data for both models are segmented 
tomographic sections of the configuration of the nasal cavity. 
It is possible to verify the obtained data by performing 
rhinomanometry studies directly on real patients.  

The adequacy of the models is determined by comparing 
the values of the coefficient of aerodynamic nose drag, 
which are obtained from model data with the results of 
rhinomanometry.  

The discrepancy in the values of the coefficients of 
aerodynamic nasal resistance did not exceed 15% and is 
explained by methodical errors associated with the 
approaches to the calculations of the aerodynamic model of 

the nasal cavity, in particular, the failure to take into account 
all local disturbances and their mutual influence, and the 
properties of the plastic surface of the air channels of the 
full-scale model at experimental tests.  

Nevertheless, the obtained data can be useful for 
planning surgical interventions with virtual and real-life 
modeling of changes in the configuration of the nasal cavity 
and corresponding prediction of changes in aerodynamic 
nasal drag coefficients.  

The perspective of the work is the statistical processing 
of data sets to determine the reliability of the obtained results 
and the improvement of model representations of the nasal 
cavity due to the development of mathematical apparatus and 
prototyping materials. 
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