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Abstract 

The research presents issues related to fluid mechanics, thermodynamics, and statistics. In the first sections, 

the authors review methods and parameters of fluid measurements. The work mainly emphasizes measurements 

concerning the parameters of air flows during human breathing. In the following section, the test bench for the 

analysis is described, and the methodology of data acquisition is described. Finally, the authors present  

a numerical model of the measurement channel and its calculations compared to measurements from an actual 

test stand. The data acquirement was performed with LabVIEW, modeling with COMSOL Multiphysics®, and 

calculations with MATLAB software. 
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List of Symbols/Acronyms 

 

Δd – displacement [m], 

t – time [s], 

V – speed [m/s], 

r/R – relative radius 

D – diameter of the pipeline [mm], 

d – diameter of the flow hole in the measuring orifice 

[mm], 

l1, l2 – distances of the differential pressure collection 

points from the measuring orifice [mm], 

DE – disruptive element, 

DC – direct current (motor), 

CTA – constant temperature thermos-anemometer, 

CCA – constant current thermos-anemometer, 

qv – stream velocity, 

U – voltage, 

A, B, n – constants (parameters) 

 

1. INTRODUCTION 

 

Accurate airflow measurement is essential in 

various fields, including aerodynamics, ventilation 

systems, and biomedical research. Numerous 

methods have been developed to quantify airflow, 

each with its strengths and limitations. The authors 

will quote a few in this paper to indicate their 

properties. 

In fluid mechanics, the environment we conduct 

our measurements can be classified as a closed or an 
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open conduit. It is of utmost significance to 

determine the fluid flow configuration, which can 

either naturally exist or be intentionally manipulated 

to aid in the measurement process. A pipeline with a 

predetermined cross-sectional shape, such as a 

circular one, falls under the category of a closed 

conduit. However, any conduit with an unspecified 

cross-sectional shape is classified as an open 

conduit. 

Flowmeters can be divided according to the 

following classification [1] : 

(i) instruments using hydrodynamic methods: 

• with variable pressure drop, 

• with a variable level, 

• with a constant pressure drop, 

• vortex, 

(ii) instruments with a constantly moving element: 

• tachometric, 

• Coriolis force, 

• with a vibrating element, 

(iii) instruments using physical phenomena: 

• thermal, 

• acoustic, 

• optical, 

• ionization, 

• isotopic, 

• Doppler effect, 

• measurements using coherent radiation,  
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iv) instruments using other methods: 

• correlation, 

• concentration, 

• etc. 

Some of the sensor types listed are suitable for 

measuring a wide range of fluids while using others 

has significant limitations. Selected types of 

flowmeters will be described below [1]–[4]. 

Instrumentation for flow measurement can also 

be categorized on the degree of invasiveness 

associated with the measurement technique. Because 

of such a division, we have non-invasive devices and 

those that affect the measured medium. According to 

this, we can divide them as follows: 

(i) Invasive devices: 

• orifices, 

• rotameters, 

• turbine anemometers, 

• calorimeters, 

• etc. 

(ii) non-invasive devices: 

• ultrasound anemometers, 

• laser anemometers, 

• methods based on the Doppler effect, 

• interference of light beams, 

• etc. 

 

1.1. Common devices and methods of flow 

measurements 

Airflow analysis has several characteristic 

parameters, e.g.: - velocity, gradient: temperature, 

density, pressure, humidity, and volume. Each of the 

parameters mentioned above requires the use of 

different measurement techniques. 

Basic research in technological applications 

often deals with the measurement of flow velocity. 

At the same time, it is a complex metrological issue, 

especially relating to slow flows. This fundamental 

parameter is defined as the change in position over 

time. Referring to the basic speed formula, it is 

calculated as follows: 

𝑉 =
𝛥𝑑

𝑡
  (1) 

Where: 

V – speed, 

Δd – displacement, 

t – time.  

At this point, the authors would like to recall 

some of the most common measurement methods.  

The most common types of flowmeter are 

flowmeters with variable pressure drop-measuring 

orifices. Known for years and successfully used, 

orifice flowmeters come in many varieties. Local 

narrowing of the pipeline causes a change in the 

potential energy of the fluid's static pressure, which 

is the primary measurement principle in this type of 

flowmeter. The narrowing in the flow channel causes 

a pressure drop and, thus, an increase in fluid 

velocity. 

Figure 1 shows one of the classic types of 

measuring orifices; the simplest construction of this 

type of flow meter is the orifice. The point of 

receiving the differential pressure Δp additionally 

classifies the type of instrument [4], [5]: 

Orifices are distinguished by the reception points 

as follows: 

• parathyroid, i.e., 𝑙1 =  𝑙2 ≈  0, 

• vena contracta, i.e., 𝑙1 = (0,5 ÷ 2)𝐷; 𝑙2 = (0,2 ÷
0,8)𝐷, 

• radial, i.e., 𝑙1 = 𝐷; 𝑙2 = 0,5 𝐷 

• flanged, i.e. 𝑙1 = 𝑙2 ≈  2,54 𝑚𝑚 or 𝑙1 ≈ 𝑙2 =
𝐷

2
 

In Fig. 1 two types of measuring orifice are 

shown, with radial and (a) and radial (b) flanged. 

 

Fig. 1. Measuring orifice types (a) and (b) [4], 

[5] 

 

where: 

D - diameter of the pipeline [mm], 

d – diameter of the flow hole in the measuring orifice 

[mm], 

l1, l2 – distances of the differential pressure collection 

points from the measuring orifice [mm]. 

The main advantages of measuring orifices are 

their simple design and their simple and easy 

operation. The popularity of the use of orifices 

makes it easy to predict their behaviour under 

various operating conditions, and their performance 

characteristics are well known. Fig. 2 shows a typical 

fluid flow through the orifice, with the pressures 

marked at the measurement points. 

 

Fig. 2. The change in the pressure (p) of the 

fluid as it flows through the orifice [4], [5] 

 

The use of thermal pulse flow time is also one of 

the methods to determine the velocity of the flowing 

fluid. The determination of the transit time of the 

thermal pulse is used to extract flow rate 
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information. At least one heating element (H) and 

one additional thermal sensor (T) are required. A 

short thermal pulse is sent from the heater to the 

surrounding fluid. The heating element should be 

thermally insulated from the environment/duct to 

eliminate interference from heat conduction effects. 

The thermal sensor detects the heat pulse initiated by 

the heater, as shown in Fig. 3 [6], [7]. 

 

Fig. 3. Diagram of the principle of the 

calorimetric flowmeter with the course of the 

temperature of the flowing fluid (dashed line) 

[6], [7] 

 

Another example of a temperature-based sensor 

is a hot-wire anemometer. The principle of operation 

of hot-wire anemometers is using heat loss through 

the heated element (surface). Heat loss occurs when 

a heated element is washed with a medium with a 

lower temperature. As the temperature of the heated 

element changes, its resistance changes. Currently, 

in the construction of thermoanemometers, we 

distinguish two basic systems. The first is the 

constant-temperature thermoanemometer (Tw = 

Const., CTA), where the filament's temperature is 

kept constant, regardless of the speed of the flowing 

fluid. The second system is a constant-current 

anemometer (Iw = Const., CCA), whose operating 

principle consists of maintaining a constant current 

intensity, unchanging during the measurement of the 

flow of the medium. Schematic diagrams of bridge 

systems for both types of hot-wire anemometers are 

shown in Figures 4 and 5. During fluid flow, contact 

with the heating element causes heat dissipation [6]–

[10]. 

In addition to the two leading systems mentioned 

above, there are other solutions for the measuring 

sensor, for example, supplying the sensor with 

constant power and voltage; there are also pulsed 

systems for supplying the thermoanemometric 

sensor [11], [12]. 

In the CCA configuration, there is a risk of 

burning the wire/filament if the cooling airflow is 

insufficient. Similarly, if the flow is too high, the 

wire needs to heat up enough to provide 

measurements with satisfactory accuracy. For these 

reasons, most hot-wire anemometers are made in a 

constant-temperature configuration [3], [9], [10], 

[13]. Properly selected fiber material changes its 

resistance under the influence of temperature. The 

intended application of the sensor determines the use 

of the appropriate sensing element material. Typical 

materials from which the hot-wire anemometer is 

made are aluminum, copper, gold, iron, nickel, 

palladium, platinum, silver, and tungsten. 

 

Fig. 4. Scheme of the anemometer in CTA 

configuration [9] 

 

 

Fig. 5. Scheme of the anemometer in CCA 

configuration [9] 

 

Appropriate positioning of the sensor fibers 

makes measuring the fluid stream's speed and 

direction possible. The authors focus on measuring 

one velocity component in the presented work, hence 

choosing a single-fiber sensor, as in Fig. 6 (a). 

Orthogonal to the direction of the flowing fluid, the 

position of the anemometer fiber allows the 

measurement of successive components of the 

direction, fluid flow velocity, Fig. 6 (b, c) [14], [15]. 

 

Fig. 6. Examples of hot-wire anemometer 

probes (a) single-fiber, (b) two-fiber, (c) 

three-fiber [14], [15] 

 

Another advantage of thermoanemometric 

sensors is the possibility of sampling the signal with 

a frequency of up to about 100 kHz at the speed of 

the flowing medium of about 30 m/s for a measuring 

element (fiber) with a diameter of 5 µm [10], [16], 

[17]. 

Velocity measurements using the method 

mentioned above are carried out using a fiber placed 

on supports and connected to an electronic system 

intended to power the system and is the source of the 

measurement signal. In such a solution, a 

conditioning system is necessary to convert the 

electrical value associated with the voltage drop on 

the heated fiber to an approximate measured value. 

According to King's equation (2), determining 

the parameters of the processing function allows 

using a relationship in the measurements to estimate 
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the instantaneous values of the velocity of the 

flowing medium qv, the instantaneous values of the 

transducer's voltage signal. 

𝑞𝑣 = [(𝑈2 − 𝐴)𝐵]𝑛  (2) 

where A, B, n are obtained by minimization of 

equation (3), and U is the voltage signal of the 

thermoanemometric transducer. 

[[(𝑈2 − 𝐴)𝐵]𝑛 − 𝑞𝑣𝑟
]

2
= 𝑚𝑖𝑛 (3) 

where 𝑞𝑣𝑟
 is the flow rate value generated by the 

reference system. 

Various measurement methods can be used to 

determine the flow velocity. One of them is the 

"Log-Chebyshev" method. The starting point for 

determining the flow velocity using this method is 

the hypothesis that the mathematical form of the law 

of velocity distribution depending on the distance 

from the wall in ducts on the perimeter of the cross-

section is a logarithmic function, and in other 

elements - a polynomial function. 

In this method, the weighting factors were 

assumed to be equal, so the flow velocity is equal to 

the arithmetic mean of the local velocities measured 

at the designated points. 

For a circular cross-section, the locations of the 

measurement points correspond to the values of the 

relative radius r/R shown in Table 1. A single 

measuring point can be used for a small diameter of 

the duct. 

 
Table 1. Location of measurement points for  

a circular cross-section 

Number of measuring 

points on the radius 
r/R 

3 

0.375 

0.925 

0.936 

4 

0.331 

0.612 

0.800 

0.952 

5 

0.287 

0.570 

0.689 

0.847 

0.962 

 

Figure 7 shows the location of the measurement 

points in a round duct for the "Log-Chebyshev" 

method [18]–[20]. 

For a duct with a rectangular cross-section, a 

different arrangement of measurement points is 

assumed; however, in this article, the authors 

focused on a duct with a round cross-section. Hence 

only this description has been quoted. 

 

 
Fig. 7. Location of measurement points  

in a round duct in the "Log-Chebyshev" 

method [18]–[20] 

 

 

1.2. Aim of the work  

The aim of the article is to examine the 

relationship between the position of the disruptive 

element (DE) on the reading from the air flow 

sensor. This is related to supporting the diagnosis of 

the upper respiratory tract [21]–[23]. The shape of 

the nostrils determines the profile of the air stream 

exhaled. The appropriate location of the measuring 

element in the sensor enables the measurement of 

human breathing parameters with sufficient 

accuracy [22], [24], [25]. 

 

2. METHODOLOGY 

 

As a measuring device, the authors have chosen 

the CTA due to its metrological properties [13], 

[21]–[23], [26]. The manufacturer, Strata Mechanics 

Research Institute, Polish Academy of Sciences, 

Cracow, Poland, calibrated the sensors. 

As a result of the calibration, determined 

employing the calibration stand, the dependency 

between the output voltage of the 

thermoanemometric system U connected to the 

appropriate measuring probe and the flow volume 

stream qv was obtained. Examples of measured 

values used for calibration are shown in Table 2 and 

Fig. 8 (blue dots) [27]. 

As a result of the optimization procedures, the 

coefficients of the processing function (2) with the 

values presented below were obtained: 

𝑞𝑣 = [(𝑈2 − 14.132)0.034]2.242  (4) 

According to Equation 4, the sensor calibration 

result is shown in Figure 8 (red line) [27]. 
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Fig. 8. Calibration results where on the X-

axis is qv [l/s], on the Y-axis U [V] 

 

Table 2. Measured results 

Probe 1 

qv [l/s] U [V] 

0.00 3.91 

0.12 5.01 

0.16 5.20 

0.20 5.35 

0.25 5.48 

0.30 5.59 

0.35 5.68 

0.40 5.77 

0.44 5.85 

0.48 5.92 

0.52 5.99 

0.56 6.06 

0.60 6.12 

0.64 6.18 

0.68 6.22 

0.73 6.28 

0.77 6.33 

0.81 6.38 

0.85 6.42 

0.89 6.48 

0.93 6.51 

 

2.1. Test stand and sample measurements 

 

A dedicated measuring station was constructed to 

assess the influence caused by the disturbance 

introduced into the measuring channel with a 

different flow velocity, incorporating the ability to 

modify the disruptive element (DE) that affects the 

fluid flow. The schematic diagram of a test stand is 

presented in Fig. 9. The sensor used during the tests 

was a constant-temperature hot-wire anemometer 

(CTA) placed at the end of the measuring duct. 

The tests were carried out at four different 

airflow velocities caused by the varying supply 

voltage value of the DC motor driving the fan. In 

order to maintain the repeatability of the motor 

supply voltage, voltage stabilizers of 3V, 5V, 9V, 

and 12V were used. Experiments were performed 

with and without the flow disturbance element in the 

measuring duct. The tests were carried out using 

three different shapes of the flow disturbance 

element; the cross-section of each of them is as 

shown in Figure 10. 

 

Fig. 9. Test stand with the disruptive modifier 

(a) power supply scheme, (b) fan with a test 

duct, disruptive element (DE) and CTA 

sensor 

 

 

Fig. 10. Cross-sections of the flow 

disturbance elements applied to the test duct 

 

For clarity, only one case of the flow disturbance 

element has been described, while the numerical 

values will be presented in the following.  

All measurements were acquired using NI USB-

6002 DAQ with 1000 samples/s, LabVIEW software 

(National Instruments Inc., Austin, TX, USA) with a 

dedicated programme.  

 

3. RESULTS 

 

The measurements (velocities) were carried out 

at the beginning of the duct. In Table 3, the authors 

present the airflow velocities (denoted in the 

following tables as vav) at the beginning of the duct. 

These values were needed to provide the numerical 

model performed using COMSOL Multiphysics® 

software (COMSOL, Inc., Burlington, MA, USA). 
 

Table 3. Measured velocities at the beginning of the 

test duct 

Vin l/s m/s 

3 0.260 0.684 

5 0.489 1.289 

9 0.945 2.486 

12 1.231 3.236 

 

A simplified model was used for the analysis in 

the COMSOL Multiphysics® program due to the 

complexity of the object and MESH computational 
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problems in the program, which could last from 

several hours to several days in the case of a change 

in velocity at the inlet of the measuring channel. 

The model considers two cases: a duct without 

the flow disturbance element and a duct with the 

circular flow disturbance element. In Figures 11 

and 12, modeling sample data from the COMSOL 

program have been shown. The speed of airflow in 

the designated measurement sections in the 

measurement channel and its performance at the 

inlet and outlet are presented. 

The same investigations were conducted for four 

fun supply voltages (vin ={3V, 5V, 9V, 12V}). The 

average value of 5 consecutive measurements (of 

180000 samples each) is presented in Table 4. 

 

 

Fig. 11. COMSOL modeling data without 

disturbance element for 3V supply voltage 

 

 

Fig. 12. COMSOL modeling data with 

circular disturbance element for 3V supply 

voltage 

 

Table 4. Modelled velocities in the test duct with 

circular disturbance element 

Vin l/s m/s 

3 0.275 0.724 

5 0.513 1.438 

9 0.980 2.578 

12 1.324 3.483 

 

4. DISCUSSION 

 

The modeling data show different values of the 

velocities in the test duct from the measured one. 

Table 5 presents the measured and modeled values 

with and without the disturbance element. 

The relationship between modeled and measured 

values is shown in Table 6.  

The velocity values of each of the four cases (no 

DE, circular, triangle, 3 triangles DEs) are presented 

in Table 7. As can be observed, the standard 

deviation (SD) calculated for measurements with 

and without the disruptive element differ 

significantly. This could be related to the shape of 

the airflow after the distortion [28]. 
 

Table 5. Measured and modeled velocities [m/s] in 

the test duct with and without a circular disturbance 

element  

 
without disturbance with circular 

disturbance 

Vin measured modeled measured modeled 

3 0.684 0.6842 0.6959 0.7238 

5 1.289 1.2891 1.3785 1.4376 

9 2.486 2.4864 2.6200 2.7359 

12 3.236 3.2363 3.4829 3.5798 

 
Table 6. The ratio of modeled and measured values 

Vin 

without disturbance 

ratio mod./meas. 

with circular 

disturbance 

ratio mod./meas. 

3 1.0003 1.0401 

5 1.0001 1.0428 

9 1.0002 1.0442 

12 1.0001 1.0237 

 

Table 7. The ratio of modeled and measured values 

Vin 
type of 

disturbance 
vav [m/s] SD vav [m/s] 

3 

no distr. 

0.684 0.018 

5 1.289 0.019 

9 2.486 0.044 

12 3.236 0.055 

3 

circular 

0.724 0.002 

5 1.438 0.008 

9 2.578 0.017 

12 3.483 0.020 

3 

triangle 

0.751 0.002 

5 1.441 0.007 

9 2.611 0.014 

12 3.510 0.019 

3 

3 triangles 

0.755 0.003 

5 1.421 0.008 

9 2.582 0.016 

12 3.499 0.019 

 

The simulation results differ slightly in 

comparison with the values determined from the 

measurements. However, the growth mechanism in 

the velocity value has been preserved, confirming 

that the model's study and simulation illustrate this 

process well. The differences in the results may be 

dictated by calculation errors in the program or by 

too large MESH, which was reduced due to the 

duration of too-long simulation analyses. 

Placing a disruptive element on the airflow in the 

measurement channel leads to an increase in the flow 

velocity in the vicinity of it, compared to the velocity 

of the inlet air. 

In the study the flow sensors were that have been 

employed that had been previously subjected to 

comprehensive testing to assess their repeatability of 

measurement and measurement accuracy. These 

assessments are fundamental components of 

characterizing Type A Uncertainty [29]. In each of 
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the test measurements carried out, over 98% of the 

measured values were within the range of the mean 

value ±3 standard deviations. 

Measurements taken at lower voltages, i.e., at 

lower air velocity and volume at the inlet, show that 

the measurements are more concentrated than those 

of higher velocities. 

The tests described in this article are used to 

assess the appropriateness of the sensors' placement 

during airflow tests in patients with respiratory 

disorders [21], [22]. This type of examination is used 

to support the diagnosis of upper respiratory tract 

pathologies in patients with respiratory disorders 

[24], [25]. 

The simulation, model, and conducted tests 

confirm the hypothesis of turbulent flow induced by 

the nostrils and the nasal septum. Examination of the 

airflow in the measuring channel disturbed by an 

obstacle may suggest the need to move the sensor 

away from the mouth of the nostrils. 
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