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Abstract. The paper describes the test rig dedicated for air gauge dynamical characteristics assessment. 

The computerised system enables measurement of the amplitudes of back-pressure pk dependent on the 

input signal circular frequency ω. Dedicated software performs full control on the calibration procedure, 

which consists of setting a rotational speed and registration of measuring signal, and further data processing. 

Circular frequency ω was gradually changed with the appropriate step, in order to obtain a series of 

frequencies in the range from 0.1 to 20 Hz. The response of a measurement system was registered as a 

sinusoidal curve which after smoothening and interpolation procedures provided an amplitude-frequency 

graph with its main characteristics, such as time constant and the frequency f0.95 that generated dynamic 

error 5%. It was demonstrated that sine input dynamic calibration corresponds with real conditions of the in-

process measurement with air gauges. 

1 Introduction  

The air gauges are known for almost a century as cheap 

and precise measurement devices [1] with the resolution 

of 0.1 μm [2]. Their work principle is to convert the 

dimension represented by a slot width to the airflow 

characteristics. Some new propositions apply time 

conversion of the linear dimension with the air gauges 

[3]. Nowadays, the most commonly used type is the 

back-pressure air gauge with electronic conversion of the 

pressure signal, so it may be incorporated into an 

extended computerised quality control system [4]. 

Non-contact measurement and calibration methods 

are highly appreciated in the laboratory and industrial 

practice [5, 6]. In some cases, air gauges enable to 

perform a measurement in few seconds, while a similar 

measurement e.g. with a vernier calliper may take up to 

1 min [7]. Even though flow-through phenomena may 

reduce the dynamics of the air gauges [8], recent 

researches proved that it is possible to obtain first-order 

dynamical characteristics [9]. 

Test rigs are equipped with computers performing 

detailed analyses of the air gauges [10, 11]. Improving 

computational capacities stimulates continuous 

investigations on air gauges dynamic characteristics [12, 

13].  

Dynamic calibration determines the relationship 

between an input of known dynamic behaviour and the 

measurement system output. Usually, such calibrations 

involve applying either a sinusoidal signal or a step 

change as the known input signal [14]. The present paper 

describes the computerised test rig dedicated for air 

gauge dynamical characteristics assessment. It is very 

important that the dynamic calibration conditions are 

close to the real conditions of measurement with air 

gauges, such as roundness assessment [15] or in-situ 

measurement [16]. The presented test rig applies a sine 

input and performs the necessary calculations to assess 

the dynamic characteristics of the examined air gauge. 

2 Experimental rig  

The amplitude-frequency graph provides information 

regarding how the input signal frequency affects the output 

signal amplitude. In the case of the air gauges, where the 

output signal is the back-pressure pk, the function of its 

amplitude is Apk(fi). Thus, the experimental rig had to be 

equipped with the devices that generate cyclical sinusoidal 

input signal (slot width s), measure the back-pressure pk, 

and perform calculations of the response signal. Assuming 

that the 5% reduction of amplitude is usually acceptable, as 

a critical value f0.5 was calculated to represent the maximal 

input frequency that causes the reduction on this level.  

Figure 1 presents the overall view of the test rig, and 

Figure 2 explains its structure [17]. Main elements of the 

system listed in the Figure are as follows:  

1 – piezoresistive pressure transducer Kistler 4043A2;  

2 – examined physical model of the air gauge;  

3 – reducer with the filter SMC AW20-A;  

4 – pressure calibration unit Fluke 717 30G;  

5 – power supply PS3003;  

6 – pressure stabiliser SMC IR2000-F02;  

7 – computer (software LabVIEW Signal Express);  
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8 – eccentric shaft of diameter Ø50 mm and known 

eccentricity e;  

9 – amplifier Kistler 4618 A2;  

10 – air gauge positioning screw;  

11 – position indicator;  

12 – motor for eccentric rotation Maxon DC;  

13 – microprocessor system NI-DAQ-9172 with the 

measurement module NI 9234. 

 

Fig. 1. Test rig for the dynamic sine input calibration of the air 

gauges (explained in the text above). 

 

Fig. 2. Structure of the test rig. 

The test rig was equipped with a set of elements that 

enabled adjustment of the position of the air gauge 

measuring nozzle related to the cylindrical surface of the 

rotating eccentric shaft. The latter was serving as a 

flapper, and its eccentricity generated cyclic change of 

the measurement slot s(t) in the range from s – e to s + e. 

The rotational speed of the shaft was controlled by the 

programme through the drive system with the DC 

supplied motor. A gradual increase in the motor voltage 

supply provided stable rotation of the eccentric shaft, 

which generated cyclic slot width changes with the 

preset frequency. Circular input frequency ω was set 

with the appropriate step, in order to gain a series of 

input frequencies fi in the range from 0.1 to 10 Hz, with 

the step of 0.2 Hz. 

The measurement data were registered with NI 9234 

measurement module delivered by National Instruments 

using LabVIEW software. 

3 Theoretical background  

In the unsteady states of air gauge work, the following 

processes may be assumed: 

• air flow through the nozzles may be viewed as 

independent of the inertia forces, 

• gas flow in the air gauge measuring chamber can be 

treated as isothermal,  

• all characteristics that define the air flow in the 

measuring chamber may be changed, in particular, 

feeding pressure pz, pressure of the air flow at the outer 

edge of the nozzle pb, effective intersections of the 

nozzles that determine the difference between theoretical 

and actual flows, etc. 

Let us analyse the changes of the air mass in the 

measuring chamber between the inlet and outlet nozzles. 

The dynamics of the mass flow q of the air contained in 

the volume Vk of cascade depends on the difference 

between the mass flow in the inlet nozzle qw and the one 

leaving the chamber through the flapper-nozzle area qps: 

                            
𝑑𝑞(𝑡)

𝑑𝑡
= 𝑞𝑤(𝑡) − 𝑞ps(𝑡)  (1) 

 

Airflow values qw and qps can be defined by the Saint 

Venant – Wenzel equations. The mass flow q is 

dependent on measuring pressure pk as follows: 

𝑞 =
𝑉𝑘

𝑅𝑇
𝑝𝑘 (2) 

The time derivative of the equation (2) can be found: 

𝑑𝑞

𝑑𝑡
=

𝑉𝑘

𝑅𝑇

𝑑𝑝𝑘

𝑑𝑡
 (3) 

Because the Saint Venant – Wenzel equations are 

non-linear, calculation of difference qw(t) – qps(t) 

requires the linearisation. Hence, linear changes in 

pressure pk and in the mass flow increases were assumed. 

Changes in mass flow ∆qw(t) and ∆qps(t) can be 

replaced by the exact differentials: 

∆𝑞𝑤(𝑡) = (
𝜕𝑚1̇

𝜕𝐴𝑤
) ∆𝐴𝑤 + (

𝜕𝑚1̇

𝜕𝑝𝑧
)∆𝑝𝑧 + (

𝜕𝑚1̇

𝜕𝑝𝑘
) ∆𝑝𝑘 (4) 

∆𝑞ps(𝑡) = (
𝜕𝑚1̇

𝜕𝐴ps
) ∆𝐴ps + (

𝜕𝑚1̇

𝜕𝑝𝑏
) ∆𝑝𝑏 + (

𝜕𝑚1̇

𝜕𝑝𝑘
) ∆𝑝𝑘  (5) 

When the equations (3), (4) and (5) are put into the 

equation (2), after simplification it takes the form: 

𝑇
𝑑∆𝑝𝑘

𝑑𝑡
+ ∆𝑝𝑘 = 𝑘1∆𝑝𝑧 + 𝑘2∆𝑝𝑏 + 𝑘3∆𝐴𝑤 + 𝑘4∆𝐴ps (6) 

Typically, during the short time of a single 

measurement, both feeding pressure pz and the outer 

pressure pb do not change substantially, so they can be 

assumed constant. Similarly, the cross section of the inlet 

nozzle Fw is constant, so the coefficients k1, k2, k3 and k4 

are equal to zero. As a result, the equation (6) has the 

form: 

𝑇
𝑑∆𝑝𝑘

𝑑𝑡
+ ∆𝑝𝑘 = 𝑘∆𝐹ps (7) 

From the above equation (7), when assuming zero 

initial conditions, the frequency response (gain) of the 

air gauges can be written as follows: 
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𝐺(𝑠) =
𝑝𝑘(𝑠)

𝐹ps(𝑠)
=

𝑘

𝑇𝑠+1
 (8) 

The above transfer function describes an air gauge as 

an inertial first-order dynamical system. It is defined by 

two parameters: time constant T and multiplication k. 

The time constant T is a characteristic of the air gauge 

dynamics, while k is the sensitivity or multiplication. 

The lower value of time constant T, the more favourable 

dynamic properties of the system are. 

In the analysed test rig, the amplitude of the back-

pressure in the air gauge varies according to the equation 

[18]: 

𝐴𝑝𝑘(𝑓𝑖) =
𝑘

√1+(𝑓𝑖𝑇)
2
 (9) 

The equation (9) was applied as a basis for the 

amplitude-frequency calculations. During the dynamic 

calibration of the air gauges with various inlet nozzles 

dw, measuring nozzles dp, and measuring chamber 

volumes Vk, the sine input was generated with a series of 

frequencies. The registered normalised amplitudes were:  

𝐴𝑢(𝑓𝑖) =
∆𝑝𝑘𝑖

∆𝑝𝑘(𝑓=0)
, (10) 

where: 

∆pki – change in back-pressure value corresponding 

with i-th value of applied frequency fi; 

∆pk(f=0) – change in back-pressure value for the static 

measurement, when f0 = 0 Hz. 

Figure 3 presents an example of the response of the 

air gauge derived from the registered points. 

 

Fig. 3. Example of the air gauge sine input response based on 

the registered points. 

4 Calculation algorithms  

From the obtained data, the time constants were 

calculated using the well-known formula [19]: 

𝑇 =
∑

(1−𝐴𝑢𝑖
2 (𝑓𝑖))

𝐴𝑢𝑖
2 (𝑓𝑖)

𝑛
𝑖=1

∑ 𝑓𝑖

√1−𝐴𝑢𝑖
2 (𝑓𝑖)

𝐴𝑢𝑖
(𝑓𝑖)

𝑛
𝑖=1

. (11) 

Then, the frequency f0.95 that generated dynamic error 

δ(ω) = 5% was calculated for each set of the collected 

data. Perfect reproduction of the input signal is not 

possible, so some dynamic error is inevitable. It was 

assumed that the acceptable dynamic error, represented 

by the amplitude reduction, was 5%. 

In order to assess the approximation error, its mean 

square value δAu was calculated from the formula [20]: 

𝛿𝐴𝑢 = √
1

𝑛
∑ (𝐴𝑢𝑖 − 𝐴𝑢𝑡𝑖)

2𝑛
𝑖=1 ∙ 100%, (12) 

where: i-th normalised amplitude of the experimental 

characteristics, 

Aui - i-th normalised amplitude of the experimental 

characteristics, 

Auti - i-th normalised amplitude of the theoretical 

characteristics. 

The set of registered measuring points after each 

measurement series underwent the processing as follows 

[5]: 

• smoothening procedure, 

• determination of the frequency of the registered 

sinusoidal signal,  

• determination of the amplitudes of the registered 

signal, 

• frequency-amplitude characteristics, 

• approximation of the characteristics into the coordinate 

system, 

• time constant calculation.  

The smoothening procedure, similarly as in the case 

of cubic smoothening spline procedure, required the 

continuity of splined functions S(x) and their derivatives 

S'(x) and S''(x). In the formula (13) below, λ is a 

parameter of smoothness, while δi values correspond 

with standard deviations of the measurement error of 

each obtained point fi (i = 1, 2, …, N) [5]: 

∑(
𝑓𝑖−𝑆(𝑥𝑖)

𝛿𝑖
)
2

+ 𝜆∫ [𝑆′′(𝑥)]2
𝑥𝑁

𝑥1
𝑑𝑥 = 𝑚𝑖𝑛,  (13) 

An example of the smoothening of the obtained 

signal pk is shown in Fig. 4. 

 

Fig. 4. Example of the smoothening of obtained characteristics. 

For each given input frequency fi, response signal 

frequency fpki and amplitude Apk(fi) is calculated. The 

smoothened sinusoid response frequency is determined 

from the points where it crosses the reference axis. The 

algorithm calculates the number of measuring points and 
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multiplies it by the known sampling frequency fs. For 

each input frequency fi, the procedure is repeated. 

Subsequently, local maximums and minimums of the 

registered signal are defined for each frequency. The 

local extremes are identified using the numerical 

derivative test. After the extremes are pointed out, their 

values undergo the averaging procedure and average 

signal amplitude is calculated. The algorithm is repeated 

in a loop for each given frequency fi of the sine input 

signal. The obtained results were compared to the ones 

obtained from an oscilloscope, which confirmed the 

correctness of the procedures. 

Experimental results of the amplitude-frequency 

characteristics were compared to the theoretical ones in 

order to determine the approximation error. The 

theoretical curve is represented by the following 

formula: 

𝐴(𝜔) =
1

√1+𝑇2𝜔2
, (14) 

Figure 5 demonstrates an example of the 

experimental and theoretical amplitude-frequency 

characteristics. The maximal difference between two 

curves constitutes the approximation error δapp, which in 

the example is approx. 4%. In the series of experiments, 

the maximal approximation error was δappmax = 7%, 

which can be considered a very good result. 

 

Fig. 5. Example of the amplitude-frequency characteristics 

obtained from the test rig. 

5 Conclusions  

The described test rig for sine input calibrations of air 

gauges is fully computerised. The program sets the 

rotational speed of the eccentric shaft that generates 

cyclic changes of the measuring slot. The respective 

back-pressure signal is registered, and the obtained 

points undergo further processing. 

Processing algorithms smoothen and approximate the 

obtained data so that the final characteristics provide the 

basis for further calculations. From the amplitude-

frequency graph, the time constant can be calculated, as 

well as the maximal frequency f0.95 that generates the 

dynamic error below 5%.  

The back-pressure air gauges with small measuring 

chambers and piezoresistive pressure transducers 

perform as the first-order dynamic systems. The 

algorithms provide results with an approximation error 

δappmax = 7%, so the test rig may be successfully used for 

the dynamic calibration of the air gauges. 
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