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Abstract: Air-leakage detection is among the most important processes at the assembly stage of
unclosed components, especially for large aircraft. A series of air-leakage detecting methods are
generally applied during the final assembly, nevertheless, many of them are less effective to detect
the leakage at the assembly stage. The present study aims to discuss the principles of ultrasonic
generation in negative pressure conditions to detect the air-leakage. An ultrasonic-based detection
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pressure was implemented and confirmed through experiments. Findings have indicated that the
air-leakage can be detected effectively within a detection distance of 0.8 m and a leak aperture greater
or equal to 0.4 mm with this method. Besides, the leak location, leak aperture, and leakage rate was
acquired in an accurate and fast way. It is an effective method of detecting the air-leakage of unclosed
components at the aircraft assembly stage reducing the testing time, energy consumption, and cost

for the air-leakage detection in the final assembly stage of large aircraft.
Academic Editor: Stefano Valvano

Keywords: aircraft; unclosed components; ultrasonic detection; air-leakage; air-tightness
Received: 26 November 2020
Accepted: 12 February 2021
Published: 20 February 2021

1. Introduction
Publisher’s Note: MDPI stays neutral L . o . . .
Air-tightness of aircraft plays a significant role in the service performance of airborne

equipment, life safety of airborne personnel, and flight safety. Air-tightness detection has
become one of the indispensable technologies for aircraft, which runs through the lifetime
of aircraft, including the manufacturing, flight tests, and service process [1,2]. Air leakage is
mainly caused by the halfway assembling and sealing of the skin, hatch, skylight, and other
parts. Although leakage is inevitable and allowable to the aircraft, excessive leakage will
bring a heavy burden to the air supply system and pressure control system of aircraft [3,4].
Generally, the air-leakage detection for the unclosed components is always carried out
in the final assembly of aircraft. The complicated process usually consumes time and
energy with poor efficiency. Therefore, a suitable detection method for the air-leakage of
unclosed components is essential to develop and is implemented to reduce time, energy,
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author highlighted the pros and cons employing each leak detection solution, in which,
the available leak detection techniques were classified into three categories (hardware-
based, non-technical, and software-based methods) and twelve subclasses, such as acoustic,
optical, cable sensor, and vapor sampling methods and so on. Wang et al. [6] also gave
a comprehensive overview of the research progress of new gas leak detection methods.
The history and development of gas leak detection methods were described through
three aspects of leakage detection, such as leakage judgment, leakage localization, and
leakage rate determination. The technology of ultrasonic and infrared detections that
have appeared in recent years was also explained in detail. In addition, Bansal et al. [7]
developed a novel method to regulate the air-leakage area in a household ventilation
system by fan pressurization. With this technique, the leakage area can be revealed by an
assessment of the leakage volumetric flow—pressure relationship. Li et al. [8] proposed
a new method by extracting a single non-dispersive mode in leakage acoustic vibrations
for refining leak detection in gas pipelines. The acoustic coupling among the in-pipe gas
and the pipe wall was examined to govern a dominant transmission path, and then the
dispersive features and modal distributions of acoustic vibrations at dissimilar directions
in the dominant transmission path were evaluated using guided wave theory.

The above-mentioned techniques are widely used for gas pipelines, and some of
them have been used in sensor manufacturing and computing power. For the aircraft
components, the available techniques are pressure-drop analysis, fuzzy-adaptive methods,
mass spectrum detection [9-13], infrared imaging analysis, bubble detection, showering
test, acoustic analysis, halide effect analysis, and ultrasonic detection. However, most
of the methods are used for the sealed parts or products, and less or no work has been
done to detect the air-leakage of unclosed components at the stage of part assembly.
For large aircraft, it is an inevitable requirement to develop an efficient method for air-
leakage detection during the period of the part assembly to reduce time, energy, and cost.
Therefore, based on the principle of ultrasonic generation in negative pressure conditions,
an ultrasonic-based detection method and experimental apparatus/experimental setup
has been proposed and designed to detect the air-leakage of unclosed components for
the aircraft. The relationship between the acoustic power, sound pressure, and the leak
aperture and detection distance is set up. Moreover, the model of leakage rate, aperture,
and system pressure has been established. Finally, verifications are carried out. The method
proposed in this paper can be used to detect the air-leakage of unclosed components of
the aircraft, such as the subassembly of the wing, hatch, skin, skylight, and air-tight end
frame. Furthermore, it is expected to be applied before the final assembly, and to reduce
the testing time, energy consumption, and cost for the air-leakage detection in the final
assembly stage of large aircraft.

2. Materials and Methods

There are two kinds of ultrasonic-based detection of air-leakage as shown in Figure 1 [14].
The first one uses an ultrasonic detector outside of the container, and the ultrasonic signal
is detected when the high-pressure air is flowing out through the small leak aperture
(Figure 1a). The second method is using an ultrasonic detector beside the unclosed com-
ponent to measure the ultrasonic signal, which is emitted by an ultrasonic emitter on the
other side of the component (Figure 1b).
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Figure 1. Ultrasonic-based detection methods for: (a) sealed part; (b) unclosed part.

Regarding the former method, when the pressure difference between the inside and
outside of the sealed container is high enough for a leak aperture, a turbulent airflow
appears near the leak aperture, which will generate sound waves with certain frequencies
near the leaks. There is a close relationship between the frequency and the cross-section
area under certain pressure conditions. Usually, the acoustic frequencies are less than
20 kHz and the sound can be heard by ears when the cross-section area is large. If the
cross-section area is small enough, certain bands of the acoustic frequencies will be higher
than 20 kHz, which can be captured by the ultrasonic detector [15]. This method is only
suitable for the sealed parts because it is very difficult to construct a sealed cavity with
high-pressured gas for the unclosed components. Later, the method is suitable for the
unclosed thick components; meanwhile, an extra ultrasonic emitter should be equipped.
Based on the above ultrasonic detection methods, an ultrasonic-based detection method
for the air-leakage has been proposed with a combination of negative pressure difference
analysis and ultrasonic detection method. The principle is similar to that of the former
method with different construction, which will be described in Section 2.2.

2.1. Design of the Ultrasonic-Based Detection System

The ultrasonic-based detection system for the unclosed components is shown in
Figure 2. Figure 2a depicts the design of a cylindrical shell depicting the system. The
system consists of a 2XZ-4 vacuum pump with an air-exhausting rate of 4.0 L/s, three YZ-60
manometers with a measuring range of 0.01~0.1 MPa, a 20L vacuum tank with a counter
size of 350 mm x 280 mm X 370 mm, and an LZB-6 flow-meter with a measuring range of
0.6~6 m3/h and an SDT270 ultrasonic detector. A 500 mm x 500 mm x 3 mm dimensions
of 2024 aluminum plate is selected as the test sample to simulate the unclosed component,
on which several leaks (holes) with different diameters are machined by wire-cut electrical
discharge machining (WEDM).

To obtain a high pressure-drop (negative pressure) condition, a vacuum cavity is
constructed with the help of the vacuum pumping system. When the system works, the
vacuum chuck can be absorbed tightly to the unclosed component, and a negative pressure
condition can be obtained. If the leak aperture exists in the absorbing area, the ambient
air will flow into the vacuum cavity. Otherwise, the ultrasonic wave will be generated
near the leak point, which can be captured by the ultrasonic detector on the other side of
the unclosed component. This system is suitable for unclosed components with complex
shapes due to the flexibility of the rubber vacuum chuck. Different types of formation
controls are practiced—obstacle detection, commonly.

The generation of ultrasonic caused by air-leakage is affected by a variety of factors.
Among these, three factors, such as detection distance 1, system pressure (pressure of the
vacuum cavity) pt, and leak apertured, are the most important ones [16-19]. In this setup,
the ultrasonic detector is fixed on an adjustable tripod with a variation of detection distance
1, a throttle is used to control the system pressure pt. Besides, leak apertures with different
dimensions are machined by WEDM before the experiments.
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Figure 2. The ultrasonic-based detection system for unclosed components: (a) Schematic diagram; (b) Experimental setup.

2.2. Acoustic Signal and Leakage Rate Models

The system pressure p; can be assumed as a constant parameter due to the short
detection process. Under a certain length of the leak I which is equal to the thickness of the
unclosed component, the relationship between the acoustic power Pt and other variables
are expressed in Equation (1), which is developed from the relative equation in [20].

1714
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Pr 407 (1)
where p is the density of ambient air (air density in the high-pressure area), ps is air density
in the vacuum cavity (air density in negative pressure area), cy is the velocity of acoustic
wave propagation, poyt is atmospheric pressure outside of the vacuum cavity. Additionally,
7y = cp/cy, where cp and cy are specific heat at constant pressure and specific heat at constant
volume of the ambient air, respectively.

For the unclosed components, pout/ o, (Pt/Pout)Po and I can be regarded as constants
due to the short detection process. Therefore, the acoustic power Py is a function that
depends on the leak aperture ‘d’. The d can be calculated when the Pt is measured.

The acoustic signal generated at the leak of the unclosed component can be captured
only when it is transmitted to the ultrasonic detector. Assuming the sound source at the
leak is a point source, the transmission of the sound field can be expressed as shown in
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Figure 3. Thus, the acoustic wave equation of the point source sound field and its solution
are deduced as Equations (2) and (3), respectively.

P(rp) _ *(rp)
2oz or? @)

P(T’, t) — pAei(wt—kr-‘rG) (3)

where pp=1A1/r is the amplitude of sound pressure in the sound field, 0 is the phase, w is
the angular frequency of the phase, k is the propagation coefficient. The sound intensity at
the position I, and a distance r from the ultrasonic detector to the point source, are shown
in Equation (4). If the leak point is on the normal of the ultrasonic detector’s receiving point,
the sound pressure captured by the ultrasonic detector can be expressed as Equation (5).
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Figure 3. Schematic diagram of the transmission of point source sound field.

From Equation (5), it can be found that if the leak length [ and the detection distance r
are given, the leak aperture ‘d’ can be calculated when the Pt has already been measured.

Leakage Rate Model

Assuming the air in the vacuum pump system is in an ideal state, i.e., the airflow in
the pipeline and leak is an isentropic flow which satisfies the adiabatic reversible process.
Additionally, assuming the air velocity in the pipeline and leak is much greater than that
in the vacuum chuck, and the energy loss caused by friction and heat exchange between
the air and the outside environment is very small. The airflow velocity at the inlet of
the flow-meter is calculated using Equation (6). The leakage rate Q is calculated using
Equation (7) [21].

-1

27 Pout ( Pt >7
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where A is the cross-section area of the inlet of the flow-meter (leakage area). It can be seen
from Equation (7) that the leakage rate Q will decrease with the increase of system pressure
pt, and the leakage rate Q can be calculated with the help of the measurement result of
the p;. In the actual measurements, the flow-meter is re-calibrated owing to the change of
medium and measurement state (Equation (8)).

_ P
Q2 = Quy/ BT, (8)

where Q1, P1, and T are the leakage rate, absolute pressure, and absolute temperature of
the air in an ideal state and to be incompressible. When the air velocity in the pipeline and
leak is much greater than that in the vacuum chuck, and the energy loss caused by friction
and heat exchange between the air and the outside environment is very small, and thus the
energy loss can be negligible. While, Q, P> and T are the leakage rate, absolute pressure,
and absolute temperature of the air in the real experimental state, respectively.

The flow-meter is located inside the system, and the internal flow rate of the system
can be measured on-line, but there is a little bit of difference, to that at the leak. The
vacuum system pipe is similar to the gas pipeline system connected by several different
diameters. Thus, Bernoulli’s equation is used to calculate the real leakage rate, and from
the relationship between the leakage rate and the leak aperture, pressure can be obtained.
Assuming that the flow-meter is located at the position of the pipe Section 1, the leak is
taken as that at position 2, then the Bernoulli equation (Equation (9)) is shown as follows.

1 1
Py +p18h + Eplv% = P, + p2ghy + Epzvﬁ )

where P1, p1, v1, and hy are the air pressure, density, speed, and absolute height at the inlet
of the flow-meter, and P;, p», v5, and h; are the air pressure, density, speed, and absolute
height at the leak respectively. In the experiments, the height of the flow-meter inlet is
equal to that of the leak, and the air pressure is approximately constant in the whole system,
then it can be considered that P; = Py, p1 =p2, v1 = vp and hy = hy. In the leak-detection
process, the vacuum tank can keep working to provide a relative stable system pressure p;.
Therefore, Equation (9) can be applied for the whole leak-detection process. Besides, using
the equation Q = Av, Equation (10) can be deduced.

2

0 = Ql(%) (10)

2.3. Experimental Setting

Based on the theoretical analysis, single-factor experiments of the detection distance
r, leak aperture ‘d’, and system pressure p; on the sound pressure prs and leakage rate Q
are undertaken in this study. All the experiments are carried out on the ultrasonic-based
detection system for unclosed components (Figure 2). The experimental parameters are
shown in Table 1.
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Table 1. Parameter settings for the different experiments.

Parameters Values

Sound pressure vs. detection distance

System pressure p; (MPa) 0.02
Detection distance r (m) 0.1,0.2,(0.3),0.4,0.6,0.8,1.0,1.2,14,1.6,1.8
Leak aperture 4 (mm) 0.4,0.6,0.8
Sound pressure or leakage rate vs. leak
aperture
System pressure p; (MPa) 0.02
Detection distance r (m) 0.3
Leak aperture d (mm) 0.4,0.6,08,1.0,1.5,2.0

Leakage rate vs. system pressure
0.001, 0.01, (0.02), 0.03, 0.04, 0.05, 0.06, 0.07,

System pressure p; (MPa)

0.08, 0.09
Detection distance r (m) 0.3
Leak aperture d (mm) 0.4,0.6,0.8

3. Results
3.1. Effects of Detection Distance and Leak Aperture on Sound Pressure

Figure 4a shows the effect of detection distance on the sound pressure. The sound
pressure measured by the ultrasonic detector decreases sharply when r < 0.6 m, and
decreases smoothly when r > 0.6 m with the increase of detection distance. Its variation
trend is in agreement with the analysis to Equation (5). For example, the relationships
between the sound pressure and the detection distance at the leak aperture r = 0.8 m and
0.6 m confirmed the laws of pys o %! and p,s o #0928, respectively. They are closer
to the relationship denoted in Equation (5), prs « 1. However, a slight difference exists
because of the absorption and scattering of a certain amount of ultrasonic in the ambient
air, which is not considered in Equation (5). As the experiment results at 7 = 0.4 m, the
relationship between the sound pressure and the detection distance is pys o %8, which
decays more slowly than pys o 1. It may result from the turbulence/flow separation
and even compressible effects in the neighborhood of the leak. Besides, as the detection
distance exceeds 0.8 m, the measured value reduces to a very low level, and the difference
among the sound pressure at d = 0.4 mm, 0.6 mm, and 0.8 mm becomes smaller and smaller,
which will increase the difficulty of determination on the leak aperture size. Therefore, the
suggested detection distance is < 0.8 m.

In Figure 4b, the effect of the leak aperture on the sound pressure is highlighted. A
sudden increase in sound pressure was observed with the increases of the leak aperture.
Its variation trend is also in agreement with the analysis to Equation (5), i.e., prs o d°.
However, the index c obtained from the experiment is 2.2554 (as shown in the fitting
formula in Figure 4b), which is less than that of ¢ = 4 denoted in Equation (5). It means
the theoretical equation, Equation (5), should be corrected according to the experiment
because the absorption and scattering of a certain amount of ultrasonic in the ambient
air are not considered in it. Additionally, it can be seen from both Figure 4a,b that the
measured value of sound pressure is very low when the leak aperture is 0.4 mm. If the
leak aperture is less than 0.4 mm, it will increase the detection difficulty because of the
unavoidable noise jamming in the workshop of the assembly when the detection method
is put into engineering application. Thus, the suggested minimum leak aperture for the
developed detection system is 0.4 mm.
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Figure 4. Effects of detection distance and leak aperture on sound pressure: (a) pys vs. 7; (b) prs vs. d.

3.2. Effects of System Pressure and Leak Aperture on the Leakage Rate

The effect of system pressure on the leakage rate can be seen in Figure 5a. The leakage
rate decreases with the increase in system pressure. Its variation trend is in agreement
with the analysis of Equation (7) to some extent. However, a clear difference can be found
in that the leakage rate decreases sharply when the system pressure increases within the
range of 0.001 MPa~0.02 MPa, approximately stable in the range of 0.02 MPa~0.06 MPa,
and then decreases slightly in the range of 0.06 MPa~0.09 MPa. It indicates that any small
fluctuation of the system pressure will add difficulty to the evaluation of the size of the
leak aperture by detecting the leakage rate at a very high- or very low-pressure difference
between inside and outside of the vacuum cavity. Therefore, the suggested system pressure
for air-leakage detection is from 0.02 MPa to 0.06 MPa, i.e., the pressure difference is kept
in the range of 0.04 MPa~0.08 MPa. Figure 5b shows the effect of the leak aperture on the
leakage rate. It can be found that the leakage increases sharply with the increase of leak
aperture. Its variation trend confirms the analysis discussed in Equation (7). Therefore, in
the process of air-leakage detection with an ultrasonic detector, the system pressure can be
set to a certain stable value due to its slight influence on the leakage rate, and the size of the
leak aperture can be computed directly by the leakage rate measured by the flow-meter.
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Figure 5. Effects of system pressure and leak aperture on leakage rate: (a) Q vs. py; (b) Q vs. d.

4. Conclusions and Discussion

In this paper, an air-leakage detection method, which combines the ultrasonic detec-
tion with the negative pressure difference analysis, has been suggested for the unclosed
components of aircraft. First, an ultrasonic-based air-leakage detection system is designed,
then the acoustic signal model and leakage rate model are established to analyze the varia-
tion trend of the sound pressure and leakage rate with the change of detection distance,
leak aperture, and system pressure. Finally, experiments are carried out to investigate the
variation trend in detail. The main conclusions of the study are as follows:

The negative pressure difference can generate an ultrasonic wave at the small leak,
which is easy to capture by using an ultrasonic detector. The pressure difference was found
suitable to detect the air-leakage of the unclosed components.

The sound pressure of the ultrasonic waves caused by air-leakage with a sudden
decrease by the increase of detection distance. The suggested detection distance i < 0.8 m.

The sound pressure increases with the increase of the leak aperture. However, it is
very low when the leak aperture is less than or equal to 0.4 mm. Thus, the suggested
minimum leak aperture for the proposed method is 0.4 mm.

A small fluctuation of the system pressure will add up the difficulty to evaluate the
size of the leak aperture by detecting the leakage rate when the pressure difference between
inside and outside of the vacuum cavity is very high (>0.08 MPa) or very low (<0.04 MPa).

The leakage rate rises sharply with the increase of leak aperture but keeps approxi-
mately stable with the increase of system pressure from 0.02 MPa to 0.06 MPa. Therefore,
the size of the leak aperture can be easily calculated by detecting the leakage rate when the
system pressure is kept in the range of 0.02 MPa~0.06 MPa.

In summary, the ultrasonic-based detection method developed in this paper is a
suitable way to detect the air-leakage of the unclosed components in the stage of part
assembly. It can acquire the leakage position, leak aperture, and leakage rate in an accurate
and fast way, which will reduce significantly the testing time, energy consumption, and
cost for the air-leakage detection in the final assembly of aircraft.
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