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Abstract

Air leakages in food and ingredient packages which are sealed in vacuum environments may
cause a marked deterioration of the product, leading to a loss of functionality. Manufacturers of
such products have very stringent but rather costly quality control procedures and there is a pressing
need for developing more economical ways of automated quality control techniques to test the
vacuum packages reliably. However, due to the fact that the defect size of a typical package with a
leakage problem could be micro- or nano-scale, such faults are not detectable using conventional
techniques. In this paper, the performance of a proposed acoustic method is assessed for the
detection of air leakage in instant dry yeast packages sealed in a vacuum environment, which are
typical of food and ingredients packaged under vacuum conditions. The investigation is carried out
in both laboratory and in-situ environments. The acoustic pressure created by leaking air into the
faulty packages is measured using a low-noise microphone in an acoustic chamber. Faulty packages
are then identified using the changes in measured sound pressure levels within a certain frequency
band. A mathematical model is also proposed to predict the pressure inside a yeast package with
certain defect size as a function of time. The mathematical model is then used to determine the size
of a defect causing the leakage, using the time required for the pressure inside a faulty yeast

package to reach to a threshold level. The results of this investigation show that, using the state of



the art measurement techniques, it is possible to detect packages with leakage problem if the
diameter of the defect is greater than a few tens of micrometres.

Keywords: Vacuum packaging; air leakage; fault detection; acoustic measurements; defect size.

1. Introduction

Removing air from packages just before the sealing operation, which is known as vacuum
packaging, is widely used in the food sector [1-2] to protect and to extend the shelf life of food
products. Air leakages in those food packages, may cause a marked deterioration of the product,
leading to a loss of functionality [3]. Manufacturers of such products have very stringent but rather
costly quality control procedures to avoid yet more costly returns from their customers. There is a
pressing need for developing routine automated quality control techniques to test the vacuum
packages reliably and cheaply. However, due to the fact that the defect size of a typical package
with a leakage problem could be micro- or nano-scale without any gas flow out of a package in the
case of vacuum packaging, such faults are not detectable using conventional quality control
techniques. Although the information about the fault sizes in a production line is quite valuable for
optimising manufacturing processes, this information is not readily attainable via practical
measurement methods. Furthermore, to the best of authors’ knowledge, there is no available
mathematical models for the prediction of air leakage into faulty vacuum packages containing
ingredients.

There have been some studies for the detection of leakages in packages using the biotest [4] and
ultrasonic imaging [5] techniques. However, these techniques are for evaluating the integrity of
sample food packages and not suitable to detect the air leakages immediately after the packaging
process at the end of the production line. Acoustic and vibration signals are also utilised for leak
detection in some applications including leakages in pipes [6-10] which may cause huge economic
losses. Both simulated and measured data are used in the literature to understand the mechanism of

air leakage generation [11-12]. Furthermore, different signal processing techniques such as Short



Time Fourier transform (STFT), Wavelet transform (WT), and Hilbert Huang transforms (HHT) are
exploited to extract valuable information from acoustic signals propagating from a leakage [13-16].
A survey of literature on this subject reveals that most of the relevant studies in the literature are
directed towards detecting leakages in pipelines, hence there is a real need for a practical technique
capable of detecting air leakages in packages sealed in vacuum environment. In this paper, the
detection of air leakages into yeast packages using acoustic measurements in an acoustic chamber is
explored and a mathematical model is presented to estimate the amount of possible air leakages in
faulty packages.

The faulty packages behave like an externally pressurised mechanical system which emits
acoustic signal while air leaks into the system from very small-sized defects. It should be
remembered that the defect size of a typical package with a leakage problem could be micro- or
even nano-scale and the fraction of faulty packages in a typical yeast packaging line is very small.
Therefore, it is decided to explore the sound propagated from faulty packages with known
(artificially created) defect sizes in laboratory environment first. It is also aimed to develop a
mathematical model for the prediction of the pressure inside a yeast package with a certain defect
size as a function of time. Accordingly, the investigation in this paper is carried out using the
following steps. (1) First, faulty packages with known defect sizes are artificially created and sound
pressure generated by the leaking air into the package is measured in laboratory environment using
a low-noise microphone and an acoustic chamber. (i1) The sound signals collected from packages
with and without leakages are processed to detect the faulty packages. (iii) Then, a mathematical
model based on sonic and subsonic flow is presented to predict the pressure inside a yeast package
with certain defect sizes as a function of time. (iv) The mathematical model is used to establish a
relationship between the time required for the pressure inside a faulty yeast package to reach to a
threshold (detectable) level and the possible size of the defect causing the leakage. (v) Finally, in an
attempt to detect the faulty packages, similar acoustic measurements are carried out in a factory

environment at the end of the production line. The results of this investigation show that, using the



current state of the art measurement techniques, it is possible to detect packages with leakage

problem if the size of the defect is greater than a few tens of micrometres.

2. Testrig and measurement parameters

An acoustic chamber with interior dimensions of 300 mm x 450 mm x 500 mm is designed to
measure the sound pressure generated by yeast packages with leakage problem. Although the details
are not presented here for brevity, the acoustic chamber is designed to have high transmission loss
level, compatible with the low noise microphone used in the measurements. Overall, the acoustic
chamber has a few layers which are made of steel, lead and acoustic foam, with a total wall
thickness of about 120 mm. The interior surface of the acoustic chamber is made of steel sheet to
increase the reverberation effect inside the chamber. The transmission loss of the acoustic chamber
is measured to be about 40 dB for the frequency range of interest (i.e., for 0.7 Hz — 12.8 kHz).

A low-noise microphone with a sensitivity of 1211.6 mV/Pa (Briiel & Kjar Type 4955) is used
to measure the sound pressure originated from leaking air into the faulty yeast packages. A picture
showing a sample package and the microphone inside the acoustic chamber is presented in Fig. 1.
The yeast packages are placed inside the chamber using three contact points so as to minimise the
possibility of unpredictable sound generation due to macro- or micro-slip friction contacts. A high-
precision data acquisition system (Briiel & Kjar Type 3050 A 040) is used to collect microphone
data. For the in-situ measurements, the specially designed acoustic chamber mentioned above is
positioned inside a larger acoustic chamber with interior dimensions of about 2 mx 2 m x 2 m.
After a large number of preliminary trial tests, adequate measurement parameters are determined to

be as listed in Table 1.



Fig. 1. A sample yeast package with 3-point contact and a low-noise microphone inside an acoustic

chamber.

Table 1. Measurement parameters.

Frequency span
Frequency resolution
Overlap

Windowing function
Number of averages
Measurement period

0.7Hz-12.8 kHz
4 Hz

%66.67

Hanning

150

12.67 s

3.  Laboratory simulations

The preliminary study, presented in this section, is aimed to assess the performance of the

proposed method in the case of known defect sizes in laboratory environment. For this purpose, a

micro-sized hole with different diameters is created on individual yeast packages to simulate a

faulty package. Then, immediately after the fault is created, the faulty package is inserted inside the

acoustic chamber shown in Fig.1 and sound pressure measurements are made. Holes with specific

diameters are created using some circular gauges (needles) with diameters of 450, 300, 200 and 150

um. It should be stated that, using the tools available in these simulations, it was not possible to

create a hole on a yeast package with a diameter less than 150 um. Three sample packages are

created for each fault diameter.



The measurements are performed using the parameters in Table 1. The collected time domain
data is converted to frequency domain using FFT-Fast Fourier Transform. The sound pressure
spectrums for the three samples (S1, S2, and S3) and the background noise (BG) for various defect
diameters are presented in Fig. 2. It is seen that all the faulty packages generate sound pressure
levels much higher than that of the BG noise over a wide frequency range, up to 12.8 kHz. The
average background noise level (or the sound pressure level measured for a package with no fault)
is determined to be L, = -32.8 dBA. On the other hand, the average sound pressure levels generated
by the yeast packages with corresponding defect diameters of 450, 300, 200 and 150 um are
measured as L, =-10.1, -16.3, -13.2 and -16.1 dBA, respectively. The most significant outcome of
these tests is the fact that the sound pressure levels generated by all the faulty packages are much
higher than the background noise level. Another point worth noting in these results is that although
the trends are similar, the sound pressure levels generated by the package samples with nominally
identical fault size can exhibit some deviations from each other. One of the reasons for this is
possibly due to not being able to create exactly the same faults with the same size manually using a

gauge with circular cross section.
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Fig. 2. Background noise and the sound pressure levels for the three packages with a defect

diameter of (a) 450, (b) 300, (c) 200 and (d) 150 pum.



After creating the artificial faults, the elapsed times required for faulty packages to ingest
sufficient amount of air inside so that the internal pressure of the packages reaches a value at which
they are considered softened is also determined experimentally. For this purpose, three conditions
presented in Fig. 3 are first identified utilising the deal gas law given by pV = mRT where R =
287.1 J/kg-K is the gas constant and p, V and T represent the pressure, volume and temperature of
the gas (air), respectively. It should be stated that the interior pressure for yeast packages just after
vacuum packaging without any air leakage in this study is p = 28.4 kPa. The atmospheric pressure
and temperature are taken as p, = 101.3 kPa and T = 293.2 K. The maximum amount of air
volume at atmospheric pressure and temperature can possibly leak into a package is determined by
injecting known amount air inside a package using a syringe and found to be V' = 250 ml. Then, the
initial amount of air mass inside a package at p = 28.4 kPa and V = 250 ml is determined to be
m = 8.43x107 kg using the ideal gas law (Fig. 3a). The amount of air leakage necessary for a
package to be detected manually as faulty is also investigated. It is determined, experimentally, that
about 120 ml of air at atmospheric pressure and temperature should leak into a package in order for
that package to get softened enough so as to be identified as faulty by a human operator via manual
touching. So, the total mass (the initial mass plus the mass of the injected 120 ml of air) of air and
the pressure inside the package for this case are calculated to be m = 2.28x10™ kg and p = 76.8 kPa
(Fig. 3b). The total mass of the air when the pressure inside a package is equal to ambient pressure

is m = 3.84x10™ kg (Fig. 3c).
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Fig. 3. Three states of a leaking package and the corresponding air mass inside a package: (a)
pressure just after vacuum packaging, (b) pressure being equal to the threshold level at which a

package is manually detected as faulty and (c) pressure being equal to ambient pressure.

The time period required for a faulty package to get soft (i.e., the internal pressure reaches p =
76.8 kPa) is referred to as softening time in this paper. The values of the experimentally determined
softening times for packages with different defect diameters are listed in Table 2. However, it must
be stated here that the softening times listed in Table 2 are very likely to have significant levels of
uncertainty, possibly plus/minus a few seconds, due to the fact that whether a package is softened or

not is decided by subjective measures of an operator.

Table 2. The values of the experimentally determined softening times for packages with different

defect diameters.

Defect Diameter (um) 150 200 300 450

Softening Time (s) 120 80 40 10

The results obtained here for the yeast packages with defect dimeters in the order of hundreds of
micrometres are thought to be quite promising, confirming that the faulty packages with
aforementioned defect sizes can be clearly identified and separated from packages without faults
using acoustic measurements. However, the defect sizes in practice are expected to be much smaller

than the simulated values here, resulting in the so-called softening times much longer than a few

10



minutes observed for the artificially damaged or pricked packages used in the tests so far. It is
therefore necessary to assess the performance of the acoustic test methodology described here in
actual manufacturing environments of these packages. However, before doing so, it is decided to
establish a mathematical model for the theoretical prediction of the defect size for a given softening
time. In what follows, a mathematical model for air flow/leak into a food package through an orifice
is presented first. The tests carried out in a factory environment using the yeast packages just after

the sealing operation in vacuum in a production line are described afterwards in Section 5.

4. Theoretical predictions

4.1 Theory

The experimental tests presented above provided some empirical data about the defect size and
the time required for the pressure inside the package to approach to a threshold level at which a
package is considered softened (faulty) in the case of laboratory simulations. However, in real
applications, i.e., in the tests in factory environments, the only available information that can be
collected is the elapsed time for the pressure inside a faulty package to reach to a threshold level.
Although the information about the fault sizes in a production line is quite valuable for optimising
manufacturing processes, this information is not readily attainable via practical measurement
methods. This section aims to provide a theoretical means of indirectly estimating possible defect
sizes using the so-called softening time.

In a vacuum environment, if the sealing operation is not 100% successful, the air starts to leak
into the package as soon as the package is removed from vacuum chamber and put in an
environment at atmospheric pressure. There are some conventional methods to model the gas
discharge through an orifice or nozzle from a pressurized container [17-18]. In our problem here,
however, the flow is in reverse direction, i.e., instead of a discharge process, the flow is a filling
process of air into a package as illustrated in Fig. 4. The gas release process (for both discharge and

filling) is a transient phenomenon and the mass flow rate depend on many parameters including the
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upstream and downstream pressures and temperatures of the gas. However, in certain cases, this
process can be simplified into the classical models and, in general, the flow is identified as the
critical (choked) or sub-critical (non-choked) flow based on the pressure ratio p/py where p and po
represent pressures downstream and upstream of an orifice in the literature [18-19]. When the
pressure ratio is higher than a critical value given in Eq. (1) below, the flow is identified as choked

sonic flow, resulting in maximum mass flow rate [17].

b _ (L)% )

Po y+1

Here p is known as the critical pressure. The mass flow rate for sonic conditions is expressed as

follows in the literature [17-20]:

y+1
o Ao Y Y=1) 20-0)
mS_JT—OCd R(1+ 2) (2)

where A is the cross-sectional area of the orifice (defect), p, and T are pressure and temperature
upstream of the orifice, respectively, R is the gas constant, and Cy is discharge coefficient
representing the effect of flow non-uniformity on mass flow rate. Discharge coefficient is defined as
the ratio of the actual mass flow rate to the one-dimensional isentropic mass flow rate [18, 20].

The mass flow rate for sonic case (i.e., for p < p*) is determined using Eq. (2) and then the mass

accumulated in the package is determined as:
m() =mg + [[mgdt  for t<t* 3)
where m,, is the initial mass inside the package at = 0 and t* represents the time when p = p*.

Since m is constant for the choked flow, the time t* for p = p* can be determined by:

m(P=?*)—mo (4)

msg

t* =

where m(p = p*) is determined using the ideal gas law.

12
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Fig. 4. The schematic showing the filling of air into a package.

Different from sonic case, the mass flow rate during discharge of a gas from a container for
subsonic case (i.e., for p > p*) depend on both interior and exterior pressures and it is given in the

literature [18-19] as:

2 y-1
: — _Apo 2 (Y| (2) "

) = e [ (2) [1-(2) | ©)

In this paper, Eq. (5) is used to calculate the mass flow rate during the filling process of air into a

package for subsonic conditions. Accordingly, the mass accumulated during the filling/leaking

process of air into a package is obtained as the sum of the initial mass, mass accumulated during the
choked flow and the mass accumulated during the subsonic flow:

m(t) = mg + mgt* + [Lmggdt  for  t>t* (6)
As can be seen from Eq. (5), the calculation of mgg requires both interior and ambient pressures.
This required performing the integration in Eq. (6) using small time increments. The steps carried
out to establish the time dependent mass flow rate and pressure inside a faulty package can be
summarised as: (i) determine the mass flow rate at a given/known internal pressure using Eq. (2) or
Eq. (5); (ii) calculate the total accumulated mass via Eq. (6); and (ii1) determine the resulting

pressure using the ideal gas law.
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In what follows, the mathematical model presented above is used to predict the mass flow rate
and the pressure inside a yeast package with certain defect sizes as a function of time. In addition,

the theoretical model is validated using experimental data.

4.2 Results

The critical pressure ratio and the critical pressure are determined according to Eq. (1) as
p*/po = 0.528 and p* = 53.5 kPa using y = 1.4 for air, the air mass inside a package at critical
pressure is calculated using the ideal gas law as m(p = p*) = 15,9x107° kg. Using Eq. (4), the
elapsed times for the internal pressure to reach to the critical pressure, i.e., p = p* = 53.5 kPa, are
determined as t* = 17.68, 9.95, 4.42 and 1.96 s corresponding to defect diameters of 150, 200, 300
and 450 um, respectively. The mass flow rate as a function of time for different defect diameters
using C4 = 1 is presented in Fig. 5. The mass flow rates for individual defect sizes are constant for
sonic conditions and decrease as a function of time for subsonic conditions as expected. The interior
pressure as a function of time for different defect diameters using Cq = 1 is presented in Fig. 6. It is

clear that the time to reach a specific pressure decreases dramatically as defect diameter increases.
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Fig. 5. The mass flow rate as a function of time for different defect diameters (-.- 150 pum, --- 200

pm, ... 300 um and — 450 pum).
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Fig. 6. The pressure inside the package as a function of time for different defect diameters (-.- 150

pm, --- 200 pm, ... 300 um and — 450 pum).

Results in Fig. 6 shows that the elapsed time for the pressure inside a faulty package to reach to
the aforementioned threshold level (i.e., 76.8 kPa) at which the package is considered softened is
shorter than the empirical softening time presented in Table 1. Significantly shorter values for the
predicted elapsed times are actually expected, due to the fact that the air flow is not actually through
an ideal orifice. The packages studied in this paper contain yeast particles hence, in addition to the
classical resistance of the orifice itself to the flow, the yeast particles on the downstream side
provide additional resistance against air flow. The discharge coefficient Cy is used to tune the
theoretical mass flow rates in the literature [18, 20]. Considering the measured elapsed time for the
pressure inside a faulty package to reach the threshold level, the value of Cy is determined to be
about 0.25 in order to bring the theoretical predictions closer to the actual values. After using the
appropriate value of Cy, the predicted pressure inside the package as a function of time for different
defect diameters is presented in Fig. 7. The experimental results obtained using artificially created
defects with known defect sizes are also included in Fig. 7 as individual markers. It is seen that a
good correlation is obtained between the experimental data and the predictions when the proposed

model is used.
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Fig. 7. The pressure inside the package as a function of time obtained for the tuned value of
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Results in Fig. 7 shows that the predictions match very well with the empirical data and this
makes it possible to indirectly estimate the defect size if the so-called softening time is known. This
approach is used to estimate the effective defect size (approximated via effective hole diameter) for
a faulty package with a specific softening time in the next section where the results of in-situ

measurements are presented.

5. In-situ measurements

It should be stated here that the fraction of faulty packages in a typical yeast packaging line is
very small; typically less than 0.1%. Nevertheless, all packages are routinely checked prior to
shipment to detect and discard such packages, thus increasing production costs. However, for the
purposes of this study, it is necessary to ensure that there will be a sufficient number of defective
packages in order to be able to make reliable performance assessment of the acoustic measurement
procedure proposed here. Well over one thousand packages were tested acoustically first, and

checked manually afterwards.
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For in-situ measurements, the acoustic chambers are placed in a manufacturing line and the
acoustic measurements are carried out on individual samples inside the acoustic chambers. It is
worth stating that the tests are not performed for all the packages produced in a production line.
Instead, a sample is taken from the production line, acoustic pressure measurement is carried out
and then another sample is taken from the production line to do the same. After the acoustic
measurements are performed, the tested yeast packages are stored and periodically controlled
manually, so as to find out whether they are actually faulty or not. The results of these manual tests
revealed that one of the yeast packages was defected, which became soft 35 minutes after the
sealing operation in vacuum while none of the other yeast packages became soft within 12 hours.

The measured sound pressure spectra for the tested yeast packages are presented in Fig. 8. The
results undoubtedly show that one of the signals belonging to the faulty package is very different
from others. In Fig. 9, the spectra of the pressure signals of three packages, one of which belongs
the faulty one, are compared with the average spectrum obtained by averaging all the measured
spectrums. In these comparisons, the spectrums are filtered to remove small oscillations in the
spectrums so as to highlight the differences between the spectrums of faulty and healthy packages.
It is seen that the spectrum of a package in Fig. 9(a) is almost the same as the average spectrum, and
the spectrum for a package in Fig. 9(b) is slightly different than the average one. However, the
spectrum for the package in Fig. 9(c), which belongs to the faulty package (softened 35 minutes
after the packaging process completed) is very different than the average spectrum, allowing one to

identify the faulty package from acoustic signal with no doubt.
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Fig. 9. Comparison of the sound pressure spectra of three packages (one of which is faulty) and the

average spectrum (red dash line): (a) almost the same as the average, (b) slightly different than the

average and (c) much different than the average (faulty package).

The total sound pressure levels for the individual packages within a frequency range 1 Hz - 12.8

kHz are plotted in Fig. 10a. Unfortunately, the total sound pressure levels of the individual packages

18



seem to be quite close to each other; hence, it is not possible to differentiate the faulty package
using the total sound pressure levels. Inspection of the pressure spectra revealed however that
acoustic signals contained higher levels of environmental noise at lower frequencies. Therefore, it is
decided to supress or eliminate low frequency components of the acoustic signal and focus on the
sound propagated from yeast packages between 2 kHz to 12 kHz. After this operation, the total
sound pressure level corresponding to the frequency range from 2 kHz to 12.8 kHz is plotted again
in Fig. 10b. The results now show very clearly again that the acoustic signal of one of the packages
is very different than the others, and the package being different from others is the one which
became soft 35 minutes after the packaging process. It is seen that the sound pressure level of the

faulty package is very noticeably higher than the average sound pressure.
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Fig. 10. The total sound pressure level for individual yeast packages: a) 1 Hz — 12.8 kHz and b) 2

kHz — 12.8 kHz.
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As in the laboratory simulations, it is seen that the faulty package creates high-frequency sounds
(i.e., from 2 kHz to 12.8 kHz), and filtering low frequency component provides easy detection of
the faulty packages. This result has practical implications in the sense that it is a very challenging
task to block low-frequency noise (i.e., < 1-2 kHz) in a factory environment.

It is important to state here that there were about a dozen yeast packages which were manually
identified as faulty (became soft) more than 12 hours after the sealing or manufacturing operation.
However, the measured acoustic signals yield no indication of these packages being defected.

These results show that the current methodology is not capable of detecting the majority of the
faulty packages which may have extremely small effective defect sizes. This situation also demands
for additional research on this topic, including the assessment of the applicability of various
techniques using different advanced signal processing methods such as STFT and WT [6-10, 13-
14].

Finally, the theoretical approach presented in Section 4 is used to estimate the effective defect
size (approximated via effective hole diameter) for a faulty package with a softening time of 35
minutes, yielding the fault diameter to be about 38.6 um. The calculated interior pressure as a
function of time for this defect diameter is presented in Fig. 11. The effective defect size for a faulty
package with a softening time of 12 hours, on the other hand, is predicted to be about 8.5 um. The
results show that a yeast package with a defect diameter of a few micrometres is predicted to have a
softening time of more than 12 hours and the proposed acoustic method using the current state of art

hardware is unable to detect faulty packages with such small size defects.
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Fig. 11. The change of the pressure inside the package with a defect diameter of 38.6 um.
6. Conclusions

Detection of air leakage into vacuum yeast packages is investigated in this study using laboratory
and in-situ acoustic measurements. Faulty packages are identified using sound pressure
measurements in an acoustic chamber. A mathematical model is proposed to simulate air leakage of
a package. Overall, the performance of a proposed acoustic method is assessed for the detection of
air leakage in instant dry yeast packages sealed in a vacuum environment, which are typical of food
and ingredients packaged under vacuum conditions. The main conclusions are:

= Laboratory simulations show that yeast packages with a leakage diameter of
approximately 150 micrometres and larger can be easily identified using the acoustic
measurements.

= The mass flow rate and pressure change inside a yeast package can be predicted using a
simplified mathematical model based on sonic and subsonic gas flows. The size of the
defect using the experimentally measured time required for the pressure inside a faulty

yeast package to reach to a threshold level causing the leakage can be predicted using the

same mathematical model.
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= The in-situ measurements show that packages with softening period of about half an hour
after the sealing process in vacuum or packages with a leak diameter of a few tens of
micrometres can, in principle, be detected using a low-noise microphone. The proposed
method using the current state of the art hardware is unable to detect defects with a few
micrometres in diameter.

= The faulty packages propagate high-frequency sound (i.e., from 2 kHz to 12.8 kHz)
hence filtering the low frequency components of the signal below 2 kHz noise is
recommended for fault detection purposes.

To the best knowledge of the authors, this study is the first in the literature attempting to identify
air leakages in packages sealed in vacuum environment using acoustic measurements and to model
air leaking into vacuum packages. Although there are currently some limitations, the results are
encouraging for real-life applications. It is believed that acoustic measurements can be exploited
further for detection or identification of micro- and nano-sized defects for automated quality control

purposes.
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