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LOSS OF STABILITY AND ENERGY OF METALLIC
VACUUM MEMBRANES OF SEALING AGENTS

O. Bampenkxo. BrpaTa cTilikocTi Ta eHepreTuka MeTajJeBUX BAKyYMHHX MeMOpaH 3aKyNopIOBAJbHUX 3ac00iB. Jleski TexHiuHi
cucTeMH (PyHKI[IOHYIOTh 3a HasBHOCTI BaKyyMmy. [l KOHTPOJIO INIMOMHM BaKyyMy 4acTO BHKOPUCTOBYIOTh JATUHKH KOHTPOIO BaKyyMmy,
SIKI € JOCHTH CKJIQJHUMH i HEICIICBUMHU CICKTPHYHUMH MPHCTPOSIMH. B CTATTI DOCIIKYIOTBCS CHEPreTHYHI CIPOMOMKHOCTI METaNeBUX
MeMOpaH BaKyyMHHUX 3aKyIOpPIOBAIBHHMX 3acO0iB, sIKi B MNPOLECI KOHTPOJIBLOBAHOI BTPaTH CTIMKOCTI MOXYTh BHMKOHYBAaTH (DYHKIIIO
BaKyyMHHX JaTYMKIB B YIIaKOBI[i HE 3aCTOCOBYIOUHM CIIeL[ialbHi AaT4MKHU. JlOCIiKEHHs MOKa3aiy, Mo MeMOpaHH, BilIITaMIOBaHI Ha MO
3aKyNOPIOBaJIbHUX 3aC00iB, BTPaYarOTh CTIMKICTh BiJ Iepenaay TUCKY, a BiJHOBICHH: (OpMHU BiOYBA€THCs 3aBASKU €HEpril TpaHcdopMallii,
sIKa BUHUKA€E B HUX B PE3yJIbTaTi BTpATH CTiiiKoCTi. BennunHa 1iei eneprii 3a1euTh BiJ TOBIIMHA MeMOpaHu. OTpUMaHO napamMeTpy podoTH
MeMOpaH pi3HOI TOBIIMHH JKEPCTi Ta MOOYJOBAaHO BIANOBIAHI rpadivyHi 3aneKHOCTI. 3TiAHO JOCHIDKEHb, 31 3MEHILICHHSM TOBIIMHU
MeMOpaHu eHepris TpaHcdopmarii 3pocTae, pa3oM 3 TUM THUCK BTPAaTH CTIMKOCTI 3MEHIIyeTbcs. B mpoieci nuppoBoro MoAemOBaHHS
MIPOIMIOHYETHCS OI[IHIOBATH PiBEHb BHYTPIIIHBOI €HEPTii MeTaleBUX MEeMOpaH MOPiBHIOIOUM €HEPreTHYHI PiBHI PI3HUX MEMOpaH B MOXIIMBUX
CTaHaxX piBHOBaru. B OCHOBY HPOIIOHOBAHOIO METOAY IOKJIAJCHO MaTeMAaTHYHE MOJCNIOBAHHS CHEPreTHYHHX DIBHIB CTAaHy PiBHOBAru
MeMOpaH, BUKOHaHE 3 BAKOPUCTAHHSAM €HEPreTHYHOT0 METOY 3 TeOpii INIaCTHH Ta 00010HOK. OTpHMaHi eHepreTHYHi PiBHI MeMOpaH pi3HOL
TOBIIMHY JKEPCTi Y CTaHi BTPATH CTIHKOCTi, KOXXHHUI 3 SKUX Ma€ CBil BIACHUHA MiHIMyM. 3a pe3yiabTaTaMH LU(POBOrO MOJETIOBAHHS
BUKOHAHO aHaJli3 CHEPreTHYHOI CKJIAJ0BOi Ta PO3PaxXOBAaHO MiHIMalbHI €HEPreTHYHI MOKA3HUKHM ITijl 4ac BTPaTH CTIHKOCTI MeMOpaH JuIs
MeMOpaH pi3Hoi ToBumHH. [Toka3aHo, 1110 MiJ Yac Nepexoay 3 OJHOTrO CTaHy PIBHOBArH B iHIIWI BiOyBaeThCs eHEpreTHYHU cTprubOoK. Ilix
4yac EHEPreTHYHOro CTPHOKA 3aBISKM BUBUIBHEHHIO eHeprii TpaHcdopmaii BinOyBaeThCss MUTTEBE MEPEMILlICHHs MEMOpPaHU B MPOCTOPI.
IporoHyeThesl OLIHIOBATH CGHEPIeTHYHI PiBHI METaJleBHX MEMOpaH METOIOM, 3TiJHO SKOTrO MOPIiBHIOIOTHCS E€HEPreTHyHi PiBHI Pi3HHUX
MeMOpaH B CTaHaX piBHOBArd.

Knouosi cnosa: CTIKICTb, IPOTHH, €HEPreTUUHHI piBEHb, MeMOpaHa, BTparta CTIHKOCTI, piBHOBara

A. Vatrenko. Loss of stability and energy of metallic vacuum membranes of sealing agents. Some technical systems operate in the
presence of vacuum. To control the vacuum depth, vacuum control sensors are often used, which are rather complex and expensive electrical
devices. The paper investigates the energy capabilities of metal membranes of vacuum closures, which, in the process of controlled loss of
stability, can perform the function of vacuum sensors in packaging without the use of special sensors. Studies have shown that membranes
stamped on the field of closures lose their stability due to pressure drop, and the shape is restored due to the transformation energy that
occurs in them as a result of the loss of stability. The value of this energy depends on the thickness of the membrane. The parameters of the
membranes of different tinplate thicknesses were obtained and the corresponding graphical dependencies were constructed. According to the
research, with a decrease in the membrane thickness, the transformation energy increases, while the pressure of loss of stability decreases. In
the process of digital modelling, it is proposed to estimate the level of internal energy of metal membranes by comparing the energy levels of
different membranes in possible equilibrium states. The proposed method is based on the mathematical modelling of the energy levels of the
membrane equilibrium state, performed using the energy method from the theory of plates and shells. The energy levels of membranes of
different tinplate thicknesses in the state of loss of stability are obtained, each of which has its own minimum. Based on the results of digital
modelling, the energy component was analysed and the minimum energy values during the loss of membrane stability were calculated for
membranes of different thicknesses. It is shown that an energy jump occurs during the transition from one equilibrium state to another.
During the energy jump, due to the release of the transformation energy, the membrane moves instantaneously in space. It is proposed to
estimate the energy levels of metal membranes by the method, according to which the energy levels of different membranes in equilibrium
states are compared.

Keywords: stability, deflection, energy level, membrane, loss of stability, equilibrium

1. Introduction

Energy efficiency is one of the key areas of development of modern equipment and technologies.
It implies the fullest possible use of the energy capabilities of any technical system or technological
process. One of the most common methods used in the food industry to preserve the quality of long-
term storage products and extend their shelf life is packaging and storage under vacuum. The depth of
vacuum must be controlled twice: at the end of the container sealing process and after heat treatment
of the product.

The function of vacuum control in technology is performed by special sensors [1, 2]. These are
mainly strain gauges, which use a metal membrane with a strain gauge as a sensing element, the de-
formation of which is converted into electrical signals, which are normalized and digitized into vacu-
um depth readings. Therefore, vacuum sensors are not autonomous, they require power supply and
connection to the display panel. Moreover, the minimum cost of any sensor is much higher than the
cost of expensive canned food. The production of canned food is massive and amounts to millions of
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cans. After use, the packaging is thrown away. Therefore, the use of sensors in the packaging is eco-
nomically impractical and technically impossible.

The closures used in modern glass jar sealing systems are tin lids (Fig. 1). In the center of the lid
field are round membranes. They have a small initial deflection in the direction opposite to the load.
The membranes can take up two positions: convex or retracted and, depending on this, indicate the
presence of a vacuum in the package and thus its tightness. This case is an example of using the ener-
gy capabilities of thin plates to detect a vacuum in a package without using sensors.

2. Literature analysis and problem statement

Several methods for calculating thin flexible plates are known today [3, 4, 5]. Depending on the
conditions of use of the lids, tinplate of different energy levels is used for their manufacture, which is
related to its thickness and hardness [6]. The energy method of calculating thin flat plates is well
known and presented in [7, 8], and plates with deflection in [9]. In [10], the general equation of the
influence of energy factors on the membrane operation was solved and the equation for calculating the
total energy of the membrane was obtained, and the adequacy of the obtained equation with the func-
tioning of real lid membranes was checked.

The analysis of membrane energy levels was initiated in [9] and continued in [10]. Accordingly,
the methodology for conducting the experiment to determine additional membrane deflections, includ-
ing the materials under study, preparation of experimental samples, research procedure, and experi-
mental setup, was used as in [10]. However, no numerical values characterizing the loss of membrane
stability and their potential energy were obtained. It is the numerical characteristics of membranes of
different thicknesses that make it possible to select them correctly in certain conditions of practical
application.

3. Purpose and objectives of the study

The purpose of this work is to create practical opportunities for the use of thin plate energy used
to control vacuum in packaging, for possible extension to other areas of application.

Research objectives.

Determine the functioning parameters of membranes of different metal thicknesses.

Perform mathematical modelling of the energy levels of membranes in equilibrium states.

To create a methodology for assessing the energy level of plates and membranes of various
shapes, and practical means for its implementation.

4. Materials and methods of research

Materials under study

For a membrane with the following parameters: thickness 6=0.18 mm, contour fixing radius
R=12 mm, and initial center deflection f,. =0.25 mm, the design scheme of fixing which is shown in
Fig. 1, the additional deflection of its center, a result of loss of stability, will be f=0.068 mm.

-

Fig. 1. Design scheme of membrane fixing, P is the load on the membrane

The membrane operates in a controlled loss of stability mode. This mode of operation depends on
the energy component of the material, which confirms the feasibility of using this calculation method.
In accordance with this method, the total energy of a circular membrane was reflected as the sum of
the energies: the unbending stress state, the bending energy, and the work of the external load [9], i.e.,
the sum of the energies of local effects.

As a result of solving the energy equations of each local effect, we have the equation of the total
energy of the membrane system [10]. It can be written in the form:

E, =%(1.4423E65C4 +10.6672D¢? —0.3333E8°CP”), @
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3
where g:% is the dimensionless additional deflection of the membrane center; D =% is the
—u

4

cylindrical stiffness of the membrane; P™ = is the dimensionless pressure on the membrane; E is

S'E
the modulus of normal elasticity of the membrane material, Pa; p is the Poisson’s ratio of the mem-
brane material.

As a result of substituting D into (1) and the value p = 0.35 for the membrane material, we have:
nES®
n = Rz

For a graphical comparison of the energy levels of the equilibrium positions of different mem-
2

branes, the dimensionless energy E, = EIHERE; was introduced. Substituting in E; (2), we obtained the
s

E (1.4423¢* +1.013¢% —0.3333CP) . )

total energy of the membrane in the dimensionless form (3), which characterizes the energy transfor-
mations in the membrane body:

2
E = EIHEI-;S 1.4423¢" +1.0134* —0.3333P’¢,. 3)
T
Differentiating (3) by d and equating it to 0 [14], we derive the equilibrium equation (4):
¢* +0.3512¢ —0.0578P" =0. 4

Experimental studies of membrane functioning were carried out under real conditions of using
glass container closures for lids of different thicknesses. The parameters fy, and R were left as in the
previous case. The experimental procedure was similar to that described above. The studies showed
that the additional deflection of the membrane center in the operating state, which corresponds to the
loss of stability, for membranes with parameters & = 0.16 mm and 6 = 0.14 mm was f = 0.081 mm and
f=0.092 mm, respectively.

For membranes with different tinplate thicknesses, the parameters of the pressure of loss of sta-
bility P; were determined from the experimental results. First, the dimensionless pressure of loss of

stability P” was expressed from (4). Next, P” was determined by substituting the experimental values
of f for different tinplate thicknesses. Then, the corresponding P for different tinplate thicknesses
P'8'E

Tt The value of

was determined by expressing it from the dependence for P as P, =

E =190-10° Pa corresponds to mild steel. The results are summarized in Table 1.

Table 1
Functioning parameters of membranes of different thicknesses
5 Parameters
+ M f, m I P P, Pa
0.14-107° 0.092:10° 0.657 8.48 0.0301-10°
0.16:107° 0.081:10° 0.506 5.3 0.0323-10°
0.18:107° 0.068:10° 0.377 3.41 0.0334-10°

If we graphically represent the functioning of the membrane as a dependence between the pres-
sure (load) P on the membrane and the deflection f of its center (Fig. 2), then if the pressure reaches
the critical value P4, there will be an abrupt change in the form of the dependence P(f). At this point,
the membrane’s working cone loses its stability (wears out). This means that a proper vacuum has
been created in the package and it is sealed.

If the pressure continues to increase, this increase will be accompanied by an increase in f, which
will occur according to a new law different from the initial one. The membrane is unloaded when the
pressure reaches a new critical value P,. In this case, the membrane will again return to the original
form of the dependence P(f). As you can see, since the initial deflection of the membrane is made
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against the load, it has a negative value. The zero value is the plane of fixing the membrane contour,
and the additional deflection is calculated from this plane (Fig. 1).

3 2 1 1 2 3
0.040 A P }/[}r
0.035 MPa _w i
0.030 S /”
0.025
0.020 J l%//
p, 0015 // ///
0.010 /
0.005
P, - f. mm
03 -02 -01 0 01 02 03

Fig. 2. Relationship between pressure P and deflection f:
1-6=0.18mm;2-6=0.16 mm; 3—6=0.14 mm

From Fig. 2 shows that with a decrease in 6, there is a drop in P, which is fixed by the mem-
brane. That is, the membrane becomes more sensitive to pressure drop. However, the pressure drop is
not significant, based on the specified parameters of membrane functioning. At the same time, to en-
sure reliable operation of the gate, it is necessary that the membrane fixes a pressure drop of about
0.030 MPa [11].

The research results suggest that the membrane shape change occurs due to the transformation of
internal energy under the influence of an external load, as a result of the transition from one equilibri-
um state to another. In the case of a controlled loss of membrane stability, we are dealing with the po-
tential energy of shape transformation, since the membrane is guaranteed to have only two equilibrium
positions, the transition between which is abrupt. Whereas in other cases, an elastic body can have
many equilibrium positions depending on the magnitude of the load.

Shape transformation refers to the abrupt transition from one equilibrium state to another. The
energy of shape transformation is closely related to the thickness and shape of the membrane cross-
section and can be considered a special case of strain energy.

From Fig. 2, we can see that a decrease in the thickness of the tinplate leads to a shift in the right-
hand side of the P(f) dependence to the right (Fig. 2), while the left-hand side of this dependence re-
mains in place. In other words, the stroke of the membrane center increases, which means that with a
decrease in the membrane thickness, the transformation energy increases, while the pressure of loss of
stability decreases.

Modelling

It is proposed to estimate the energy level of membranes of the same shape but different thick-
ness by comparing the energy levels of their equilibrium states. The proposed method is based on the
mathematical modelling of the energy levels of the membrane equilibrium state, performed using the
energy method from the theory of plates and shells.

The analysis of membrane energy levels is based on the use of (3). Using (3), the dependences of
energy levels in the equilibrium positions of membranes made of tin of different thicknesses were

plotted graphically. The graphs of dependencies were plotted as functions E; (&) according to the pa-

rameters from Table 1 by digital modelling. The zero value of E; of the membrane was taken as the

state in which there is no external load on it.
The energy levels of membrane operation corresponding to the state of loss of stability, Fig. 3, re-
flect the left part of the dependence P(f) from Fig. 2. Based on the fact that in the context of the energy
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component, the critical shape recovery pressure P, is not significant due to its small value (about
0.005-10° Pa) and the small difference between its values for different tinplate thicknesses, the graphs
of energy levels corresponding to the right branch of the P(f) dependence were not shown. In general,
the most important thing in this regard is that P, does not decrease to O or less, since in this case, as
can be seen from Fig. 2, the membrane will stop fixing the vacuum in the container.

The graphs (Fig. 3) show that all of the above energy levels have some eigen minimum E, ;..

All three minima reflect the state of loss of stability, and their values increase modulo with decreasing
3. This form of the energy criterion is fully consistent with the well-known Lagrange-Dirichlet theo-
rem, according to which the basic position of a stable equilibrium is the state of the membrane that
corresponds to the minimum energy relative to other adjacent states.

5. Analysis of the energy component

*

*

| TES” :
~——— then taking the value of E
R

*

If we write E,from (3) as E, = from the graphs (Fig. 3),

nmin

*

we can calculate the minimum energy values for all three membranes. The value E, . is substituted

modulo, since the dimensionless energy in the graphs has a negative value. The results are shown in
Table 2. Based on the data in Table 2, it can be hypothesised that thinner membranes can accumulate
and then return more energy than thicker ones with the same geometric parameters.

1.0

*

E 1

n

0.8

0.6

0.4

0.2

— 2

=3 -0.6

0 02 04 06 08 10 15

Fig. 3. Energy levels of membranes. Loss pressure of stability P;:
1-6=0.18 mm; 2 — 6=0.16 mm; 3 — 6=0.14 mm

Table 2
Values of the minimum energy of membranes
Meaning
4, m N
Eqmin Em) (miny, J

0.14-107° 1.161 0.0822-10°°
0.16:107° 0.516 0.0704-10°°
0.18107° 0.277 0.0653-10°°
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When the membrane is triggered, a sudden transition from one equilibrium state to another oc-
curs. The movement of the membrane during the loss of stability is caused by the external pressure P.
The transformation energy accumulated in the body of the membrane, which is in a stressed state, is a
consequence of the stress concentration in certain areas of the membrane. The maximum stress con-
centration will be in the peripheral area adjacent to the anchoring contour.

Removing P leads to stress dissipation and the membrane instantly returns to its original position
(Fig. 1). Physically, this is possible because the rapid transition from one equilibrium state to another
is caused by an energy jump. During the energy jump, the transformation energy is released, so the
membrane instantly moves in space.

The recovery of shape after loss of stability depends on a favorable geometric shape of the body.
Circular membranes have a favorable shape, as the deformation in this case is symmetrical with re-
spect to the center (pole) of the membrane.

Conclusions

The energy component of the membranes of metal closures is analyzed. It is confirmed that the
membrane operation can be equated to an autonomous smart energy system that operates without the
use of an external energy source, only due to the load drop. The membrane operates in a controlled
loss-of-stability mode, restoring its shape due to the transformation energy that can accumulate in the
membrane body after deformation and be released by an energy jump after the load is removed.

It is proposed to estimate the energy level of membranes by comparing the energy levels of their
equilibrium states. The energy of different membranes in the state of loss of stability is subject to
comparison. According to this method, it can be hypothesized that, given the same parameters, the
ability to store and release energy by membranes increases with decreasing thickness.
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