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The modal analysis of parabolic shells of revolution exposed to temperature field is carried out.
The analysis is performed according to the method, which is based on the relations of the three-
dimensional theory of thermoelasticity, a finite-element formulation of the problem in increments and
uses the finite element moment scheme. A universal finite element is used to model a thin elastic shell.
The finite element is based on an isoparametric solid finite element with polylinear shape functions for
coordinate and displacement interpolation. Evaluation of the effect of the temperature field on the
parameters of the natural vibrations of the shell is performed according to the developed method in two
stages. The new stress-strain state of the structure, caused by the applied temperature field, is
determined using a geometrically non-linear approach. Further, the frequencies and modes of the
natural vibrations of the shell whose shape is perturbed by the action of the temperature field are
calculated. The effect of uniform and non-uniform heating on the natural vibrations of parabolic shells
of revolution with various heights is investigated. The vibrations of the parabolic shells modelling
rocket fairings are studied. The phenomenon of aerodynamic heating of a parabolic shell (head fairing)
may occur at the initial stage of entry of the carrier rocket into the atmosphere. This can lead to
significant heating of the fairing surface. At the same time the shell is non-uniformly heated through the
height. The considered parabolic shells are essentially deep and rather rigid. Therefore, the effect of
heating on the characteristics of natural vibrations is insignificant. It has been found that shallow shells
have lower frequencies and significantly different modes of natural vibration. Presented studies have
shown the effectiveness of the application of the developed approach to the modal analysis of the shells.
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Introduction

Elements of shell structures can be exposed to significant external thermal
fields under real operating conditions. The presence of heating can significantly
affect the dynamic characteristics of the structure. This in turn can lead to an
emergency. Taking into account the action of the temperature field makes it
possible to increase the reliability of determining the stress-strain state and
vibrations of shell systems during their operation. This question has been
insufficiently studied due to the increased complexity of such problems [1-5].
Therefore, it seems important to assess the effect of heating on the natural
vibrations of thin elastic shells.

The present study is a continuation of our previous paper [6]. Modal analysis
of thin parabolic shells of constant thickness, which are under the action of a
temperature field, is considered. The application area of parabolic shells is
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rather wide in various branches of engineering and in construction [7-9]. The
most widely used constructions such as parabolic domes can be found in
structural systems such as aerospace and underwater vehicles [7, 8, 10, 11].
Despite this, a relatively small number of works are devoted to their study
[6,7, 10-15].

Modal analysis is performed according to the method [1]. The technique is
based on the relations of the three-dimensional theory of thermoelasticity, the
finite element formulation of the problem in increments, and the use of the
moment finite element scheme [16, 17]. Evaluation of the effect of the
temperature field on the parameters of the shell natural vibrations is carried out
in accordance with the developed technique in two stages. The new stress-strain
state of the structure due to the applied temperature load (temperature field) is
determined by a geometrically nonlinear method [16, 17]. Next, the frequencies
and modes of natural vibrations of the shell which shape is disturbed by the
action of the temperature field are calculated.

1. Statement of the problem

Shell structures may be under the action of different temperature loads
(fields) during the operation. Such various thermomechanical conditions may
occur in building, airframe, space, and other structures because of a change in
the environmental conditions, a difference between the heating rates of massive
ribs and thin casing of the aircraft, etc. The phenomenon of acrodynamic heating
of a parabolic shell (head fairing) can occur, for example, at the initial stage of
entry of the rocket fairing into the atmosphere [8]. At this stage of the flight, the
air is dense enough and there is a strong heating of the fairing surface. A possible
temperature distribution over the surface of the head fairing is shown in Fig. 1 (the
figure is taken as an example from [8]). At the same time, room temperature
20° C is maintained inside the enclosure compartment.

The effect of uniform and non-uniform heating on the natural vibrations of
parabolic shells of revolution with various heights is investigated. The
vibrations of the parabolic shells modelling rocket fairings are studied. We
consider paraboloids of constant thickness 4, height H and radius of the
support contour R . The shape of the middle surface of the shell in the Cartesian

coordinate system x’ is given by the equation (Fig. 2):
2'\2 32
xV =H{l——(x )" +(x7) }
R2

The shell is clamped at the edges and the material is isotropic (£, v, and
a are the elastic modulus, Poisson’s ratio, and linear expansion coefficient of
the nonheated shell). According to [7], the input data are: E =7.2-10%MPa,
v=0.3, 0=0.25-10"%deg™'; R=2 m, h=5 mm. Three cases of the height

are examined (H =1, 2,and 4 m.). In [6], a study of the convergence and
accuracy of solutions for these shells in the absence of heating have been made.
Results were compared with the data from [7] and with the data obtained using
the SCAD program for finite element structural analysis [18]. The finite element
shell model was a half of the panel with uniform mesh along radius and
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circumference. The solutions converged on 40x50 FE mesh. Analysis has shown
that the adopted design scheme excludes multiple eigenfrequencies from
consideration. However, this does not interfere with the analysis of the natural
vibrations of the structure, considering only single eigenfrequencies and the
corresponding forms of vibrations. In general, the problem of determining the
eigenfrequencies and vibration modes of the shell, which are one of the main
dynamic characteristics of any elastic system, occupies an important place in the
study of the behavior of any structure.
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Fig. 1. An example of a temperature distribution Fig. 2. Parabolic shell of revolution
in a fairing [8]

Three variants of the distribution of the temperature field in the shell are
considered: (i) uniform heating throughout the shell volume, (ii) uniform
heating throughout the thickness and non-uniform throughout the height, (iii)
non-uniform heating throughout the thickness and the height.

2. Analysis of natural vibrations of parabolic shells that are in a

temperature field

2.1. Uniform heating all over volume of the shell. The effect of heating on
the vibration of paraboloids of various heights (H =1, 2, and 4 m) is examined

for four cases of uniform temperature increment by 7°C= 0, 50, 150, 165.

For paraboloids with a height of / =1 and 2 m, an increase in frequencies o,
is observed with an increase in the temperature increment 7. We have the
opposite effect for deeper shells (4 m), where frequencies ®; decrease with
increasing temperature. In all cases, uniform heating of the shells practically does
not affect the values of natural frequencies. Moreover, the frequency spectrum in
all cases is quite dense. Noticeable vibrations occur in the middle part of the shell
closer to the clamped edge with forming waves in the circumferential direction
(Fig. 3). There is no wave formation at the pole of the shell.

For the shell with a height H =1m (Fig.4), heating at 7=50°C is
accompanied by a small increase in frequency (only 3%) (Table 1) and has little
effect on the nature of the lower vibration modes. Heating at 7 =150°C and

above leads to an increase in frequencies (up to 5%) and causes the same
changes in the respective modes.
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Fig. 3. Natural modes of shells with different heights (7 =0°C)
Table 1
o
N o;,Hz (H=1m)
QD) (03 Wy (05

230.82 231.45 232.74 233.96
237.41 238.18 239.20 240.81
242.71 243.55 244.49 246.08
242.18 243.03 243.96 245.57

4.92 5.00 4.82 4.96

T=50°C T=150°C T=165°C

Fig. 4. The first three modes of vibrations for the shell ( # = 1 m) uniformly heated

The insignificant effect of heating on frequency values can be explained as
follows. Heating gives the shell a new shape (Fig. 5) and only slightly increases
the paraboloid’s height by 0.39, 1.14 and 1.24 c¢m, respectively. For clarity
forms are presented on a significantly distorted scale.
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Fig. 5. The shape of the parabolic shell of various heights after uniform heating

For the shell with a height H =2 m, heating by 7'=50°C or more leads to a
slight increase in the vibration frequencies (up to 3%, Table 2) and the same
restructuring of the modes (Fig. 6). As above, this can be explained by the
change in the parabolic shape of the shell to a drop-like shape with a relatively
smaller increase in height (than in the first variant) by 0.195, 0.575, 0.63%.

Table 2
: o;, Hz (H=2m)
* 7°C
T Q)] QD) ®3 Wy (QF
0° 162.57 162.69 164.48 164.83 168.47
50° 164.19 164.26 166.11 166.42 170.17
150° 167.19 167.61 168.77 170.07 172.47
165° 167.61 168.07 169.14 170.57 172.81
Aloﬁfﬂ , % 3.10 3.31 2.83 3.48 2.58

Fig. 6. The first three modes of vibrations for the shell ( H =2 m) uniformly heated
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For the shell with a height H =4 m, heating at 7' =165°C has practically no
effect on frequencies that decrease by less than 1% (Table 3) and does not affect
the modes (Fig. 7). The corresponding modes are of the same type for an
unheated and heated shell (for all considered temperature values). The relative
increment of the shell height due to heating is less than 0.5%, and the shape
differs insignificantly from the initial one.

Table 3
T T°C o;, Hz (H=4m)

T Q)] QD) ®3 Wy (QF
0° 77.832 | 78303 | 79.887 | 81.062 | 84.836
50° 77482 | 78.002 | 79.491 | 80.849 | 84414
150° 77.167 | 77816 | 79.073 | 80.795 | 83.914
165° 77250 | 77.930 | 79.094 | 80.959 | 83.865
NS, % -0.75 -0.48 -0.99 -0.13 -1.14

Fig. 7. The first three vibration modes for uniformly heated shell ( H = 4 m)

2.2. Heating of the shell uniformly throughout the thickness and non-
uniformly throughout the height. We study heating of the shell which is
uniform throughout the thickness and stepwise throughout the height. Let us

consider four sections of a paraboloid with stepwise heating by 7;°C along the

axis x!. It is assumed that the reference shell temperature is 20°C. In

accordance with [8], such temperature increments: 7;=110, 7,=135°C,
T3=150°C, and T,=165°C are corresponded the following sections of the
shell with the height ziOH , zioH , z%H , and ziOH . The first section is near
clamped edges.

The effect of the stepwise distribution of temperature on the natural
frequencies of the shells is examined for parabolic shells of revolution with the
height 2 and 4 m (Table 4). As expected, the effect of heating on the values o;
is insignificant. This can be explained by the fact that the non-uniform
temperature distribution has slight effect on the new shell shape after heating
(Fig. 8 (a), Fig. 9 (a)). New shell shapes are similar to ones of uniformly heated
shells (Fig. 5).
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Table 4
)
A% T o, Hz
o) ®, 03 (ON 05
H=2m 167.46 167.67 169.25 169.85 173.11
A(TY /00) 3.01 3.06 2.90 3.05 2.75
A(TY /1 65°) -0.09 -0.24 0.06 -0.42 0.17
H=4m 77.795 78.307 | 79.737 81.078 84.566
AT? /0°) -0.05 0.005 0.008 0.02 -0.32
AT [165%) 0.70 0.48 0.81 0.15 0.84
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Fig. 8. Shell shapes ( H = 2, m) after stepwise heating throughout the height:
(a) uniform heating throughout the thickness, (b) linear heating throughout the thickness

The uniform heating of the paraboloid with a height H =2 m increases the
value of the lower five natural frequencies only by 3% compared with an

unheated shell (7=0°C). Compared with a uniformly heated shell at

T =165°C, this effect is practically absent and amounts to only 1%.
Taking into account the non-uniform heating for a paraboloid with a height
H =4 m practically does not affect the value of the lower five natural

frequencies and is less than 1% compared with an unheated (7’=0°C) and
uniformly heated (7 = 165°C) shell.
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Fig. 9. Shell shapes ( H = 4, m) after stepwise heating throughout the height:
(a) uniform heating throughout the thickness, (b) linear heating throughout the thickness
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2.3. Non-uniform heating of the shell. We examine shells which are non-
uniformly heated both throughout the height and the thickness ( H =2 and 4 m).
We accept that the law of stepwise temperature change throughout the height is
the same as in the previous study. The temperature distribution over the shell
thickness is assumed to be linear by the method [16, 17]. When the upper fiber

is heated (7;°C), the lower fiber remains cold (7 =0°C).

Table 5
T
A ,% V (Dl N Hz

0 195 3 Wy 05
H=2m 164.98 164.99 166.94 166.98 170.98
A(Tl_o/OO) 1.48 1.41 1.50 1.30 1.49
A(Tl-°/165°) -1.57 -1.83 -1.30 -2.10 -1.06
H=4m 77.729 78.201 79.735 80.967 84.632
A(Tl-°/0°) -0.13 -0.13 -0.19 -0.12 -0.24

A(Tl-°/165°) 0.62 0.35 0.81 0.01 0.91

As above, the effect of non-uniform heating on frequency values o; is

insignificant (Table 5). Non-unifirm heating increases the frequency of the shell
for the case H =2 m by 1.57% and for the case H =4 m less than 1%. This can
also be explained by the fact that the non-uniform temperature distribution has
little effect on the new shell shape after heating (Fig. 8 (b), Fig. 9 (b)).

Note that non-uniform heating of paraboloids (paragraphs 2.2 and 2.3) has
no result (does not affect) on the type of the lowest modes compared with ones
for uniform heating (paragraph 2.1). The parabolic shells considered above
belong to the class of deep shells and are rather stiffness. Therefore, temperature
effect on the vibration characteristics of deep shells is negligible. But researches
have shown the effectiveness of applying the developed approach to the study of
modal characteristics of shells.

3. The effect of the height reduction of the heated parabolic shell on

natural vibrations.

Consider an axisymmetric shallow parabolic panel. The height of shell is 10
times less than of those studied above: H =0.2 m. The rise of this thin panel is
much smaller than the radius of the support boundary. Therefore, this shell can
be attributed to the class of shallow ones, since it is generally accepted that for
shallow shells H < R /5 [19]. The effect of heating on 7 =50°C on the modal
characteristics of the shallow parabolic panel is analyzed. Two cases are

considered: uniform and non-uniform heating throughout the thickness. Heating
throughout the height is taken uniform.
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The shell shape after heating
(Fig. 10)  differs  from  the 2N,
corresponding  shape of the AP
paraboloid with greater height s
(Fig. 5). For clarity, the deformed
shape is presented on an enlarged Fig. 10. The shape of a heated parabolic shell
scale. (H=02m
The modal characteristics of the
panel before and after heating are presented in Fig. 11 and in Table 6.
Ne T =0°C T T =50°C T T=50°C
(X)i +
T
1
2
3
4
Fig. 11. Vibration modes of a shallow parabolic shell ( H = 0.2 m)
Table 6
Case of  heating o,Hz | ©,,Hz | o3,Hz | 04,Hz | o5, Hz
T=0°C 83.403 | 83.976 | 84.333 | 85.173 | 86.360
T
+ T=50°C 81.795 | 82.146 | 83.227 | 84.959 | 87.069
T
AL % -1.9 2.2 -1.3 -0.3 0.8
7T
T=50°C 83.118 | 83.322 | 83.518 | 84.036 | 86.010
AL, % -0.3 -0.9 -1.0 -1.3 -0.4
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The frequency spectrum remains fairly dense. The effect of heating on the
frequencies is negligible. The difference in their values does not exceed 2.2%
(Table 6).

The types of the vibration modes differ substantially from ones for deeper
paraboloids (Fig. 11). In this case, both uniform and non-uniform heating of the
shell has a significant effect on the first modes of natural vibrations.

Conclusions

We have carried out the modal analysis of parabolic shells of revolution
exposed to temperature field. The analysis is performed according to the method
basing on the relations of the three-dimensional theory of thermoelasticity, a
finite-element formulation of the problem in increments and uses the finite
element moment scheme. A universal finite element is used to model a thin
elastic shell.

The effect of uniform and non-uniform heating on the natural vibrations of
parabolic shells of revolution with various heights (deep shells) is investigated.
The vibrations of the parabolic shells modelling rocket fairings are studied. The
phenomenon of aerodynamic heating of a parabolic shell (head fairing) can
occur, for example, at the initial stage of entry of the rocket fairing into the
atmosphere. This can cause non-uniform heating along the height of the fairing
surface.

Analysis of the calculation results allowed us to make the following
conclusions.

Heating of the deep shells has negligible effect on the frequencies of natural
vibrations, the spectrum of which is quite dense. The natural vibration
frequencies decrease with successive increasing up the height of the paraboloid.
At the same time, effect of heating on the first modes of the shell vibrations is
observed. Noticeable vibrations occur in the middle part of the shell closer to the
clamped edge with forming waves in the circumferential direction. There is no
wave formation at the pole of the shell. The effect of heating on the vibration
modes decreases with increasing up the height of the shell, and effect from
heating completely disappears for shells with #7 =4 m.

A decrease in the height of the paraboloid to # =0.2 m (a shallow panel)
leads to a significant decrease in frequencies and a qualitatively different
character of the modes of natural vibrations.

We have shown the effectiveness of applying the developed approach to
studying the modal characteristics of shells in a temperature field.
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Cmamms naoditiwna 28.05.2019

Baocenos B.A., Kpusenro O.I1., Bopona IO.B.
BIIJIUB HAT'PIBY HA BJIACHI KOJIMBAHHSI TOHKHUX TAPABOJITYHUX
OBOJIOHOK

IlpoBeseHO MopanbHHUA aHai3 napaboJiyHUX OOOJOHOK OOCEpTaHHS, IO 3HAXOISATHCS B
TEMIIEPaTyPHOMY T0JIi. AHalli3 MPOBOAUTHCS METOIOM, SIKHH IPYHTYETHCSA Ha CIIBBiIHOIICHHIX
TPHUBUMIPHOI TEOPil TEPMOIPYKHOCTI, CKIHUCHHO-CIIEMEHTHOI IIOCTAaHOBKHU 3aJadi y HPHPOCTax Ta
BHKOPHUCTOBYE MOMEHTHY CXEMY CKIHYGHHHX eJleMEHTIB. JIsi MOIETIOBaHHS TOHKOI MPYXKHOL
000JIOHKH BHKOPHCTOBYETHCS YHIBEPCAJIbHUI CKiHUeHHHMH elieMeHT. CKiHYCHHHH eJeMeHT
no0yOBaHMI Ha OCHOBI IPOCTOPOBOrO  i30HApPaMETPUYHOrO CKIHYCHHOrO eleMeHTa 3
HOMUTHIHHUMH (YHKIIsIME HOPMHU I KOOPAMHAT i nepemimeHb. OLiHKa BIUTHBY TEMIIEPATyPHOIO
I0JIs1 Ha MapaMETpPHu BJIACHUX KOJIMBAHb OGOHOHK]A NPOBOAMUTHLCA Yy ABA €TaIlU. Ha IEpomMy eTani 3a
JIONIOMOrOI0 TE€OMETPHYHO HENIHIHHOIO METONY BH3HAYAEThCS HOBHI HampyKeHO-nedOopMoBaHHI
cTaH KOHCTPYKIii. Jlani 064HCIIOI0TECS 9acTOTH 1 (JOPMH BJIACHUX KOJHMBaHb OOOJIOHKH, (opma
sKUX 30ypeHa 1i€l0 TeMmepaTypHoro mois. IlpoBeneHOo [geTasbHE JOCHIUKCHHS —BIUIHBY
PIBHOMIPHOrO i HEpIBHOMIPHOrO HarpiBy Ha BJIAcCHi KOJMBAHHS MapaboiiyHHX OOOIOHOK pi3HOL
BUCOTH. BHBUYEHO KOJIMBaHHS mMapaboNidyHUX OOOJIOHOK, IO MOJCIIOIOTh OOTIYHMK PAKETH.
JlociikeHHsT MoKa3ainu e(peKTHBHICTH 3aCTOCYBAaHHS PO3POOJICHOrO MiAXOAY OO MOJAIBHOIO
aHaJii3y 000JIOHOK.

KarouoBi ciioBa: BiOpaiii, TemmneparypHe moJje, mnapaboiiuHa 0OOJOHKA, YHiBepcalbHUM
HPOCTOPOBHi CKIHUCHHUH €IIEMEHT.

Bazhenov V.A., Krivenko O.P., Vorona Yu.V.
EFFECT OF HEATING ON THE NATURAL VIBRATIONS OF THIN PARABOLIC
SHELLS

The modal analysis of parabolic shells of revolution exposed to temperature field is carried out.
The analysis is performed according to the method, which is based on the relations of the three-
dimensional theory of thermoelasticity, a finite-element formulation of the problem in increments
and uses the finite element moment scheme. A universal finite element is used to model a thin
elastic shell. The finite element is based on an isoparametric solid finite element with polylinear
shape functions for coordinate and displacement interpolation. Evaluation of the effect of the
temperature field on the parameters of the natural vibrations of the shell is performed according to
the developed method in two stages. The new stress-strain state of the structure, caused by the
applied temperature field, is determined using a geometrically non-linear approach. Further, the
frequencies and modes of the natural vibrations of the shell whose shape is perturbed by the action
of the temperature field are calculated. The effect of uniform and non-uniform heating on the natural
vibrations of parabolic shells of revolution with various heights is investigated. The vibrations of the
parabolic shells modelling rocket fairings are studied. The phenomenon of aerodynamic heating of a
parabolic shell (head fairing) may occur at the initial stage of entry of the carrier rocket into the
atmosphere. This can lead to significant heating of the fairing surface. At the same time the shell is
non-uniformly heated through the height. The considered parabolic shells are essentially deep and
rather rigid. Therefore, the effect of heating on the characteristics of natural vibrations is
insignificant. It has been found that shallow shells have lower frequencies and significantly different
modes of natural vibration. Presented studies have shown the effectiveness of the application of the
developed approach to the modal analysis of the shells.

Keywords: vibrations, temperature filed, parabolic shell, universal solid finite element.
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Baocenos B.A., Kpusenro O.I1., Bopona IO.B.
BJIMSIHUE HATPEBA HA COBCTBEHHBIE KOJIEBAHUSI TOHKUX
MAPABOJIMYECKHUX OBOJIOYEK

BeinosHeH MopanbHbI aHanM3 napaboiIMyecKuX O0O0JIOUEK BpAILEHUs, HAXONALMXCH B
TEeMIEPaTypHOM I1ojie. AHAIN3 POBOAUTCS METOAOM, OCHOBAHHOM HAa COOTHOLICHUSX TPEXMEPHOMH
TECOPHUU TEPMOYIIPYTOCTH, KOHCHHO—SHCMCHTHOﬁ ITOCTAaHOBKH 3aa4u B IPUPAILICHUAX U UCIIOJIB3YET
MOMEHTHYI0 CXEMY KOHEUYHBIX 3JIEMEHTOB. [l MOAENIMPOBAaHUsS TOHKOW YHpYyroi o00104KH
UCHOJIb3YETCS YHHMBEpPCAJbHBII KOHEUHbIH 31eMeHT. KOHEUHbIH 3JIEMEHT HOCTPOEH Ha OCHOBE
IPOCTPAHCTBEHHOI'0 H30MAPAMETPUIECKOI0 KOHEYHOr0 dJIEMEHTa C HOJIMIMHEHHBIMBL (yHKIMSIMH
¢hopmbl 111 KOOpAMHAT U IepeMerieHnid. OLeHKa BIHSHUS TEMIEPaTYpHOro MOJs Ha IapaMeTpbl
COOCTBEHHBIX KOJeOaHHi 00OJOYKM MPOBOAMTCS B 1Ba dTama. Ha mepBoM 3Tame ¢ IOMOLIBIO
IEOMETPUYCCKH HEIMHEHHOro MeTofa ONpEAe/sieTCss HOBOE HANPSHKEHHO-Ie(hOpPMUPOBAHHOE
COCTOSIHUE KOHCTPYKUMH. Jlajee BBIYMCIIIOTCS 4YacTOThl M (OpPMBI COOCTBEHHBIX KoJeOaHMi
000104KH, GopMa KOTOPHIX BO3MYILEHA JEHCTBHEM TeMIlepaTypHOro mossi. IIpoBeneHo neranbHOe
MCCIIEIOBAaHHUE BJIMSIHUSL PAaBHOMEPHOI'O M HEPABHOMEPHOIO HarpeBa Ha COOCTBEHHBbIE KoyeOaHMs
1apaboIMYecKuX 000JI0UEK Pa3IMYHON BBICOTBI. M3ydeHbl KOIeOaHus MapadoIMYecKuX 000I04UeK,
MOJEIUPYIOIMX oOTekaresnb pakerbl. ViccmenoBanus mnokasamn 3¢GEKTHBHOCTb IPHUMEHEHHS
pa3paboTaHHOT O MOAX0/a K MOJAJIEHOr 0 aHAIN3a 000JI0UYeK.

KiloueBble cyioBa: BuOpauuu, TeMIepaTypHoe Ioie, Iapabonuueckas o000JI04YKa,
YHUBEPCAJIbHbIA IIPOCTPAHCTBEHHBII KOHEUHBIH JIEMEHT.
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Posenadaemucs 6naue nazpiey Ha napamempu 1ACHUX KOJIUBAHb NApabONiMHUX 060IOHOK
obepmanusi.
Tabun. 6. L. 10. Bi6miorp. 20 Ha3s.
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parabolic shells / Strength of Materials and Theory of Structures: Scientific-and-technical collected
articles. — K.: KNUCA, 2019. — Issue 103. — P. 3-16.

The effect of heating on the parameters of natural vibrations of parabolic shells of revolution is
considered.
Table 6. Fig. 10. Ref. 20.
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