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Abstract. Vertical cylindrical containers are widely used for storage of granular bulk materials.
The enclosing side surface of such containers is made in the form of cylindrical metal circular shells
with a wall thickness that is constant or piecewise constant along the height of the shell. Known
designs for storage of bulk materials of the reservoir type with the installation of a cylindrical shell on
the annular foundation with hinged fixed attachment of the shell to the foundation. Thin-walled shells
are made suspended from the supporting structures of the storage facilities. To stabilize the cylindrical
shape of the shell and its position in space, the suspended shells are pre-tensioned in the vertical
direction. During operation, storage facilities are empty and filled with bulk materials, exposed to the
environment in the form of wind and temperature climatic influences.

The object of study of this work is the enclosing structures of storages of granular bulk
materials in the form of vertical circular cylindrical thin-walled metal shells, in the general case of
piecewise constant thickness, subject to temperature and climatic influences of the environment —
changes in the temperature of the outside air, direct and diffuse solar radiation.

The subject of the study is the components of the stress-strain state of the shell due to changes
in temperature and climatic influences. The performed studies of the temperature fields of storage
shells on models and full-scale objects made it possible to substantiate the assignment of the
temperature field of cylindrical storage shells by Fourier series.

One-sided solar heating of cylindrical storage shells completely illuminated by the sun
induces in the shell wall a flat temperature field symmetrical with respect to the normal of incidence
of sunlight, which can be represented by a Fourier series with five terms of the cosine expansion
series. In the presence of a structure located next to the shell, which covers half of the shell along
the entire height in the circumferential direction, the temperature field is described by a Fourier
series containing 10 harmonics of expansion in sines and cosines.

The small thickness of the shell, the significant radius of curvature of the shells, the large
thermal diffusivity of metals provides a small variability of the temperature of the shell over the
thickness, the ability to describe the stress-strain state of the shell, the momentless theory and a
simple edge effect.

Formulas are obtained in Fourier series for the forces of a momentless state, the residuals of
which at the joints of shell chords of different thicknesses and in the support zones are eliminated
by a simple edge effect.

Keywords: momentless theory of shells, theory of edge effect, temperature climatic
influences, forces and displacements in an empty vertical cylindrical shell.

Introduction. Storages of bulk materials in the form of vertical cylindrical metal thin-walled
shells, during operation, are empty and filled with bulk material and experience the temperature
climatic effects described in [1]. A change in the temperature of the outside air, the intensity of
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direct and scattered solar radiation induces a flat temperature field in the shell — the temperature of
the shell is constant along the generatrix and variable in the circumferential direction, approximated
by a Fourier series containing 5 terms of the cosine expansion series for the shell fully illuminated
by the sun and 10 members of the series expansion in cosines and sines - for a shell half of which is
covered by a screen at its full height. The temperature drop across the thickness of the shell can be
neglected due to the small thickness of the shell (3 ... 10 mm) and a significant coefficient of
thermal diffusivity of metals (steel, aluminum). Has a direct effect on the stress-strain state (SSS) of
the shell? In this case, it is necessary to take into account the variability in time of the position of
the sun in the sky and the corresponding change in the position of the normal of the incidence of
sunlight on the shell. The stress-strain state of the walls of bulk materials storages under
temperature climatic influences is necessary to know when designing new bulk materials storages
and assessing the strength of existing ones.

Analysis of recent research and publications. In [1], the temperature climatic effects on
cylindrical metal shells were investigated, in [2, 3], the stress-strain state of the shell on an elastic
foundation with a piecewise constant was investigated, and in [4] with a piecewise linear bed
coefficient with axisymmetric cooling of the shell.

The small thickness of the shells, the absence of significant gradients of changes in the shell
temperature led to the application in [2-4] of the momentless theory of shells, supplemented, to
eliminate the residuals of the momentless solution, the theory of a simple edge effect. In this study,
we use a similar proven approach.

Goals and objectives. The purpose of this work is to study the stress-strain state of an empty
vertical cylindrical metal thin walled shell of piecewise constant (in height) thickness, (Figure 1, a),
caused by temperature climatic influences — non-axisymmetric heating-cooling of the shell to the
state of the same temperature in all of its points.

Methods and Results. Let us write down the basic equations of the momentless theory of
thin cylindrical shells [5, 6]. Geometric Equations:

51=£a—u+att, 52=E(Q+Wj+att, 1)
R 0 R\ op
where u,v,w — components of displacements of points of the middle surface of the shell
(positive directions are shown in Figure 1, a);
&,&, — deformation of the middle surface, respectively, in the axial and circumferential
directions;
a, B — dimensionless coordinates of the points of the middle surface: a=x/R, (angular
coordinate;
t — shell temperature is a given function of coordinates o and f;
R — radius of the middle surface of the shell;
h — shell thickness;
E, 1, ¢, — Young's modulus, Poisson's ratio and coefficient of linear thermal expansion of the
shell material.

Positive directions of efforts and displacements are shown in Fig.1.
Physical equations for a cylindrical circular shell have the form:

Eh ou ov
N, =m|:£+ﬂ(%+WJ—(l+ﬂ)~at~R~t]

Eh ov ou
N2—m{%+w+y%—(l+y)-at-l?-t] (2)

Eh  (ou ov
S=———| =+ —|.
2(1+,u)~R(8,3 6aj

Modern construction and architecture, 2023, no. 3, page 25-32



BUILDING STRUCTURES

I=LIR

Fig. 1. Positive directions of effort and displacement:
a — momentless stress-strain state; b — the state of the edge effect

Equilibrium equations in displacements have the form:

2 _ 2 2
auz+l uauer1+u 6V+ (1+,u) Rﬂ,
oa 2 0p 2 oaof 60{ oa
2 _ 2 2y
1+ u au+1 y6\2+8 ow ~ (L p)- Rﬂ, 3)
2 0adB 2 oo’ Op° aﬂ op
ou ov
—+—+W=(1+ )« -R-t
/laa 0B ( :U) o
The external influence is the flat temperature field of the shell of the form:
10
t(B)=ty+ > (t, cosnB+t, sinng). (4)
n=1

The amplitudes of harmonics in (4) can beicalculated according to the recommendations [1].
For stitching the belts and on the supporting edges of the shell, we use the theory of a simple
edge effect, the main dependences of which are presented below [5]:

d*w

‘w =0, 5
da (5)
R? Eh’
where: g =3(1-x°)—, D, =———.
g ( H )hiz 12(1—,U2)
Geometric Equations:
< W . ldw .
:—’ =——’ =O_ 6
& R v R do & (6)

Physical equations:

-
Ny =0, N =Sw', my=-D W
R R da

D d®w 7
M,=u-M;, Q :EW-
The positive directions of forces, bending moments and displacements of the edge effect are
shown in Figure 1, b.
Taking into account the form of the temperature field (4), the equilibrium equations (3) for
each belt of the shell take the form:
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U 1-pou l+u 0% ow
>+ >+ +u—=
da® 2 9B 2 oadf ' oa
2 _ 2 2
tp 0u 1 ﬂa\g+8\g+@=(l+y)~at~R~ﬂ, (8)
2 0adf 2 oa® opF op op
ou

ov
,u£+£+w=(l+y)-oct ‘R-t.

In expressions (6-8), the index of the belt, for which the system of equations is written, is
omitted.
Research results. Axisymmetric temperature action (n =0). In this case, v=0, all

derivatives with respect to £ are equal to zero, and the system of equations (8) takes the form:

0,

du dw
dag " do? =0
9

du
'ud_oc;HNO =(1+ u) o Rt,.

Integrating the first equation (9) and substituting it into the second, we find:

duy _ 1w, +C,, (10)
da
, :_‘i‘t Rb 4 ¢, (11)
-4 l-pu

Substituting (11) into (10) and performing the integration, we obtain:

uo(a):—,uathOa+ C12a+C2. (12)
1-u 1-u

Arbitrary constants C, and C, included in (11) and (12) must be determined from the
tangential boundary conditions:

U, (0)=0, Ny, (1)=N"=3u, (1) (13)
and tangential conditions for joining the belts:
u; (1) =u,(0),
Ny (I) =Ny (0)
where m —the number of belts of the shell of different thickness, the numbering of the belts starts
from the fixed edge of the shell;

N," — pre-tensioning of the suspension shell in the axial direction;
g — stiffness coefficient of elastic fastening of the shell at the edge ¢, =1,,.
Taking into account [2], tangential conditions (13) and (14) explicitly look like this:

}(i:l,z,...,m—l) (14)

C21:O’
b ¢ +1.c,40-C,,-1C, =N o Rt
_ 2 i 2i 1,i+1 2,i+l 1_,U t 0 (i=1,2,...,m—1) (15)
h-C;+0-Cy; —h;-C;,, +0-Cyy = (1"‘/1)0% Rt, (hi - hi+1)’
Eh I ul Eh
m___—g—" _IC, -9-C, =N"+3 Rt +—"—at,.
{(1—#2)R (1_#2)} 1 2 1 1=, 5 (1_ﬂ) il

Discrepancies of the momentless solution arise due to different thicknesses of adjacent belts.
To satisfy the nontangential boundary conditions and the conditions for the continuity of radial
displacements and angles of rotation at the joints of the chords, we will use the theory of a simple
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edge effect, with success used earlier [2-4]. In the corresponding formulas [4], it is necessary to set
the bedding coefficient of the base k(a) =0.
Impact of non-axisymmetric components of the temperature field (n 21). We seek the

solution of the system of inhomogeneous equations (8) in the form of the sum of the general
solution of the corresponding homogeneous and particular solution of the inhomogeneous system.
Let's get a solution for an arbitrary belt. We omit the belt index in the calculations.

We represent the sought solutions in terms of two scalar functions ®(«, 8) and @, (, 8). In

this case, the function CD(a,ﬁ) determines the solution of the homogeneous system of equations
and is introduced in accordance with [6] as follows:

0 [ach ~ achj

" " oalofg Mo
2 2
v0=_%[gﬁq;+(2+y)gaqz], (16)
w, = VAV
2 2
where; V? = +—— — Laplace operator.
oa®  Op? P P

By direct substitution, one can make sure that the introduced function satisfies the first two
equations of the system. After substitution in the third equation (8), we obtain the resolving

equation for the function ®(«, B):
o'® o'd o'd o'®
U= ————( ——+V*V*® =0, (17)
oa“op oa” Of oa“op
Expanding the double Laplace operator and reducing similar terms in (17), we obtain the
resolving equation for the function ®(«, 8) in the form:
o'd
oo’
A particular solution is determined by the function ®, (a,ﬁ), which, taking into account [7],

+ 1)

0. (18)

we, introduce so that through it the displacements u,, v, and w, are expressed as follows:

U, =(1- )%,
n ) @
W =(1- ) aaaz Vo,
®(a,f)= 12()1[@2 cosnf+d{sinng |, (20)
Q(%ﬂ#i[@{‘c cosnB+dysinng |, (21)

n=1
Further calculations, without loss of generality of transformations, are carried out for the shell
completely illuminated by the sun, i.e. containing 5 terms of the cosine expansion series.
Substitution of (19) into (3) leads to the fact that all three equations coincide and the resolving

equation for the function CD(a,,B) can be written in the form:
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o'D,  oRt
oot 1-u
Taking into account (20) and (21), the resolving equations (18) and (22) for the nth term of
the series are transformed into ordinary differential equations of the fourth order:

(22)

d‘o"
=0, 23
do* ( )
43N
d <I)4t _ Rt . (24)
da 1-—pu
The solutions to these equations are written in the form:
(D:;l (a) = Clilas + C;caz + Cgca + CEC ) (25)
4
CDE:( ) aRt, a (26)
1-u 24"

Taking into account (25) and (26) n — e terms of the series of displacements of the
momentless solution look like this:

ug (o) = Rt —(3n2052 + 6,u)Cl"C -2n*aCj) —n’C},

c

2
V(@) =R, ”%—[n%ﬁ —(2+u)6na |Cf. [ n°a® —(2+ 1) 2n |}, —n’aCy, -n°Cy, (27)

2.2
nN“a

W, (a)=aRt, [1— j+ (n4a3 —12n20¢)C1"C - (n‘loz2 —4n? )CZ”c +n*aCj +n'CJ..

Changing the index "c" to "'s" in (27), we obtain formulas for calculating the amplitudes of the
harmonics of the corresponding dlsplacements at sinng. The first terms in formulas (27) are

particular solutions.
Substituting (27) into physical equations (2) after appropriate transformations, we obtain
expressions for tangential forces:

10
Nyoe (@)= " Ny ()cosng,
Nzoc 0‘ Ziol Oc Cosnﬂ (28)
10
Sec (@)= So. (@)sinngp.
where:

e (@) =——2n*(3aC] +C}, ),

2nOc (0() = O’ (29)

The formulas for the amplitudes of the harmonics of tangential forces (29) do not include
particular solutions — they are identically equal to zero. It is characteristic that the circumferential force
identically equal to zero, this is a consequence of the free movement of the shell in the radial direction.

Arbitrary constants in the expressions for the displacements (27) and effort (29), are
determined from the tangential boundary conditions and docking conditions zones recorded for the
amplitudes of the n— the term of a similar (15).

Supplementing the obtained solutions with the edge effect written for the nth harmonic
similarly to [2, 3], we obtain a complete solution of the problem posed.
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An empty vertical metal shell far from the fixed edges freely deforms in the radial direction,
which explains the vanishing of the circumferential force of the momentless state N, in the shell.

A feature of the temperature climatic effect on a vertical circular cylindrical shell is that the
temperature field of the shell seems to follow the sun, enveloping the shell, while in the shell
without a screen, the temperature field differs slightly from the one that is symmetric relative to the
normal incidence of sunlight.

Conclusions:

1. For a vertical empty cylindrical shell, with one-sided heating-cooling of the shell, a
momentless solution in the Fourier series for the components of the stress-strain state (SSS) is
obtained.

2. A simple edge effect in the Fourier series eliminates the residuals of the momentless
solution.

3. Taking into account [1], five terms of the cosine expansion series are sufficient to describe
the SSS components during cooling of a shell heated without a screen.

4. To describe the components of the stress-strain state of a shell during cooling of a shell
heated in the presence of a screen covering half of the shell along its entire height [1], it is necessary
to take into account ten terms of the expansion series in the circumferential direction in sines and
cosines.

5. The circumferential force N,(«) of the momentless state is equal to zero as a

consequence of the absence in the empty shell of restrictions on the shell displacement in the radial
direction.
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AHoTanisg. s 30epiraHHs 3epHUCTUX CHIKHX MarepiajiB IIMPOKO BUKOPUCTOBYIOTHCS
BEPTUKAIBbHI HWIIHIAPUYHI €MHOCTI. OTropo/KyBaJibHa OlYyHA TIOBEPXHS TaKUX €MHOCTEH
BUKOHYETHCA Y BHUIVIAAI UWIHIPUYHUX METAeBUX KPYTOBHX OOOJOHOK 3 MOCTiHHOIO abo 3i
IMATKOBO-TIOCTIHHOIO IO BHCOTI OOOJIOHKM TOBIIMHOKW CTiHKH. Bimomi KOHCTpyKIi aJis
30epiraHHs CHUIIKMX MaTrepialliB pe3epBYapHOrO THUIY 3 YCTAHOBKOIO ITWIIIHIPHYHOI OOOJOHKH Ha
KiblieBOMY (GyHIaMEHTI 3 IIapHIPHO-HEPYXOMHM KpIMJICHHSIM OOOJOHKH 10 (GyHIaMEHTY.
TonkoCTiHHI 00OJIOHKK POOJATH MiIBICHUMH 10 HECYYMX KOHCTPYKIiH cxoBuml. [y crabimizamii
HWTHAPUYHOT GopMH 000NOHKM Ta ii MOJOKEHHS Yy MPOCTOPi MiJBICHI OOOJNIOHKH MiIJal0Th
MONIEPETHROMY HATATY Y BEPTUKAJIBLHOMY HAIPSIMKY. Y TpoIleci eKCIuTyaTallii CXOBHUIIa OyBalOTh
MOPOKHIMHM Ta 3allOBHEHUMH CUIYYUMHU MarepiajlaMd, CXWIbHI /O BIUIMBY HaBKOJIHIIHBOTO
CepeIOBUINA Y BUTIIS/I BITPOBUX Ta TEMIIEPATyPHHUX KITIMATUYHUX BIUIMBIB.

OO6'ekTOM AOCHIIKEHHSI AaHOI POOOTH € OrOpOJKYBallbHI KOHCTPYKIIi CXOBHII 3€PHUCTUX
CHITYYHX MaTepialiB y BUTJISAAI BEPTUKAIBHUX KPYTrOBUX HUJIIHIPUYHUX TOHKOCTIHHMX METAJIEBUX
00O0JIOHOK, B 3araJbHOMY BHIIaJKy KYCKOBO-TIOCTIMHOI TOBIIWMHH, CXWIbHI IO TeMIepaTypHO-
KJIIMaTUYHHUX BIUTMBIB HABKOJHUIIHHOTO CEPEIOBHUINA — 3MIHH TEMIIEPATypH 30BHIIIHBOTO TOBITPS,
MPSIMO1 Ta PO3CITHOT COHSAYHOI pajiarii.

[IpenqmeToM JOCHIIKEHHS € KOMIIOHEHTH Hampy>KeHO-Ae(pOpPMOBAHOTO CTaHy OOOJIOHKH,
3YMOBJIGHI ~ 3MIHOIO  TEMIIEpaTypHMX  KIIMAaTUYHMX  BIUIMBIB. BuUKOHaHi  JocCHiIKeHHS
TEMIIEpaTypHUX TIOJIB OOOJIOHOK CXOBHI Ha MOJENSAX Ta HATypHUX 00'€KTax J03BOJIMIA
OOI'pYHTYBaTH 3aBJJaHHS TEMIIEPATYpHOIO MOJIS HMIIHAPUYHUX 000J0HOK cxoBUII psitamu Dyp'e.

OIHOCTOPOHHE COHS'YHE HArpiBaHHS MOBHICTIO OCBITJIICHOI COHIEM IMIIHAPUIHUX 0O0JIOHOK
CXOBMILl HAaBOJUTh y CTIHLI OOOJIOHKH IUIOCKE, CUMETPHUYHE I[0JI0 HOpMajl HajiHHSA COHSYHHUX
MIPOMEHIB, TEMIIEpAaTypHE TI0JIe, IKe MOXHA MpeAcTaBUTH psgoM Dyp'e 3 m'aTbMa 4WieHAMHU POy
PO3KJIaJlaHHA MO KOCHHycaX. 3a HasBHOCTI MOpYY pO3TALIOBaHOI 3 OOOJOHKOI CIOPYHAH, SKa
3aKpUBAE IO BCii BHCOTI IOJIOBHHY OOOJIOHKM B OKPYKHOMY HAINpsIMKY, TeMIIepaTypHE II0Je
onucyetbes psnom Pyp'e, mo MicTuTh Mo 10 rapMOHIK PO3KIIaAaHHs 110 CHHYCaX 1 KOCHHYCaX.

Mana ToBHIMHA OOOJOHKH, 3HAYHUN pajlyc KPUBH3HH OOOJIOHOK, BEIUKHUN KOE(ILIEHT
TEeMIIepaTypONpPOBIIHOCTI MeTaliB 3a0e3NeuyloTh Majdy MIHJIUBICTb TeMIepaTypu OOOJOHKH IO
TOBIIMHI, MOXIJIUBICTh OMKCY HANpPYKEHO-A€(POPMOBAHOIO CTaHY 000JIOHKH 0€3MOMEHTHY TEOpIIO 1
NPOCTUI KpaioBuil eekT.

Otpumani y psnax ®yp'e popmynu s 3ycuiab O€3MOMEHTHOTO CTaHY, HEB'S3KH SIKOTO B
CTHUKaXx IOSCIB OOOJOHKHM PI3HOT TOBIIMHHU Ta B OMOPHHUX 30HAX JIKBIAYIOTHCS MPOCTUM KpalOBUM
e(heKToM.

KurouoBi ciioBa: 6e3MoMeHTHa Teopisi 000JIOHOK, TEOpist KpalioBoro eekry, TemreparypHi
KJIIMAaTU4H1 BIUIMBHU, CHJIM Ta MEPEMIIIECHHS B MOPOKHIM BEpTUKAIbHIN HUIITHAPUYHIN 0O0TOHII.

Crarts Hagidnuia qo penakiii 27.02.2023
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