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Abstract. For the developed design of a small-sized self-propelled sprayer, it is proposed to use a tank
from which the working fluid is displaced under pressure in the power system of the spraying devices. For the safe
operation of such a shell, a method of determining its stress-strain state has been developed. The main analytical
dependences are based on the principles of the momentless theory of shells. The results of the calculations are the
determined numerical values of stresses in the cylindrical part of the shell and its bottoms. Similar results were
obtained when simulating the operation of such a tank using the SolidWorks2019 application program. A
comparative analysis of the obtained numerical values of the studied quantities was performed. Recommendations
have been made regarding the method of securing the tank to the sprayer frame.
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1. INTRODUCTION

Technologies for the production of plant products involve the performance of many
agrotechnical operations. Practically in each of them there is an operation of plant protection or
feeding with liquid fertilizers, where sprayers are used [1-5]. The issue is well resolved in
agricultural holdings, which have the entire complex of machines, including boom sprayers. A
worse situation is observed in small farms or auxiliary farms, where the level of resource provision
is low. Spraying areas and plants with knapsack sprayers does not allow achieving the maximum
effect, and the mounted mini-sprayers available on the market require an energy source for
aggregation, etc. Therefore, the development of a small-sized self-propelled boom sprayer with an
adjustable track width and a boom stabilization system solves the problem to some extent [6-11].

During the development of such a machine, there was a problem with the development
of an effective power supply system for spraying devices [12, 13]. The adopted decision is
implemented when using a pneumohydraulic system: a compressor, a tank with a working fluid
operating under pressure, regulating equipment, a pressure line.

Therefore, our local research consists in substantiating the parameters of the sprayer
tank, which will work from pressure, when displacing the working fluid to power the spraying
devices. As a result, we get a vessel of certain geometric dimensions, which works under
pressure and is loaded with hydrostatic pressure of the working fluid, taking into account the
dynamics of the movement of the sprayer through field irregularities. Let's divide the load into
components and in this study we will consider only the effect on the stress-strain state (SSS) of
the internal pressure shell, since it will be a determining factor [6]. Of particular interest are the
zones of stress concentration in the places of transition from the cylindrical part of the tank to
the bottoms and the shape of the bottoms themselves.

The calculation of the shells under different loads follows from the general theory of
plates, the main hypotheses of which were developed by Robert Kirchhoff. Later, they were
transformed into a general theory of shells by August Lev. Various researchers consider partial
cases of this theory, which take into account the features of the load, the geometry of the shells,
the properties of its material, etc. [6, 14—16]. This led to the emergence of a number of special
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theories of shells, which are oriented towards a certain specificity. Therefore, at the stage of
calculation, it is worth choosing the right theory, which would not be overburdened by the
complexity of mathematical dependencies, which in the end are reduced or turned into zero.

If we consider shells that work under pressure, then axisymmetric deformation is
maintained here as for shells of rotation [14, 15], and their momentless load is well described
by the momentless theory of shells [15], which gives good results for practical calculations and
is simple to implement.

Studies of local structural elements of shells or the specifics of their load are also of
practical interest [14]. These are factors that can be decisive for the strength and stability of the
shell as a whole.

The objective of the paper is to develop a methodology for calculating VAT and
substantiate the parameters of the sprayer tank, provide recommendations for fixing and safe
operation of the formed pressure vessel in the power system of the spraying devices of the
agricultural sprayer.

2. OUTLINE OF THE MAIN MATERIAL

As mentioned above, the load of the sprayer tank will be only in the form of internal
pressure, which displaces the working fluid. This is a partial case of the working mode of the
sprayer, when the tank has a minimum amount of working drug or is empty, and the air pressure
created by the compressor completely pushes out all the residues.

The general appearance of the developed small-sized self-propelled sprayer is presented
in Fig. 1 a. We will schematically show the design of the sprayer tank and indicate its main
dimensions, Fig. 1 b.

2a=l)

Figure 1. General appearance of a small-sized sprayer — a; tank diagram — b

The use of dependencies for VAT estimation is always accompanied by certain
assumptions regarding the choice of theory, according to which this procedure can be
implemented. It would be most appropriate to make such an estimate based on the momentless
theory of shells, but first it is necessary to establish the limits of its use.

Scientist Biederman V. L. in his book «Mechanics of thin-walled structures. Statics»
indicates that the application of the momentless theory of shells has limits of application. This is
due to the fact that the load along the meridian should change significantly more slowly than the
edge effect; the radius of curvature of the meridian of the formed bottoms of the shell should not
have a relatively large value (the type of bottoms is close to or flat), because under such conditions,
a transverse force will act on these elements, which for the momentless theory is assumed to be
zero. Then, according to the second condition, no displacements can be found.
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Analyzing the proposed design of the sprayer tank (Fig. 1 b), we see that it is a
cylindrical shell with semi-elliptical bottoms. The first and second conditions for using the
momentless theory are fulfilled: load (internal pressure is constant in each exact shell); the law
of change of the meridian forms semi-elliptical bottoms.

Now let's conditionally divide such a shell into two structural parts — the cylindrical
shell and the bottom. Let's estimate the VAT of each of them.

If the body is divide by a conventional cutting plane perpendicular to the longitudinal
axis of symmetry, then its equilibrium will be in case when we apply the internal force factors,
which we will determine by compiling the equilibrium equations.

The shell is in a flat stress state (Fig. 1 b), since its thickness h compared to the radius

of the center line R, is much smaller and we do not consider the distribution of stresses in the

wall o, we consider that o, =0, and o, = o, are stresses in the circular directionando, = o,

in the meridional direction.
Then, in order to balance the cut off part, let's make the equation of balance in the
meridional direction

20, RN=P, 1)
if P —the force that stretches the shell in the axial direction, regardless of the shape of the bottom,
P=7R;p, )

if p —internal excess pressure, Pa.
Then, the expression for the meridional stress is deduced

_ PRy

o=t ©

To find the circular stress in the cylindrical part of the shell, we use Laplace's formula [14]

O-t O-m p

— 4+ == 4
P Pn N )

here p, =R,, p, = .
Then, the expression for the circular stress in the cylindrical part of the shell is determined

O = : (5)

For the plane stress state of the shell, it is advisable to use the fourth theory of strength
to find the equivalent stresses in the considered sections [14]

o =os+ 0t 0,0, <[o] (6)

if [o] — allowable stress for the shell material, Pa.

We will perform a practical calculation for the cylindrical part of the sprayer tank in
order to estimate the maximum allowable pressure when operating it in the power system of
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spraying devices. The design of the tank proposed for use has the following parameters: the
radius of the body R, = 0.225 m, the thickness of the wall h =0.001 m, the maximum working
pressure (defined as the operating parameter of spraying devices) — 0.6 MPa; tank material —
stainless steel AlISI 304 (o, =310 MPa).

The result of the calculation is:
- meridional stress by expression (3)

o, =675 MPg;
- circular tension (5)
o, =135 MPag;
- equivalent stress (6)
o, =116.9 MPa.

The maximum allowable internal pressure when calculating the cylindrical body will be
[p]=1.07 MPa at the allowable stress || = 206.7 MPa, taking into account the safety factor

n=15.
A modern machine builder should have both a theoretical calculator for designing
structures and be able to increase his productivity by using applied 3-D modeling programs.
At the same time, it should be understood that the result obtained by one method is
exposed to a serious risk of error or gross inaccuracy. Therefore, to obtain reasonable results
regarding the VAT of the sprayer tank, we will use the SolidWorks2019 application program
with the Simulation module (Fig. 2).
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Figure 2. Shell model — a; result of simulation of equivalent stresses — b

The difference between the obtained values of the equivalent stresses in the cylindrical
part of the shell theoretically (116.9 MPa) and in automated mode using the SolidWorks2019
application program (117.8 MPa) is, which confirms the high accuracy of both methods of
obtaining results.
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Let's proceed to the calculation of the bottom of the shell — the tank of the sprayer, which
works under the influence of internal pressure.

To estimate the VAT of a given element of the shell, it is first necessary to describe its
geometry. As it was mentioned, such bottoms are semi-elliptical, for which the ratio between
the values of the semi-axes a and b of the ellipsoid must be established. According to the

. . 1 1
physical structure of the bottom of the tank (Fig. 1) we have: a = > D,, b==D,.

4
Then, for a body of rotation of the second order — a semi-elliptical bottom, the radii of
curvature can be described by dependencies (7) and (8):

\/(1+(aj—1Jsin29J Q)
b

]

if & — the angle formed by the normal to the middle surface of the bottom and the axis of
symmetry of the bottom.
The radii R, and R, describing the geometry of the bottom lie in the range of angle

changed: T<p<Z
2 2

Then the stress in the bottom in the meridional direction will be

1 pD,

“m = on 2 !
\/(1+(Zz—lein20J ©)

circular tension in the bottom —

b
Oy E pD, ; . (10)
\/[l+(zz—lein2 9]

The equivalent stresses arising in the bottoms will be found by a similar dependence to
expression (6).

Based on the results of the analytical calculation, the maximum equivalent stresses in
the bottoms are observed in the vicinity of their connection to the cylindrical part of the tank

(6= J_r%) —178.6 MPa. This is caused by the effect of compression of the cylindrical part from

the action of internal pressure on the bottom. The circular compressive stresses in this section
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are — -135 MPa, meridional — 67.5 MPa. In the central part of the bottom, all stresses are
significant — 135 MPa.
The graphic interpretation of the obtained calculation results is shown in Fig. 3. Here,

the solid line shows the equivalent stresses, the dash-dotted ones show the circular ones, and
the dotted line shows the meridional ones.
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Figure 3. Stress distribution in the bottoms of the tank

The obtained analytical results with similar results found when using the specialized
software SolidWorks2019 SolidWorks2019 are compared (Fig. 4).
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Figure 4. Distribution of circular — a and equivalent — b stresses in the bottom
The greatest interest here is the circular stresses (Fig. 4a), which occur at the points
where the bottoms join the cylindrical part of the tank, because they change their sign, become

compressive and can cause a loss of shell stability. The values of stresses in this intersection
are -134.7 MPa, which differ by 0.22% from similar stresses found theoretically.
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The results of the found equivalent stresses (Fig. 5a) in the center of the bottom — 137.6 MPa
and equivalent deformations of the shell (Fig. 5b) on a scale of 1:50 are presented.
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Figure 5. Distribution of equivalent stresses in the center of the bottom — a;
equivalent shell deformations — b

3. CONCLUSIONS

For a small-sized self-propelled boom sprayer, it is proposed to make the power supply
system of the pressure line pneumatic-hydraulic, where the working fluid is displaced from the
tank under the action of excess pressure, which is injected into its cavity by a compressor.

When studying the stress-deformed state of the tank as a shell, which works under the
action of internal pressure, the momentless theory of shells was applied, for which the limits of
its application were established. Therefore, the expressions of the stresses arising in the
cylindrical part of the shell are deduced; the change of the radii of curvature is defined that
describe the bottoms; and the expressions of the meridional and circular stresses are written
down. According to the theoretical calculation of the VAT of the shell under the action of the
maximum internal working pressure of 0.6 MPa and taking into account the edge effects, the
conclusions are drawn:

meridional stresses o, =67.5 MPa arise in the cylindrical part of the shell;

circular -0, =135 MPa; equivalent — o, =116.9 MPa; the maximum permissible internal
pressure for a cylindrical sleeve will be [p]=1.07 MPa; for bottoms, the equivalent stress

in the vicinity of their connection to the cylindrical part of the tank (6 = J_r%) is 178.6 MPa;

circular compressive stresses (an edge effect is manifested) in this section are -135 MPa,
meridional stresses — 67.5 MPa; in the central part of the bottoms, all stresses have a value
of 135 MPa; the maximum permissible internal pressure on the bottoms should not exceed
0.7 MPa.

The values of the theoretical calculations well coincide with the results obtained when
simulating the operation of such a tank using the SolidWorks2019 application program; their
discrepancy does not exceed 1%.

Thus, for safe operation of the sprayer tank, the working internal pressure should not
exceed 0.7 MPa (without considering the hydrostatic pressure from the action of the liquid and
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the method of fastening). To increase the value of the permissible internal pressure to the value
according to the strength criterion of the cylindrical part around the connection of the bottoms,
it is necessary to strengthen it with spacer rings or other structural elements that make it
impossible to lose the stability of the shell.
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JOCJIIZKEHHA HAITPY KEHO-IE®@OPMOBAHOI'O CTAHY BAKA

MAJIO'ABAPUTHOI'O CAMOXIZIHOI'O OBIIPUCKYBAYA

Amnpapii baoiii; bornan JleBuubkuid

TepHoninbcokuul HAYiOHATLHUU MeXHIYHUU YHigepcumem imeni leana 1lynros,

Tepuonins, Ykpaina

Pe3tome. Buodinarouu npobnemy HU3bKO20 pecypcHO2o 3a0e3neyeHHs HeBeluKkux BUpOoOHUKIE

CibCbK020CN00apCcbKoi NPOOYKYil, 30Kpema e@pekmusHUMU MAwuHamu ONa XiMIiYHO20 3aXUcCmy pOCIUH,
PO3pobaEeHO Manocabapumuutl camoxionuil wmarneoguil oonpuckysay. Ocobausicmio yici KOHcmpyKyii € me, wjo
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8IH MAE pecyIbo8any WUPUHY KOJil, MASMHUKOSY CUCmeMy Cmabinizayii wimaneu i 015 HCUBLEHHS PO3NUTIOIOUUX
nPUCMpoi6 GUKOPUCMAHO NHEBMOIOpAGRiuHYy cucmemy. Y 38’a3Ky 3 mum GUHUKIO 3A60AHHA OOCLIOUMU
HAnpys#ceHo-0eqpOpMoBanull cman maxozo Oaxa, AKUL npayioe AK Nocyouxa nio muckom. I3 nonepeowix
00Cni0JHCeHb GUNIUBAE, WO HAUOINLULY NUMOMY YACMKY HABAHMAICEHHS CKAA0AE AKPA3 Ois GHYMPIUHBLOZO
HAOUUWK06020 mucky. Jlokamnsna npobrema, sika po3gueacmocs y pobomi, noaazac y pospooaenti memoouku
pospaxyuxy HIIC makoi 06010uKU 0151 BCMAHOBIEHHA MAKCUMATBHO20 POOOU020 MUCKY 3d YMOBU Oe3neuHo2o it
eKCNyamy8anHsl. 3a 0CHOBY 8350 6E3MOMEHMHY Meopilo 0O0IOHOK, 015 AKOL 6CIMANHOBNIEHT MeCi 3aCMOCYBAHHS
ma Ha it 0OCHOBI ONUCAHO 3ANEIHCHOCTI KOJIOBUX WA MEPUOIOHATLHUX HANPYICEHb, WO BUHUKAIOMb Y YUNTHOPUYHILL
yacmuni o0bononku ma 6 ii nigeninmuynux OHuwjax. Ilpu 0ocniodceHHi 6UAGNEHO KpAcsuul e@exkm 6 OKOIi
NPUEOHAHHS OHUWY 00 YUNTHOPUUHOT YACMUHY, WO CYNPOBOONCYEMBCA CIMUCKYIOUUMU KOTOBUMU HANPYIHCEHHAMU,
SKI MOJICYMb CAPUHUHUMU 8MPAMy CIMIUKOCMI 00010HKU. AHANO2IUHI pe3yIbmamu OMpUMAHO NPU MOOETIOB8AHHI
pobomu maxoeo 6aka 3 GUKOPUCMAHHAM NpuKiaonoi npoepamu SolidWorks2019. Buxonano nopieHsibHull aHai3
OMPUMAHUX YUCTIOBUX 3HAUEHb OOCTIONCYBAHUX 8EIUNUH, 8IOHOCHA NoXUbKa e nepesuwyye 1 %. Bcmanoeneno, wo
071 Oe3neunHo02o eKCnIyamyeanHs 6axka oonpuckyeaia, pooouul SHYMpIWKIl MUCK He NOGUHEH Nepesuwyy8amu
0,7 MPa i ye be3 8paxysanHs 2iopocmamuyHo2o mucky 6io 0ii piounu ma cnoco6y 3akpinients. [na nioguweHHs
3HAYEHHs OONYCMUMO20 SHYMPIUWHb020 MUCKY 00 3HAYEHHS 3a Kpumepiem MIiyHOCMI YUTIHOPUYHOI YACmUHU
OKONMU NPUCOHANHA OHUW HOMPIOHO RNIOCUNUMY  PONIPHUMU  KiTbYAMU YU THWMUMU  KOHCIPYKMUBHUMU
eleMeHmMamu, Wo YHeMOICTUBNIONMb GMPamy CMmilukocmi 000I0HKU.

Knrouosi cnosa: camoxionuii obnpuckyeau, 6ax, 000JI0HKA, HANPYHCEHO-0eOPMOBAHUL CMAH,
be3MoMenmHa meopisi 000JOHOK, HANPYIHCEHHSL, PONUNIOIOU] NPUCTPOT, WMaHea 0ONPUCKY8ad.
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