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Abstract

Management of wells in the process of their construction is one of the important factors in
ensuring the safety of the technological process. Blowout equipment, which includes
annular preventers, is used to control the wells. This applies to the construction of oil and
gas wells, or wells that provide degassing of coal seams to reduce their gas-dynamic activity.
For the purpose of safe and long-term operation of annular preventers on the basis of the
theory of thick-walled combined reinforced shells and the carried-out analytical research,
the mathematical model for research of a stress-strain condition of a seal of an annular
preventer has been offered. Taking into consideration the real design, the seal of the annular
preventer is modeled by a rubber shell, reinforced in the circular direction by rubber frames,
and in the longitudinal direction by metal stringers. The mathematical model provides for
determining the stiffness, internal force factors and stresses in the longitudinal and
transverse sections of the combined rubber-metal seal, considering the peculiarities of its
operation. At the same time, the model includes the conditions of interaction of the rubber
base of the seal with a pipe, as well as the action of sealing pressure under operating
conditions. The use of the proposed mathematical model reduces the costs of experimental
research and will contribute to ensuring the reliability of simulation modeling results. The
advantage of the method is the determination of calculated loads at different points of the
combined seal under the existing state of dangerous zones and the influence of operating
conditions. In the meantime, prerequisites have been created for expanding the possibilities
of simulation modeling and designing structural elements of annular preventers with
increased operational characteristics. The practical value of the obtained results is
determined by the possibility of using them to ensure the performance of the rubber-metal
seal both at the stage of its design and during the operation.
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1. Introduction

JEL: L69 M11

preventer shown in the Figure 1 can be regarded as an example
of a shell reinforced with longitudinal steel ribs.

In various areas of modern technology, such designs are
widely used, in which the load-bearing bodies are plates or
plate packs. For example, we can cite plate springs, springs,
shells reinforced with annular and longitudinal ribs. The use
of pack plates and ribs in such a structure is relevant, because
it makes it possible to reduce the mass and rigidity of the
structure, while maintaining its strength (Yasnii et al., 2020;
Belica et al., 2011). The rubber-metal seal of the ring

At present, there are known distinct theoretical and
experimental studies concerning the design and operation of
annular preventers. However, the results of these studies are
insufficient for the implementation of a systematic approach
to the development and development of reliable designs of
annular preventer seals (Hui et al., 2016; Sexsmith, 2018;
Mark Allen Group, 2018). First of all, there is no
a scientifically based methodology for calculating the
geometric and power parameters of the annular preventer and
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seal unit, which would ensure the sealing ability of preventers
of all standard sizes. The effect of the geometry of the seal
armature on the stress-deformed state of the seal rubber has
not been studied yet (Zhang et al., 2014).

Fig. 1. Annular preventer seal

Mechanical-mathematical modeling of the behavior of
non-shearing bodies of these structures under loading
conditions lead, at the first stage, to the setting and solving
problems for bending packages of plates (ribs), factoring out
the internal and external force factors of the mechanical
system at the interfaces (Ugural, A.C., 2017; Ciarlet, P.G.,
2021).

2. Literature review

Formulations and methods of solving problems considering
the contact loads, using continuous models of continuous
medium, are quite developed. Among them, the method of
singular integral equations, the variational-difference method,
the apparatus of variational inequalities, etc., are common
(Kanwal and Ram, 2000; Matsuo and Takayasu, 2010).
Among others, these methods make it possible to establish the
fundamental dependences of the frictional contact of elastic
bodies and to solve specific problems. Fundamental results of
suggested research direction are highlighted in the works
(Yasnii et al., 2020; Zubko et al., 2001; Yasnii et al., 2016;
Avramov et al., 2015). At the same time, research using the
mentioned methods distinguishes the cumbersomeness of the
mathematical apparatus, which increases even more when
taking into account anisotropy, as well as the absence of
analytical solutions. Therefore, the search for new methods of
solving contact problems that can simulate the anisotropy of
the physical and mechanical properties of the structure and
meet the needs of engineering practice remains relevant.

At present, there is a sufficient number of refined theories of
shells, plates and rods capable of counting the effects of
transverse shear and crimping, which allow to obtain the
distribution of contact stresses  without physical
correspondences (Yasnii et al., 2016; Avramov et al., 2015;
Shengshan et al., 2020; Su et al., 2017). However, the analysis
of the existing non-classical theories of shells and plates
shows that in most of them the main attention is paid to the
study of the effects of transverse shear (Zubko et al., 2001,
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Avramov et al., 2015; Su et al., 2017. There are also models
that pay heed to transverse compression, in particular
(Shengshan et al., 2020; Zhong et al., 2017; Tsyss et al., 2016).
However, the latter are basically not suitable for solving the
contact problems of bending packages of the transversely
isotropic plates.

The problem of determining contact stresses in the problems
of the theory of shells, plates and rods in most cases is reduced
to the solution of integral equations, and often by numerical
methods (Yasni et al., 2020; Zhong et al., 2017; Tsyss et al.,
2016; Dzhus et al., 2018; Reddy, 2006). The same problem is
solved in another way, using a method that is somewhat less
frequently but also provides an opportunity to obtain
satisfactory results. Here, the problem of determining contact
stresses is reduced to the solution of differential equations.
Such an approach was implemented in (Yasnii et al., 2016;
Shengshan et al., 2020; Su et al., 2017), where in the case of
plates with the same mechanical and geometric parameters in
the absence of frictional forces on the surfaces of the part,
a general analytical solution of the system of differential
equations and dependencies for contact stresses in packages
with an arbitrary number of plates was obtained.

3. Experimental

The problem of modeling the stress-strain state of the
preventer seal can be reduced to the calculation of a cylindrical
rubber-metal shell with a base 1, reinforced with annular ribs
— frames 2 and longitudinal ribs — stringers 3 (Fig. 2).

Fig. 2. Initial scheme of the shell reinforced with narrow frames
(1-base, 2-frame, 3-stringer)

4. Results and discussion

At the first stage of modeling, we consider a rubber
cylindrical shell of constant thickness, which is under the
action of axisymmetric loads. The differential equation for the
case of a radial deflection of a closed circular cylindrical
rubber shell loaded with uniform radial pressure in accordance
with [10] has the following form:

d*w E1h
4-1 + 12 1
dx a

D4 W1 = (qq; @
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where:
w; (x) —radial movement of the points of the middle surface
of the shell;
a — the radius of the middle surface of the rubber shell;
h4 —thickness of the wall of the rubber shell;
E; — modulus of elasticity of the rubber shell;
p, — Poisson’s ratio for the rubber shell;
q, — distributed load applied to the middle surface of the
shell;
D, — cylindrical rigidity of the shell;

_ _Eh
1T ROy

)

Giving thoughtful attention to the real design of the annular
preventer seal, the model (Fig. 2) has been abstracted to the
following state: the shell rubber is left, and all the cavities
between the stringers will be replaced by rubber frames, the
width of each will be equal to the length of the stringer. As
aresult, we will get a combined orthotropic rubber shell
reinforced in the longitudinal direction by thin metal stringers
(Fig. 3). Let's determine to which class the shell under the
investigation belongs. Since more than 90% of its volume is
occupied by rubber, we will be guided by the parameters of
the rubber shell. A detailed investigation of this question
shows that a shell can be considered as a long one if the shell

arameter §_1; = 3; where §. == #2021 _ gisplacement
P 1= 1 @np? 4P
damping coefficient, which shows how much the

displacements are damped with the distance from the place of
application of the load. Based on actual design dimensions
a=011m; hy = 0,0dm; [; = 0,2; u, = 0,47 we get B l; =
3,7; which gives a reason to consider the shell to be long.
However, reducing l;, or increasing the thickness of h, by one
and a half times, automatically transfers the shell to the short
class.

Fig. 3. Calculation scheme of a reinforced shell with wide frames

377

At the second stage of modeling, the critical axial load of
the combined shell with symmetric and asymmetric buckling
of the rubber base of the seal has been characterized. The
distributed load applied to the middle surface of the rubber
shell of the seal will correspond to the contact pressure
between the pipe and the seal, which will be determined from
the ratio:

q1 = pstge; ©)

where:

a — the taper angle of the seal;

ps — sealing pressure (pressure on the outer surface of the

seal from the side of the plunger).

Taking into account the design features of the combined
rubber-metal shell (Fig. 2) according to (Byrher et al., 1966),
the critical value of the contact pressure on the outer surface
of the seal, as well as the axial load during symmetrical and
asymmetrical buckling, can be estimated by the following
dependencies, respectively:

4
54%/4,"|D},

qcr - lR\/E 1 (4)
PY™ = 4n(1 - p?),/A,D,; (5)
PE™ = 4n(1 - i3) JA,D,; (6)

where:
A, A, —tensile stiffness of the shell in the longitudinal and
circumferential directions, respectively;

Ejhy | E3F3
A, =—+——; 7
X 1‘#% I3 ’ ( )
Eqhy | E3Fp
A, = = 8
(4 1‘#% I '’ ( )

D,, D, — bending stiffness in the longitudinal and circular
directions, respectively;

_ E1h} E3J3 _ Eibshi . )
T 12(1-42) 3 1213 '
D = E1h} EaJ2 E1byhi | (10)
¢ 12(1-4) '

121,

where:
E3; E; — modulus of elasticity of metal stringer and rubber
frame, respectively;
F3; F, — the cross-sectional area of the metal stringer and
the rubber frame, respectively;
J3; J, — the moment of inertia of the cross-section of the

metal stringer and the rubber frame, respectively;

l; = Z;—R— the distance between the centers of mass of the
3

cross sections of two adjacent metal stringers;

N3 — number of metal stringers;

1, — the coordinate of the center of mass of the rubber frame
in the longitudinal direction, I, = é;

1 — length of the rubber-metal shell (stringer length);
b, — the width of the intercostal rubber frame on the middle
surface;
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d, —the inner diameter of the combined shell;
d, — the median diameter of the combined shell;
ds — outer diameter of the combined shell;

R = ('iz;—'m— the radius of the middle surface of the rubber

base of the combined shell;

c, t — respectively, the width and height of the cross section

of the steel stringer.

In the course of experimental studies (Mykhailiuk et al.,
2021), the values of the loads applied to the natural model with
inserts with a width of 30 and 40 mm have been established.
They were 59 and 66 kN, respectively. As shown by the results
of simulation modeling of the stress-strain state of the same
full-scale model (Mykhailiuk et al., 2021), the inner surface
(rubber base) of the rubber-metal seal experiences the greatest
radial movements and corresponding contact loads. Therefore,
it makes sense to develop an analytical unit for studying the
parameters of the stress-strain state of the rubber-metal seal
and compare the results with the experimental ones.

At the third stage of modeling, we will describe the internal
force factors acting on a unit length of the rubber base.
Considering the possibility of relative radial movement of the
points of the inner surface of the combined shell during
crimping and its design features, we believe that the ends of
the rubber shell will have hinged fasteners at the edges (Fig.
2), which will meet the following boundary conditions: x =
0; w(x) = 0; w"(x) = 0. For a long rubber shell, the solution
of equation (1) according to (Byrher et al., 1966) in the
absence of heating is written as a function of radial movements
of the middle surface:

wy(x) = Zi—':j [1— e *c(Byx) |; (11)
rubber shell <
I RIS
RERRRRRRERER
= pe u
X

Fig. 4. The calculation scheme of the hinged contact of the end of
the shell with the pipe

By differentiating function (3) three times along the x
coordinate, we get:

d 2 z .,
dwx) _ haai B1*(cos cos (B1x) +sin sin (f1x));
dx Eq1hq
(12)
dwe) _ 2P0 o pix g sin B1x); (13)
dx? E1hy 127
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% =— % e B1*(cos cos (B1x) —sinsin (fx));
(14)
Concentrated transverse force:
dBwy(x).
Q = D‘P dx3 ' (15)
or with consideration (10) and (14)
Q= 12'8'_1;) Elz—zh - —E;Z:i e P1*(cos cos (B1x) —
sinsin (B1x)) (16)
Concentrated longitudinal force:
N = E1h1 —WIa(X) (17)
or with consideration (11)
N = qqa4[1 — e "1%¢(Byx) | (18)
Bending moment in cross section:
d?wy(2).
M, =D, (19)

or with consideration (9) and (13)

h3 bsh3| _ .. .
M, = [12‘(511_;&) E;—f - E'ﬂl’ e B* sinsin (B1x); (20)
Bending moment in longitudinal section:
d?wq (%),
M¢ = D(p”"l PR (21)

or with consideration (10) and (13)

E1h} EyJa  Eibyh}
M, = -
i 12(1-p3) I, 121,

e F* sinsin (B1x); (22)

Bending stress in the cross section:

_ 12Mz,
3
hy

(23)

Ox

or with consideration (16)

_ _12z[ Exh} | Eys  Exibsh}] gy oo :
%= need T, 2, |€ sin sin (f1x) ;
(24)
Bending stress in the longitudinal section:
12M ,z
— P,
Op = — R (25)

or with consideration (18)

12 E1h} E E1byh3| _ L .
0p = —h—; 12&_:‘%) ;—:2 - ;2321 e B1* sin sin (B,x) ; (26)
where:
z=+ % — the distance from the point to the middle surface
of the shell; “+” — for external, “— — for the inner layer of
the shell.
Tangential stress in the cross section:
Q(3 622\,
=:G-%) 27)
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or with consideration (16)

1

(3 622) E1h3 +E2]2
2 rr/[12(1-42) 1,

h
b,h3] _ ,
Bl e-bix(co(Brx) — si(Brx).  (28)
Normal tensile stresses in the longitudinal section:
N
Op =7 (29)
or with consideration (18)
_ qrag[1-e ¥1%¢(B1x) |
Op = ™ (30)
Normal stress in the longitudinal section:
_ N 12Myz,
Op = n R (31)

or with consideration (18) and (22)

_ quaq[1—e¥1%c(Byx) | 12
= "

Eqh} E Eibphi] _
’ 1hi 2/2_121]e[i'lx

W |120-1) T 1, 121,
sin sin (B1x) . (32)

5. Summary and conclusion

The set of obtained analytical dependencies (15)-(32) is
a mathematical model for studying the stress-strain state of the
combined rubber-metal shell. They make it possible to
establish force factors and their corresponding stresses
depending on the amount of radial narrowing and the
longitudinal coordinate. The graphic interpretation of
dependencies (15)-(32) is shown in Fig. 5.

The change in concentrated forces, bending moments and
corresponding stresses in the longitudinal and transverse
sections is sinusoidal; bending stresses in the longitudinal and
transverse sections reach the maximum value of 163 MPa and
77 MPa, respectively, at x = 0.04 m; at the same time, when
the maximum normal tensile stress and tangential stress in the
cross-section are 127 MPa and 29 MPa, respectively, observed
at x = 0.07 m. This feature of the combined rubber-metal shell
is explained by its orthotropic properties, which differ along
three mutually orthogonal axes of rotational symmetry.

The proposed mathematical model is quite simple and
universal, it can be easily implemented on the basis of
automated software products MathLAB, Maple, MathCAD. In
the future, with its help, it is possible to carry out verification
calculations in order to optimize the design of the rubber-
metal seal.

Regarding the shortcomings of the developed mathematical
model, the following should be highlighted:

1) disregarded in the function of radial movements wi(x)
one more variable - the radius of the middle surface of the base
of the rubber-met val shell, which changes in the process of
sealing the annular space;

2) the distributed load (contact pressure) g: in the
connection of the pipe and the combined rubber-metal shell is
considered constant, although when the load on the side of the
plunger increases, this contact pressure increases, and the
radius of its middle surface decreases.
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The introduction of the radius of the middle surface as
another variable in the function of radial displacement w1 (x)
will require the use of partial derivatives in the system of
equations (1), which will subsequently lead to the inevitable
complication of the formulas for the practical calculation of
stresses (15)-(32).

w0’
0
M. .(x) )
i
X
¢ 4
210
~ 300"
0 0.05 0.1 0.15 0.2
X
6x10°
100
0 )
2410
N(x)
0//-
~2¢10°
0 0.05 0.1 0.15 0.2
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f.jx]()g
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Fig. 5. Graphical dependence of internal force factors and stresses
on the longitudinal coordinate of the long shell (d1= 170mm; d3 =
310 mm; | = 250 mm)
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The change in pressure gi1 and the corresponding tension in
the radial and axial directions is a multifactorial process that
depends on the physical and mechanical properties of the
rubber-metal shell, the study of which currently requires
a significant number of field experiments.

If, due to certain operating factors, there will be a decrease
in I3, or an increase in the thickness of h; by one and a half
times, it makes sense to establish analytical dependencies for
studying the stress-strain state of the short shell.
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