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Abstract: Pressure vessels having the structure of a cylindrical shell with a tangential nozzle are
often used in engineering for some process requirements. But there are no accurate methods in
engineering codes for the strength design of this special structure. In this paper, the limit-load
analysis was performed to evaluate the weakening effects of the tangential nozzles on the strength
of the cylindrical shells under internal pressure. A so-called strength-weakening coefficient was
defined to reflect the weakening degree of the load-bearing capacity of the cylindrical shells by the
tangential nozzles or specifically by the three dimensionless structural parameters, namely diameter
ratio (d,/D;), diameter-thickness ratio (D;/T) and thickness ratio (¢/T). Results show that when
increasing d, /D; and D;/T or decreasing t/T, the strength-weakening coefficient increases, which
means that the strength-weakening effect of the tangential nozzle on the cylindrical shell increases.
With sufficient simulation results, regression equations for the strength-weakening coefficient were
obtained which provides a reference for the strength design of cylindrical shells with tangential
nozzles under internal pressure.

Keywords: cylindrical shell; tangential nozzle; limit-load analysis; strength design

1. Introduction

The pressure vessel is a closed container under pressure. In certain processes, it is nec-
essary to install tangential nozzles on the pressure vessels. Compared to the conventional
orthogonal nozzle configuration, the stress distribution in pressure vessels with tangential
nozzles becomes more complex and exhibits a more severe stress concentration [1]. How-
ever, there are currently no suitable design specifications or codes available for the opening
structure of tangential nozzles on the cylinder shells.

With advancements in finite element technology, numerous scholars have conducted
extensive research on pressure vessel openings using the limit-load method for analysis
purposes. Johnson et al. [2] employed elastic—plastic finite element analysis to conduct
parametric studies encompassing a wide range of vessel geometries and materials; they
proposed a novel model capable of accurately predicting burst strength in both thin-walled
and thick-walled pressure vessels. Wang H F et al. [3] employed the elastic—plastic large
deflection analysis method and nonlinear finite element analysis to determine the bursting
pressure and fracture location at the intersection of the oblique nozzle and cylindrical shell.
Skopinskii et al. [4] utilized the finite element inelastic analysis method to investigate the
connection structure between the nozzle and shell. The findings reveal that the ultimate
load of radial oblique nozzles is significantly lower than that of radial nozzles. Additionally,
parametric analysis results demonstrate the influence of nozzle inclination angle and
diameter ratio on the ultimate load value. Prakash et al. [5] analyzed variations in ultimate
pressure for cylindrical pressure vessels with a nozzle when the inclination angle of the
nozzle in the longitudinal and radial planes is changed by employing an elastic—plastic
limit-load method, which holds significance for optimizing pressure vessel design.
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Focusing on parametric analysis of nozzle structures, Tang et al. [6] designed three
dimensionless parameters (d,/D;, t/T and D;/T) and conducted a limit-load-based para-
metric study on cylinder radial nozzles under compound loads, obtaining an empirical
equation describing their ultimate load relationship under such conditions through regres-
sion analysis to solve for their bearing capacity, effectively within the shells’ radial nozzles
context. Xu Xinyi [7] examined four dimensionless parameters (circumferential nozzle
inclination angle 8, opening ratio d/D, wall thickness ratio d.¢ /. and diameter-to-thickness
ratio D/J,) influencing ultimate pressure in circumferential nozzle structures with cylin-
drical shells while designing an orthogonal test model for further regression analysis and
fitting a formula for the limit load. Xue [8] not only investigated the relationship between
various geometric parameters (d/D, D/T and t/T) and blasting pressure, but also derived
the corresponding equations. Additionally, four different materials were employed to
validate the proposed equations. Focusing on the open nozzle structure of cylindrical shells
under external pressure, Zhang Shuling [9] systematically examined the variation pattern
of critical pressure P, under different opening ratios d/D, nozzle-to-cylinder thickness
ratio d,/d., cylinder diameter-to-thickness ratio D, /J, and cylinder length-to-diameter
ratio L/ D, through finite element nonlinear buckling analysis. Zhang Jinwu [10] conducted
finite element analysis on orthotropic titanium cylindrical shells with perforated nozzle
structures. The results revealed that as é.;/6., D/d. and L/D decrease, the weakening
effect of the opening ratio p on the P of the cylindrical shell increases. A regression
equation for critical instability pressure P.- was obtained through regression analysis. Fan
Hangchao [11], by utilizing machine learning technology and redeveloping an ABAQUS
plug-in toolset, developed a prediction model for nozzle connections in pressure vessels.
This model enables rapid prediction of local stress at the nozzle joint by inputting parame-
ters such as radius and wall thickness of both cylinder and nozzle (R, r, T, t; mm), as well as
nozzle inclination (g; °). It provides a reliable and convenient platform for swift evaluation
and optimization of pressure vessel designs.

As for the pressure vessel design by analysis, there are three methods based on numeri-
cal simulations for protection against collapse: (a) Elastic Stress Analysis Method—Stresses
are computed using an elastic analysis and classified into categories. (b) Limit-Load
Method—A calculation is performed to determine a lower bound to the limit load of a
component. (c) Elastic-Plastic Stress Analysis Method—A collapse load is derived from an
elastic—-plastic analysis, considering both the applied loading and deformation characteris-
tics of the component. Wang X M [12] compared the difference between the Elastic Stress
Method and the plastic Limit-Load Method in evaluating static strength and shakedown.
Majid Movahedi Rad [13] discussed the principles of Elasto—Plastic shakedown analysis
and limit analysis and emphasized the greater difficulty in the practical application of
shakedown analysis. Compared with the Elastic Stress Analysis Method, the Limit-Load
Method is more straightforward without setting stress classification lines and performing
stress categories. And compared with the Elastic-Plastic Stress Analysis Method, the Limit-
Load Method may be more conservative without considering the strain-strength property
of the material. Of course, as a nonlinear analysis, computation based on the Limit-Load
Method is hard to converge, especially for a large structure.

In this paper, a limit-load analysis was performed to evaluate the weakening effects
of the tangential nozzles on the strength of the cylindrical shells under internal pressure.
The strength—-weakening coefficient was defined to reflect the weakening degree of the
load-bearing capacity of the cylindrical shells by the tangential nozzles or specifically by
the three dimensionless structural parameters d,/D;, D;/T and t/T. Regression equations
for the strength-weakening coefficient were obtained, which provides a reference for the
strength design of cylindrical shells with tangential nozzles under the internal pressure.
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2. Establishment of Finite Element Models
2.1. Geometric Model

The structure analyzed in this paper was composed of a cylinder and a tangential
nozzle. The cylinder material was Q345R with a yield strength of 283.5 MPa, and the nozzle
material was 20# steel with a yield strength of 210 MPa [14]. According to GB150.2-2011 [15],
the material performance parameters are shown in Table 1.

Table 1. Material properties.

Material Thick- Design Allowable Yield Tangential Elastic Mod- Poisson’s Density
ness/mm  Temperature/°C Stress/MPa  Strength/MPa Modulus/MPa ulus/MPa Specific  /kg-m—3
Q345R 3~16 100 189 283.5 0 197,000 0.3 7850
20 >16~40 100 140 210 0 197,000 0.3 7850

The ideal elastic—plastic model is generally used in the limit-load analysis. In this
finite element method, the bilinear isotropic Hardening (BISO) model based on the von
Mises yield criterion, associated flow criterion and small displacement theory built in
ANSYS Workbench 21 R1 was adopted. The tangent modulus was set to 0 [16], and the
yield strength of the cylinder and nozzle material was set, respectively (as listed in Table 1
and shown in Figure 1).
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Figure 1. Ideal elastic—plastic numerical model.

The finite element geometric model is shown in Figure 2. In this study, D; is the inner
diameter of the cylindrical shell, T is the wall thickness of the cylindrical shell, d, is the
outer diameter of the nozzle and t is the wall thickness of the nozzle. The extension length
of the cylinder and the nozzle were much larger than the requirement of the edge stress
attenuation length [17].

Focusing on the tangential nozzle structure of the cylindrical shell and keeping the
inner diameter of the cylinder D; = 1000 mm unchanged, the models were established
by changing three dimensionless parameters (the diameter ratio of nozzle to cylinder
0.1 <d,/D; < 0.3, the thickness ratio of nozzle to cylinder 0.5 < t/T < 1.75 and the diameter
thickness ratio of cylinder 71.43 < D;/T < 125) for the numerical simulations. The range
of structural parameters investigated in this study generally aligns with the size range
of typical tangential nozzle structures in engineering. The dimensionless parameters are
shown in Table 2. A total of 120 finite element analysis models were established by using
the full factor analysis method.
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Figure 2. Three-dimensional geometric model of the cylindrical shell structure with a
tangential nozzle.

Table 2. Values of dimensionless structure parameters for the finite element analysis models.

do/D; tT D,IT
0.10 05 71.43
0.15 0.75 83.33
0.20 1 100
0.25 1.25 125
0.30 15

1.75

2.2. Mesh Model

The limit-load analysis is a material nonlinear problem. Considering that the structure
of the connection part of the tangential nozzle is discontinuous and even sharp changes
occur, in order to ensure the stability of the numerical solution, the meshing requirements
are higher. Here, the three-dimensional solid high-order element (solid186) provided by
ANSYS Workbench 2021 R1 software was used for meshing. At the same time, local mesh
refinement was performed in the connection area of the tangential nozzle and the cylinder
to improve the accuracy of the calculation results. The mesh model is shown in Figure 3.
For the model with d,/D; =0.3,t/T =1 and D;/T = 100, the total number of elements is
235,805, and the total number of nodes was 1,089,252.

(b)

Figure 3. Finite element mesh model of the cylindrical shell with a tangential nozzle (d,/D; = 0.3,
t/T=1,D;/T =100). (a) Overall. (b) Local.
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2.3. Loads and Constraints

The fixed support was applied to the lower end of the cylindrical shell, internal
pressure was applied to all inner surfaces of the model, an equivalent axial tensile stress
was applied to the upper end of the cylindrical shell, and the equivalent nozzle stress was
applied to the nozzle end, as illustrated in Figure 4.

B Pressure: S8MPa
BIPressure2: -198.02MPa
@ Pressure3: -54.069MPa
B Fixed Support

Figure 4. Schematic diagram of the load and constraint application (d,/D; =0.3,t/T =1, D;/T = 100).

3. Limit-Load Analysis
3.1. Limit-Load Analysis Method

The advantage of the limit-load analysis method is it can directly obtain the maximum
limit-load that the structure can withstand to prevent plastic collapse. Limit-load analysis
is a plastic mechanics problem based on three assumptions: (1) the material is an ideal
elastic—plastic; (2) the structure is in a small deformation state; and (3) it adheres to the
Mises yield condition and its related flow criterion. The novelty of the limit-load method
lies in its ability to directly compute the maximum pressure that a structure can withstand
based on a given material and structural parameters. The solution involves gradually
applying loads to the structure from an initial zero-stress state to the extreme value (i.e.,
the limit load) where collapse occurs when adding even a little more load.

3.2. Results of Limit—Load Analysis

The limit load for a cylindrical shell without a nozzle is primarily determined by
the maximum pressure exerted on the shell. This critical load depends not only on the
material strength but also on the diameter and thickness of the shell. It can be derived from
analyzing the von Mises stress or the circumferential stress induced by internal pressure.
Through the finite element calculation, the limit load of four groups of cylindrical shell
models without nozzles is obtained as listed in Table 3, and the von Mises stress value in
the limit state is also listed in the table [18]. It can be seen that the von Mises stresses are
very close to the yield strength of the model with a relative error of less than 2%, indicating
that the limit-load calculation is accurate.

Table 3. Limit-load value of the cylindrical shell without nozzles.

D;IT Limit Load/MPa von Mises Stress/MPa
71.43 9.040 287.47
83.33 7.765 286.94

100 6.480 286.22

125 5.190 285.42
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As an example, Figure 5 is the displacement-load curve of a given structure in the
limit-load analysis process. The displacement-load curve serves as a numerical treatment
method for determining the attainment of ultimate load, showcasing the relationship
between load and displacement in the finite element model as load steps increase. If the
slope of the curve during the horizontal stage is less than 1/100th of the elastic slope, it can
be inferred that the limit load has been reached. Figure 5 demonstrates convergence in the
finite element calculation results, indicating the achievement of the limit state.
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Figure 5. Displacement-load curve of the cylindrical shell with a tangential nozzle for limit-load
analysis (d,/D; =0.3,t/T =1, D;/T = 100).

The von Mises stress contours of the structure corresponding to Figure 5 under the
limit load are depicted in Figure 6. It is evident that the region where yield first occurs
and the limit load is controlled primarily lies on the inner surface of the cylinder in the
connection area between the tangential nozzle and cylindrical shell.

A: Static Structural
Figure

Type: Equivalent (won-
Unit: MPa

Time: 1 (Unconverged

283.5 Max
253.26
22302
192,79
162.55
13231
10207
71838
41.601
11.364 Min

Figure 6. Contours of the von Mises stress at the cylindrical shell with a tangential nozzle under the
limit load (d,/D; =0.3,¢/T =1, D;/T = 100).

Figure 7 shows the variation in the limit load of the cylindrical shell having a tangential
nozzle with the structural parameters. Obviously, in the range of the designed parameters,
with the increase in D;/T, the limit-load value decreases significantly. Keeping D;/T
unchanged, with the increase in t/T and the decrease in d,/D;, or in other words, the larger
the wall thickness and the smaller the outer diameter of the tangential nozzle, the greater
the limit load of the cylindrical shell with the tangential nozzle or the stronger the bearing
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capacity of the structure is, as a result of a less weakening degree of the tangential nozzle
on the strength of the cylindrical shell.
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Figure 7. Change in the limit load value of the cylindrical shell having a tangential nozzle with /T
for different d,/D; and D;/T.

3.3. Strength—Weakening Coefficient and Its Influence Factors

In order to quantitatively characterize the influence of tangential nozzles on the
ultimate load-bearing capacity of cylindrical shells under internal pressure, a so-called
strength—weakening coefficient is defined as follows:

K = (Py — P)/Py x 100% (1)

In the formula, Py and P are the limit load of the cylindrical shell without a nozzle
and the cylindrical shell with a tangential nozzle, respectively. Obviously, the greater
the strength—weakening coefficient, the greater the influence of the tangential nozzle on
the load-bearing capacity of the cylindrical shell. The strength-weakening coefficient
of the cylindrical shell having tangential nozzles with different diameter ratios d,/D;,
thickness ratios t/T and diameter-thickness ratios D;/T under internal pressure is shown
in Figures 8-10.

It is seen from Figure 8 that the strength-weakening coefficient of the cylindrical shell
with tangential nozzles decreases monotonously with increasing relative thickness t/T for
different d, /D; and D;/T, meaning the thicker the nozzle is, the smaller the weakening
effect of the nozzle on the load-bearing capacity of the cylindrical shell is.

It can be seen from Figure 9 that with the increase in d,/D;, the strength-weakening
coefficient K shows an increasing trend. But when ¢/T is small, i.e., the thickness of the
nozzle wall is small, with the increase in d, / D;, the increasing trend of the K value gradually
slows down, meaning the influence gradually becomes less significant.

It is seen from Figure 10 that, with the increase in D;/T, the strength-weakening
coefficient K increases monotonically. With increasing d,/D; and decreasing t/T, or with
the increase in the diameter of the nozzle and the decrease in the wall thickness of the
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nozzle, the K value increases significantly, i.e., the load-bearing capacity of the cylindrical
shell decreases greatly.

Specifically, when d,/D; = 0.30, t/T = 0.50 and D;/T = 125, the strength-weakening
coefficient reaches 61.52%, meaning the load-bearing capacity of the cylindrical shell is
significantly decreased. But when d,/D; = 0.10,t/T = 1.75 and D;/T = 71.43, the strength
reduction coefficient is close to 0, meaning the load-bearing capacity of the cylindrical shell
is not obviously affected by the tangential nozzle.
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Figure 8. Change in strength-weakening coefficient K of the cylindrical shell structure having
tangential nozzles with t/T for different d,/D; and D;/T.
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Figure 9. Change in strength-weakening coefficient K of the cylindrical shell structure having a
tangential nozzle with d,/D; for different t/T and D;/T.
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Figure 10. Change in strength-weakening coefficient K of the cylindrical shell structure having a
tangential nozzle with D; /T for different d,/D; and t/T.

4. Regression of the Strength-Weakening Coefficient

In this section, equations for the strength-weakening coefficient K of cylindrical shells
were regressed as functions of the variables d,/D;, t/T and D;/T in order to facilitate the
strength design of cylindrical shells with tangential nozzles under internal pressure.

4.1. Regression of the Strength—Weakening Coefficient

On the basis of a large number of numerical calculation results, the regression analysis
of the strength-weakening coefficient is carried out by using Origin 2024 software. After
comparing the accuracy of various regression models, the regression equations were finally
obtained as follows:

When t/T = 0.50~1, d,/D; = 0.10~0.20,

T T

)

When t/T =0.50~1, d,/D; = 0.20~0.30,
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K= 16892+ 149395 x f +0.192 x B —53.683 x 4 +17.055 x (§)* —0.0422 x Ji x £
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2
K= —12724+215284 x f§ +0.115 x 1 — 120213 x f x £ +0.493x (£)° +0548 x ()" x
i ! ! 4)
2 2 (
+0.00252 x 5 x (9) + 14674 x ¢ x (£)* — 0000317 x (%) x ¢
When t/T = 1~1.75, d,/D; = 0.20~0.30,
K= —11.378+193.955 x & +0.179 x 2 —0.138 x + —117.899 x % x £ —0.0499 x Di x L
1 1 (5)

2
+1.078 x (%) x D 422246 x % X (%)2

4.2. Numerical Verification of Regression Equations of the Strength—Weakening Coefficient

In order to validate the accuracy and applicability of the regression equation for the
strength—-weakening coefficient, four finite element models are redesigned within the di-
mensionless parameter range corresponding to the formula. Both regression equation
calculations and the finite element limit-load analyses are performed and compared. The
results are shown in Table 4. It can be seen that the results of the regression equations calcu-
lation and the finite element simulation agree well with each other with a relative difference
of less than 4%, meaning the equations are accurate enough for engineering application.

Table 4. Verification of regression equations.

The Finite Element Solution of The Formula Solution of

do/D; tiT D;/IT Llll?/ll\t/lli)oad Strength-Weakening Strength-Weakening D.}{felatlve /o,
a Coefficient K/% Coefficient K/% Hiterencel’o
0.13 0.8 90.91 5.90 17.18 17.10 0.50
0.27 0.8 111.11 3.21 45.01 44.44 1.28
0.18 14 90.91 6.09 14.49 14.41 0.56
0.22 1.4 111.11 4.52 22.54 22.30 1.05

4.3. Applicability of the Regression Equations of the Strength—Weakening Coefficient for Different
Shell Diameters

The previous finite element analysis and limit-load calculations are based on the
cylindrical shell diameter D; = 1000 mm but, due to the use of dimensionless parameters,
the results are applicable to other shell diameters.

Table 5 shows the calculation results where d,/D;, t/T and D;/T are the same, but the
shell diameters are 500 mm, 1000 mm and 2000 mm. It is seen that for the cylinder without
nozzles when the diameter-thickness ratio D;/T is kept constant but the diameter D; is
changed, the limit-load value is unchanged, which is 6.48 MPa. For the cylinder shells
with tangential nozzles, when d,/D;, t/T and D;/T are the same, the limit load and the
strength-weakening coefficient are basically the same when changing the shell diameter D;,
and the relative error between the finite element solution and the formula solution for the
strength-weakening coefficient is within 4%. Therefore, for the tangential nozzle structure
with different shell diameters, the strength design method is also applicable when the three
variables d,/D;, t/T and D;/T are within the applicable range specified in this paper.
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Table 5. Limit load and strength-weakening coefficients of cylindrical shell structures with different
shell diameters D; under the same dimensionless structure parameters.

Limit Load of Limit The Finite Element The Formula

. . . Solution of Relative
do/D; HT DJT Dgmm Timm inderwith —Loadofa SolutionofSrength= gy .y Differ-
Tangential Cylinder Weakening Weakening ence/
Nozzle P/MPa Py/MPa Coefficient K/% Coefficient K/%
500 5 5.6000 6.48 13.58 13.88 2.23
010 075 100 1000 10 5.6000 6.48 13.58 13.88 2.23
2000 20 5.6080 6.48 13.46 13.88 3.17
500 5 3.1589 6.48 51.25 50.13 2.19
025 050 100 1000 10 3.1618 6.48 51.21 50.13 2.10
2000 20 3.1694 6.48 51.09 50.13 1.88
500 5 5.5531 6.48 14.30 13.98 2.25
015 125 100 1000 10 5.5549 6.48 14.28 13.98 2.07
2000 20 5.5402 6.48 14.50 13.98 3.59
500 5 4.5802 6.48 29.32 28.68 2.17
030 15 100 1000 10 4.5962 6.48 29.07 28.68 1.34
2000 20 4.5962 6.48 29.07 28.68 1.34

5. Conclusions

In this paper, the limit-load analysis was performed to evaluate the weakening effects
of the tangential nozzles on the strength of the cylindrical shells under internal pressure.
Conclusions were drawn as follows:

(1) For the strength design of cylindrical shell structure with tangential nozzles, in view
of the fact that there is no accurate strength design method, this paper proposes a
limit-load analysis approach based on a finite element method.

(2) The weakening degree of the ultimate load-bearing capacity of cylindrical shells
with tangential nozzles was defined as the strength-weakening coefficient and the
influence of d,/D;, t/T and D;/T was studied. It was found that with increasing
do/D; and D;/T and decreasing t/T, the strength-weakening coefficient increases or,
in other words, the ultimate load-bearing capacity of the cylindrical shell decreases.

(3) With sufficient numerical calculation of the ultimate load-bearing capacity of the cylin-
drical shell with tangential nozzles under internal pressure, the regression equation
of the strength-weakening coefficient was obtained which was numerically verified
for accuracy. Clearly, by providing the formulas for strength evaluation, this work
delves deeper into the subject compared to other similar studies in the literature and
yields more practical outcomes.

(4) Due to the use of dimensionless parameters, the regression equation is suitable for
different shell diameters with a tangential nozzle structure. The regression equations
of the strength-weakening coefficient provide a reference way for the strength design
of cylindrical shell structures with tangential nozzles under internal pressure.

It should be pointed out that in this study, only internal pressure was considered. If
there are no tube forces on the end of the tangential nozzles or the tube forces are signifi-
cantly smaller than the equivalent nozzle force induced by the pressure, Equations (2)-(5)
are valid and have reference values for the strength design of cylindrical shell structures
with tangential nozzles under internal pressure. But if the tube forces on the end of the
tangential nozzles are large and cannot be neglected, the results obtained in this paper are
not meaningful and the equations should be modified.
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