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ABSTRACT

The clamping method of flowmeters in natural gas pipe has a significant impact on improving the calibrated
speed and operational efficiency. In this study, a finite element model of the automatic flowmeter clamping
device is established, which includes flowmeter, flange plate, screw nut, and DN300 pipe. The stress distribution
and variation of the device are investigated for the effects of different external clamping forces and different
natural gas pressures. The results indicate that the flowmeter clamping device designed can achieve effective
clamping of the flowmeter. Moreover, the overall stress levels are below the material’s allowable stress, which
indicates that the mechanical structure is reasonable. In the flowmeter clamping device, the high-stress areas are
concentrated on the surface of the flowmeter and the arcuate region at the base of flange plate. When the external
clamping force increases from 8 MPa to 12 MPa, the maximum stress of the flowmeter increases by 30 MPa,
meanwhile the maximum stress on the flange plate increases only by 15 MPa. When the natural gas pressure
increases from 4 MPa to 12 MPa, the maximum stress in the pipe cross-section rises from 25 MPa to 82 MPa.

Keywords: Stress response; Pipe; Clamping device; Flowmeter; Steel material.

1. INTRODUCTION

In natural gas pipes, the metering of natural gas flow using flowmeter is crucial [1, 2]. It is an academic and
engineering challenge how to clamp the flowmeter. In past engineering applications, bolts were commonly used
to directly secure flowmeter to the pipes [3—5]. The efficiency of this connection method is relatively low. There-
fore, it would significantly enhance the calibrated speed of flowmeter to design a clamping method that doesn’t
rely on screw nut to connect directly. In this study, the clamping device designed can align the flange with the
movable worktable and apply a certain external force on the screw nuts on both sides of the worktable to clamp
the flange of the flowmeter and pipe together.

Pipe is one of the important ways of natural gas transportation [6—8]. When using pipe for natural
gas transportation, it will bear different stress levels and stress distributions due to various factors [9-12].
Scholars have conducted many related studies on the stress of pipe. SIDDIQUE and ABID [13] conducted
three-dimensional finite element analysis on the MSR of carbon manganese steel welded pipe flange joints. And
they performed sequential coupled transient nonlinear thermo mechanical analysis on single pass gas shielded
metal welding, and calculated welding residual stresses. HOBBS et al. [14] established significant features of
finite element models for nuts and bolts, and obtained stress distribution data for nuts and bolts when using
two-dimensional models. LU ef al. [15] investigated the repair effectiveness of Inserted Hose Lining (IHL)
technology for aging pipe. For pipe with uniform corrosion defects, the effects of residual thickness, diameter,
pressure, and burial depth on pipe stress were studied. Based on the stress distribution and magnitude in the pipe,
they determined the applicability of lining under different conditions. JIANG et al. [16] established a von-Mises
stress prediction model for pipe under blasting vibration at different operating pressures, which can be used to
evaluate the impact of blasting construction near pipe trenches on pipe safety. SHUAI et al. [17] developed a
finite element model that integrates solid-electrochemical multi-physics fields for a pipe elbow exhibiting exter-
nal corrosion defects. They investigated the impact of the bending radius on the burst pressure of the pipe. Their
study found that the stress in the anodic region is higher when the defect depth or the internal pressure applied
to the elbow is sufficiently large, while the stress in the cathodic region is lower. TAFSIROJJAMAN et al.
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[18] comprehensively evaluated the failure modes of pipe-in-pipe (PIP) systems with different thicknesses and
elastic moduli through numerical simulations and Analytic Hierarchy Process (AHP). They focused on assess-
ing vibrations, lateral deformations, axial stresses, and thermal deformations under various loading conditions.
CHO et al. [19] experimentally investigated the evolution of residual stresses during the metallurgical phase
transformations in and around the welded zone of stainless steel pipes. Forthermore, they utilized a sequentially
coupled multi-physics finite element model incorporating heat transfer, mechanics, and metallurgy to calculate
the axial and circumferential residual stress distributions in the circumferential weld seam. And the results also
emphasized the importance of metallurgical phase transformations for accurately representing welding residual
stresses in numerical simulations.

Currently, there is very limited research on automatic clamping device for flowmeter in natural gas pipe
metering. Furthermore, it is almost no deep study on the application of varying external forces. This work pro-
poses a device that relies on external forces for direct and automatic clamping. A finite element model of the
automatic clamping device for the flowmeter is established including key components such as the flange plate,
flowmeter, screw nut, and pipe. The effects of external forces applied to the screw nut and variations in natural
gas pressure on the device are investigated. The study is organized as follows: Chapter 1 introduces relevant
research on stress in natural gas pipe. Chapter 2 presents the finite element model of the flowmeter clamping
device. Chapter 3 introduces the effects of different clamping forces and natural gas pressures on the stress.

2. FINITE ELEMENT MODEL OF CLAMPING DEVICE

2.1. Geometric structure and physical property

The volume flow rate of natural gas through the pipe needs to be monitored in real-time using a flowmeter at
the metering station. Figure 1 illustrates the process layout of the natural gas pipes in the metering station. This
work proposes a design for a device that applies an external clamping force on the screw nut to clamp the pipe
flange plate and the flowmeter in contact. Figure 2 shows the structural diagram of a high-pressure natural gas
pipe with a flowmeter clamping device. The mechanical structure of the realistic device is complex. For the
convenience of calculation, the structure of the flowmeter clamping device has been simplified. In Figure 2,
the white part represents a movable workbench. The flowmeter in the middle is suspended and not in contact
with the workbench base. The flange plates on both sides are connected by four screw nuts, which ensures
that the external force acting on the flange is equal. Finally, the flowmeter is connected to the pipe through a
clamped flange. Therefore, the workbench and its bolts have been simplified, while the screw nut on the flange
plate, flange plate, flowmeter and natural gas pipe have been retained. External forces are applied to the outer
nut and clamped onto the flange through four symmetrically distributed connecting rods in the device. So, in
the simplified structure, the magnitude of the external force applied to the nuts on both sides is the same, and
the direction is symmetrically opposite. The simplified structural schematic used for simulation calculations is
shown in Figure 3. It is utilized to investigate the impact of varying clamping forces and natural gas pressures on
the stress variations in the four key components of the flowmeter clamping device: screw nut, flowmeter, flange
plate, and pipe (DN300). Table 1 shows the dimensions of the various components of the flowmeter clamping
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Figure 1: Process layout diagram of natural gas pipes in the metering station.
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device. The flowmeter has a length of 1037 mm and an outer diameter of 348 mm. The flowmeter flange has an
outer diameter of 445 mm and a thickness of 45 mm. The pipe has a length of 2500 mm (one side). The inner
diameters of flowmeter, flowmeter flange, and pipe are the same of 300 mm. The flange plate has a length of 840
mm, a width of 550 mm, and a thickness of 45 mm. The screw nut has a diameter of 75 mm and a thickness of
15.5 mm. Table 2 presents the physical properties of the material (X80 steel) used in the flowmeter clamping
device. The density of steel material is 7850 kg-m™, the Poisson’s ratio is 0.3, the Young’s modulus is 200 GPa,
and the yield strength is 552 MPa.

Screw nut

Pipe

Flange of flowmeter

Flowmeter

Figure 3: The simplified structure of the flowmeter clamping device used for simulation.

Table 1: Dimension of various components of the flowmeter clamping device.

FLOWMETER FLANGE OF FLANGE PIPE SCREW NUT
(mm) FLOWMETER (mm) | PLATER (mm) (mm) (mm)
Length 1037 | Inner diameter | 300 Length 840 | Length (one side) | 2500 | Diameter | 75

Inner diameter | 300 | Outer diameter | 445 Wide 550 Inner diameter 300 | Thickness | 15.5
Outer diameter | 348 Thickness 45 Thickness 45 Outer diameter 348
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Table 2: Property parameters of steel material for the flowmeter clamping device.

DENSITY POISSON’S RATIO YOUNG’S MODULUS YIELD STRENGTH
7850 kg'm™ 0.3 200 MPa 552 MPa

2.2. Mathematic model

When the device clamps the flowmeter, the external force applied to the screw nut causes deformation of the
flange plate. It results two flange plates of the clamping device coming into contact and securely clamping the
flowmeter. Consequently, it is essential to calculate the stress distribution across all components to monitor and
ensure that the structure of the clamping device is both reasonable and safe.

The fundamental equation of mechanics for solid materials is the force balance equation. The external
forces applied to the flowmeter clamping device are in equilibrium with the stresses it experiences. This rela-
tionship can be expressed by [20]:

0=V -oc+F (1)
where o represents the stress experienced by the material (N-m™), and F represents the external force applied in

the direction of model deformation (N).

According to Hooke’s Law, the relationship between stress and strain in a linearly elastic material is
linear within a certain proportional limit. This relationship can be expressed by [20]:

c=C-¢ )

where C represents the matrix of elastic parameters for the material in all directions, and € represents the strain
of the material.

Strain is the relative change in the length, area, or volume of an object. The deformation is the dif-
ference between the geometric dimensions of the object after deformation and its original dimensions. The
kinematic relationship between deformation and strain can be expressed in the form of tensor calculations as
follows [21]:

£= %[(Vu)T +Vu] 3)

where u represents the deformation of the material (m), and T denotes the transpose operation of the matrix.

Young’s modulus is a measure of how sensitive a material is to stress. Poisson’s ratio is the absolute
value of the ratio of transverse normal strain to axial normal strain. For isotropic linearly elastic materials, the
elastic parameter matrix is determined by the Young’s modulus and Poisson’s ratio in six different directions of
the material [22]:

(1-v) v v 0 0 0

v (1-v) (1-v) 0 0 0
£ v v (1-v) 0 0 0 (4)
1+v)1-2v) 0 0 0 %(172‘})
0 0 0 %(1—2\/)
0 0 0 %(1 - 2v)_

where E represents Young’s modulus (Pa), v represents Poisson’s ratio.

2.3. Grid division

Table 3 shows the contact status between the various components of the flowmeter clamping device. The contact
between flange plate and flowmeter is touching. The flange plate and screw nut are connected through touching.
The pipe and flange plate are combined through union. Figure 4 shows the overall and detailed grid division of
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Table 3: Contact status between components of the flowmeter clamping device.

TARGET BODY CONTACT BODY CONTACT TYPE
Flowmeter Flange plate Touch
Screw nut Flange plate Touch

Flange plate Pipe Union
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Figure 4: Grid division of the flowmeter clamping device: (a) whole, (b) pipe, (c) flange plate, (d) screw nut, (e) flange.

the three-dimensional model of the flowmeter clamping device. The quality and density of the mesh division
have a significant impact on the simulation results. In the model, the size of the nuts are relatively small com-
pared to the entire device. In addition, screw nut is the direct carrier of external clamping force and the location
of stress concentration. Therefore, the grid for screw nut needs to be additionally encrypted. The grid is divided
separately for flowmeter, flange plate, pipe, and screw nut. The grid in the device is divided using free tetrahe-
dral elements. In the simulation, a steady-state solver is used for the calculations. Grid independence verification
is required to ensure the accuracy of the results. When the number of grids reaches 7186723, the simulation
results tend to stabilize, indicating that the present grids can ensure the reliability of the calculation results.

3. RESULTS AND DISCUSSION

3.1. Stress distribution of the whole device

This section investigates the overall stress distribution in the flowmeter clamping device. The clamping force
applied to screw nut is 11 MPa, and the natural gas pressure inside pipe is § MPa. Figure 5 shows the stress dis-
tribution in the flowmeter clamping device of whole and its components. Both flange plates on either side have
four screw nuts, and they are symmetrically arranged along the flowmeter. The external force is perpendicular
to the surface of screw nut and directed towards flowmeter. The fixed constraints for the clamping device are set
at the farthest end of pipe on both sides.

From Figure 5, it can be observed that the stresses in the screw nut, flange plate, and the root of the
flowmeter flange are the highest compared to other parts of this device. The stress on the pipe are relatively
lower compared to other parts of this device, and its distribution is more uniform. The stress in the screw nut is
concentrated on the side where the external force is applied, with a maximum stress of 127 MPa. The stress in
the flange plate is higher near the pipe, and the stress distribution in this area appears as a symmetrical arcuate
region. In addition, the stress in the arecas where the flange plates contact the screw nut is also relatively high.
The stress in this region is distributed in a ring shape. The stress distribution between the flange plates on either
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Figure 5: Whole stress distribution of the flowmeter clamping device when external force is 11 MPa and natural gas pressure
is 8 MPa.

side of the flowmeter is symmetrical. The average stress in the flange plate is 71 MPa, and the maximum stress
is 128 MPa. The regions of higher stress distribution in the flowmeter appear on its flange, particularly at the
locations where flange contacts flange plate and the flange is adjacent to the flowmeter surface. These two areas
of higher stress distribution are narrow and elongated. The stress in the part of flowmeter excluding the flange is
higher than that in the pipe but lower than that in the flange plate. The maximum stress in the flowmeter is 139
MPa, while the maximum stress on the flowmeter’s surface is 113 MPa. The stress distribution on the surface
of the pipe is relatively uniform, whereas the stress on the cross-section of the pipe decreases gradually from
the inner wall to the outer wall. The maximum stress on the inner wall of the pipe is 72 MPa, and the maximum
stress on the surface of pipe is 41 MPa.

3.2. Effects of the clamping force

In this section, the pressure of natural gas in the pipe is consistently set at 10 MPa. Five different external forces
applied to the screw nut are selected: 8 MPa, 9 MPa, 10 MPa, 11 MPa, 12 MPa. Figure 6 shows the whole stress
distribution of the flowmeter clamping device under different external forces. Figure 7 illustrates the variation of
maximum stress on each component of the flowmeter clamping device when external force increases. Figure 8
shows the stress distribution of flange plate under different external forces. Figure 9 shows the stress distribu-
tion of flowmeter under different external forces. Figure 10 shows the stress distribution of pipe under different
external forces. They describe the impact of different external forces applied to the screw nut to clamp the device
on the whole stress distribution of the flowmeter clamping device and the maximum stress of flowmeter, flange
plate, screw nut, and pipe.

In Figure 6, it can be observed that stress in the clamping device rises when the external clamping force
applied to the screw nut increases from 8 MPa to 12 MPa. The maximum stress of the entire clamping device
increases from 124 MPa to 154 MPa, and the average stress rises from 56 MPa to 65 MPa. In the clamping
device, both flange plate and flowmeter exhibit significant stress concentration, particularly in the arcuate region
at the root of flange plate and on the surface area of flowmeter. As external force applied to screw nut increases
from 8 MPa to 12 MPa, the change in stress distribution is most evident in the arcuate region at the root of flange
plate. The high stress distribution and noticeable changes of stress indicate that primary stress-bearing compo-
nents in the clamping device are the flange plate and screw nut under the action of external force.

In Figure 7, it can be seen that the flowmeter has the highest maximum stress among the four compo-
nents. The pipe has the lowest maximum stress with a significant gap compared to other three components. As
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Figure 6: Whole stress distribution of the flowmeter clamping device under different external forces: (a) 8 MPa, (b) 9 MPa,
(c) 10 MPa, (d) 11 MPa, (¢) 12 MPa.
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Figure 7: Maximum stress variation of components of the flowmeter clamping device under different external forces: (a) 8
MPa, (b) 9 MPa, (c) 10 MPa, (d) 11 MPa, (¢) 12 MPa.

the external force applied to the stress nut increases from 8 MPa to 12 MPa, maximum stress of four components
also increase. Among them, the flowmeter experiences the largest increase in maximum stress, with a signifi-
cant increase of 30 MPa. The increase in the maximum stress value of pipe is the smallest, with an increase of
4.9 MPa. From Figure 8 to Figure 10, it can be observed that maximum stress in the flange plate increases from
104 MPa to 141 MPa and average stress rises from 55 MPa to 82 MPa. The maximum stress on the flowmeter
surface increases from 107 MPa to 149 MPa, and the average stress rises from 65 MPa to 95 MPa. The stress on
the screw nut also exhibits a noticeable change, and it primarily concentrates on the side of screw nut where the
external force is applied. The maximum stress in the screw nut increases from 112 MPa to 147 MPa. When the
external force applied to the screw nut increases from 8 MPa to 10 MPa, stress in the pipe increases very slowly.
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Figure 8: Stress distribution of flange plate under different external forces: (a) 8 MPa, (b) 9 MPa, (c) 10 MPa, (d) 11 MPa,
(e) 12 MPa.
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Figure 9: Stress distribution of flowmeter under different external forces: (a) 8 MPa, (b) 9 MPa, (c) 10 MPa, (d) 11 MPa,
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Figure 10: Stress distribution of pipe under different external forces: (a) 8 MPa, (b) 9 MPa, (¢) 10 MPa, (d) 11 MPa, (e) 12 MPa.
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Figure 11: Whole stress distribution of the flowmeter clamping device at the different natural gas pressures: (a) 4 MPa, (b)
6 MPa, (c) 8 MPa, (d) 10 MPa, (e) 12 MPa.
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Figure 12: Cross-sectional stress distribution of pipe at the different natural gas pressures: (a) 4 MPa, (b) 6 MPa, (c) 8 MPa,
(d) 10 MPa, (e) 12 MPa.

3.3. Effects of the natural gas pressure

This section investigates the impact of different natural gas pressures within pipe on the stress of flowmeter
clamping device. Five different natural gas pressures are considered: 4 MPa, 6 MPa, 8 MPa, 10 MPa, and
12 MPa. The external force applied to the flowmeter clamping device is consistently set at 11 MPa. Figure
11 displays whole stress distribution of the flowmeter clamping device under different natural gas pressures.
Figure 12 illustrates stress distribution across the cross-section of pipe. Figure 13 shows the stress variation on
the diameter line of pipe.

It can be observed from Figure 11 that the stress changes on the pipe surface and flowmeter are quite
noticeable when natural gas pressure increases from 4 MPa to 12 MPa. In contrast, the stress changes on the
flange plate and screw nut are not significant. The maximum stress of whole device rises from 124 MPa to
154 MPa. The stress distribution on the pipe surface is relatively uniform, with the maximum stress on the pipe
surface increasing from 21 MPa to 62 MPa. From Figure 12, it can be seen that the stress on the inner wall of
pipe is the highest and gradually decreases towards the outer wall of pipe. When the natural gas pressure is
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Figure 13: Stress variation on the diameter line of pipe.

increased from 4 MPa to 12 MPa, the maximum stress in the pipe’s cross-section rises from 25 MPa to 82 MPa.
In Figure 13, it can be observed that the stress on the pipe wall thickness also increases accordingly when the
natural gas pressure increases. The stress at the inner wall of pipe can increases from 25 MPa to 70 MPa when
natural gas pressure increases from 4 MPa to 12 MPa.

4. CONCLUSIONS

This work proposes a device model for clamping flowmeter in natural gas pipe. The stress distribution of the
flowmeter clamping device has been analyzed in detail by a finite element method. The stress variations in both
whole structure and components of the flowmeter clamping device are studied under different external clamping
forces and natural gas pressures. The following conclusions have been drawn:

(1) The flowmeter clamping device designed is reasonable and effective. It can achieve the clamping of flowme-
ter and ensure that the stress experienced by the device is below the allowable stress limit of the X80 steel
material.

(2) The high stress position of the flowmeter clamping device is distributed on the surface of flowmeter and the
arc-shaped area at the root of flange plate. The stress distribution on the pipe surface is relatively uniform.

(3) When external clamping force is increased from 8 MPa to 12 MPa, the maximum stress of the flowmeter
increases by 30 MPa, meanwhile the maximum stress on the flange plate increases only by 15 MPa.

(4) When natural gas pressure increases from 4 MPa to 12 MPa, the maximum stress in the pipe cross-section
rises from 25 MPa to 82 MPa.
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