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Because thermowells are prone to fatigue damage in petroleum cracking gas pipelines, in this paper, the LES method is used to
simulate the flow around thermowells through two-way thermal-fluid-solid coupling, the internal causes of thermowell damage
are explored, and measures for improving the thermowell safety are proposed. According to this study, when high-speed, high-
temperature gas passes the thermocouple bushing, the main factors affecting the structural safety of the thermocouple bushing are
the alternating stress caused by the vortex falling off, the thermal stress cycle due to the temperature gradient, and the pressure
gradient impacted by the gas. Furthermore, this paper proposes improving the thermowell safety by installing the interference
devices and optimizing the installation angle. /e improvement measures were studied by conducting a two-way thermal fluid-
structure coupling simulation. /e results of this study show that after installing the interference device and optimizing the
installation angle the displacement deformation of the thermowell and the equivalent stress is reduced by 57.2% and 72.1%,
respectively, which indicates the safety improvement of the thermowell structure and the effectiveness of the method./e research
contents of this paper can provide guidance for the installation and use of thermocouple bushing.

1. Introduction

In the petrochemical industry, the temperature of petroleum
cracking, as an important monitoring and control param-
eter, is usually measured by a thermocouple. Because of the
high air temperature and flow rate in the pipeline, the
bushing must be used to protect the thermocouple. How-
ever, the fracture often occurs in the application, which
seriously affects the continuity of oil cracking gas
production.

According to the theory of vortex-induced vibration, in
subsonic transverse flow, vortex shedding occurs when there
is enough trailing edge at the tail of any nonstreamlined
object [1]. With the cantilever thermowell in the pipeline,
when the vortex falls off periodically on both sides of the
thermowell, periodic lift and resistance are generated around
the thermowell, thereby inducing thermowell vibration.
When the vibration frequency is close to that of the

thermowell, resonance occurs at the natural frequency of the
pipe [2, 3], leading to the broken thermowell. When high-
temperature gas is passing, the thermowell is thermally
deformed due to the large temperature gradient in its height
direction. /e thermal stress changes repeatedly with the
rapid and repeated temperature changes, resulting in fatigue
damage to the material. /e thermal stress cycle caused by
the temperature gradient is a major cause of fatigue failure of
the thermowell [4–6]. Mudhaffar et al. [7] researched the
bending behavior of an advanced functionally graded ce-
ramic-metal plate resting on a viscoelastic foundation and
subjected to a hygro-thermo-mechanical load; both linear
and nonlinear influences of temperature on the bending
response were investigated. Merazka et al. [8] studied the
hygro-thermo-mechanical bending responses of a simply
supported FG-plate resting on a Winkler-Pasternak elastic
foundation, the effects of the temperature, elastic foundation
parameters, shear deformation, geometrical parameters,
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axial and transverse shear stresses of the FG-plate, and
power-law-index on the dimensionless deflections which
were discussed. /erefore, to simulate the real operating
conditions and explore the internal mechanism of ther-
mowell damage, two-way thermal-fluid-solid coupling cal-
culations are required.

Two-way thermal-fluid-solid coupling has attracted
more and more attention and has been used by researchers
in solving practical engineering problems. Lu et al. [9] de-
veloped a modified multiextremum response (MRSM) to
approximate the multifailure nonlinear dynamic responses
of aeroengine components under high-temperature and
rotating speed loads, concerning fluid-thermal-structure
interaction. Keshtegar et al. [10] demonstrated the appli-
cability of the proposed method (MKMEF) by considering
the fluid-thermal-solid interaction and analyzing the
probability of radial operation deformation of a certain
aeroengine high-pressure turbine blisk. Zhou et al. [11]
found that the heat transfer efficiency at the shell side can be
improved by enhancing the heat transfer temperature dif-
ference and the convection due to the vortex generated by
the shell side fluid. Gengwang et al. [12] used the LES
method to conduct thermal-fluid-solid coupling numerical
simulations of T-shaped pipelines in petroleum, chemical
industries, nuclear power, and other pipeline systems and
explored the causes of thermal fatigue of pipelines. Ding
et al. [13] analyzed the vibration response of the structure
and the variation law of the temperature field; they also
studied the average Nusselt number and the position of the
maximum local Nusselt number based on the dual-degree-
of-freedom flow-induced vibration-heat transfer coupling
characteristics of a single thermostatic tube. /e afore-
mentioned researches contribute to the development of the
coupled calculations of thermal fluids and structures and
also help the calculation in this paper.

According to literature review, current research on the
causes of thermocouple thermowell damage is based mostly
on semiempirical theoretical analysis and experiments.
Unfortunately, the studies on the stress of the thermocouple
thermowell by the CFD method are based mainly on simple
stress analysis with the coupled pressure and temperature
fields, and few have considered the impacts of gas tem-
perature and compressibility on the thermocouple ther-
mowell [14, 15]. /e petroleum cracked gas pipeline
transports high-temperature and high-speed gas, and gas
temperature and compressibility affect the force and de-
formation of the thermocouple thermowell [16–20]; there-
fore, not considering their influence, the calculation results
would be inconsistent with the reality [21, 22].

/e lateral vibration caused by resistance and vortex
shedding affects the thermowell safety. Many studies on
reducing drag and damping vibration have been con-
ducted by scholars. Rui and Sun [23] using the K-ω/SST
turbulence model conducted a numerical simulation of
V-shaped grooves with different depths arranged on the
cylindrical surface and found that V-shaped grooves have
drag reduction effects. Zhao et al. [24] using OpenFOAM
performed numerical simulations on the flow around the
cylinder under the attached prism, and their study

indicated that the attached prism could effectively im-
prove the pressure distribution on the cylinder surface,
weaken the pressure differential resistance, and reduce
the lift force received by the cylinder. Islam et al. [25],
based on a single-time lattice Boltzmann method (SRT-
LBM), adding a splitter on the upstream of Square col-
umn, analyzed the influence of the splitter-side column
winding and the swirls of the vortex. Grioni [26] studied
the RE � 2 ×105 string double-cylinder bypass using a
scale adaptive simulation (SAS) turbulence model. It was
found that the disturbance between the two-column
winding reduces the rear column resistance and the front
post has a certain effect on the devote law of the rear
column vortex.

/erefore, based on previous studies, this paper takes
thermowell as the research object and conducts numerical
simulations on it. First, the flow around a single thermowell
was analyzed. From the aspects of temperature field, pres-
sure field, and gas compressibility, the surface stress and
wake field changes of the thermowell were studied, and the
causes of the thermowell breakage at the welding point were
explored. /en, because the thermowell is prone to breakage
in practice, the corresponding structure was improved, and
the improved structure model was numerically simulated to
analyze its influence on the thermowell. /e research results
are of great significance to the safe applications of ther-
mowells in industrial fields.

2. Theoretical Basis of Thermal-Fluid-
Solid Coupling

2.1. Fluid Control Equations. /e fluid flow follows basic
physical conservation laws: conservation of mass, conser-
vation of momentum, and conservation of energy. For
general compressible Newtonian fluids, the law of conser-
vation can be described by the following governing
equations.

Mass conservation equation:
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zt
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� 0 , (1)

where ux uy, and uz are the velocity components in x, y, and z
directions, m/s; t is time, s; ρ is density, kg/m3.

Momentum conservation equation:

zρv
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where t is the time; ff is the volume force vector; ρf is the
fluid density; v is the fluid velocity vector; τf is the shear
force tensor; ∇ is the Hamiltonian differential operator.

∇ � i
z

zx
+ j

z

zy
+ k

z

zz
. (3)

/e shear force tensor equation can be expressed as
follows:

τf � (−p + μ∇v)I + 2μe. (4)
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In the formula, p is fluid pressure; μ is dynamic viscosity;
e is velocity stress tensor; e � 1/2(∇v + ∇vT).

Energy conservation equation:

z(ρE)

zt
+ ∇[u(ρE + p)] � ∇ Keff∇T − 

j

hjJj + τeffu ⎡⎢⎢⎣ ⎤⎥⎥⎦ + Sh,

(5)

where E is the total energy of fluid micelles, J/kg, including
internal energy, kinetic energy, and potential energy;
E � h − p/ρ + u2/2; h is enthalpy, J/kg; hj is the j component
of enthalpy, J/kg; Keff is effective thermal conductivity, W/
(m·K); Keff � k + Kt ; Kt is turbulent thermal conductivity
determined by the turbulence model; Jj is the j component
of diffusion flux; Sh includes chemical reaction heat and
other user-defined volumetric heat source items.

2.2. Solid Governing Equation. /e governing equation of
fluid-induced solid vibration and displacement [16] is

Ms

z
2
r

zt
2 + Cs

zr

zt
+ Ksr + τs � 0, (6)

where Ms is mass matrix; Cs is damping matrix; Ks is
stiffness matrix; r is solid displacement; τs is solid stress.

2.3. Coupling Equations. /e fluid-solid interface should be
equal to the displacement, heat flow, temperature, and stress,
etc. of the fluid and the solid [17]:

nτf � nτsrf � rs, (7)

qf � qsTf � Ts, (8)

where q is heat flux; T is temperature; the subscript f in-
dicates fluid; the subscript s denotes solid.

2.4. Elastomer EquilibriumDifferential Equation. /e stress,
deformation, and displacement of the object are obtained
after solving the equilibrium differential equation of the
spatial elastic body problem. /e balanced differential
equation of the spatial elastic body problem is
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(9)

3. Physical Model and Boundary Conditions

3.1. Geometric Model. According to the process size pro-
vided by an enterprise, the geometric model of the ther-
mowell was established, as shown in Figure 1. Detailed

dimensions are presented in Table 1. To improve the cal-
culation efficiency, the physical model was simplified, only
the area below the installation position of the thermowell
device is taken as the flow channel calculation domain, and
260mm is taken before and after the pipe.

3.2. Boundary Conditions. For the fluid field, the inlet is the
velocity inlet, and the outlet is the pressure outlet. Except for
the casing wall, all other surfaces are set as the no-slip wall
condition. /e specific parameters are shown in Table 2. /e
boundary conditions for the solid domain were set in the
Transient Structural module. Remote Displacement fixed
constraints were added to the top of the casing to limit the
translational and rotational motion of the casing in X, Y, and
Z directions.

/e thermowell wall is set as the coupling surface,
connecting the fluid domain to the solid domain to transfer
data. /e fluid domain transfers pressure and temperature
loads to the solid domain, and the solid domain transfers
deformation to the fluid domain to realize the bidirectional
transfer of heat flow and solid multiphysical field data.

3.3. Grid Division and Independence Verification. In this
paper, the hybrid grid method is used to divide the overall
computational domain model, in which the tetrahedral
unstructured grid is used in the pipeline part and the
hexahedral structured grid is used in the thermocouple
casing part. In addition, ten layers of the boundary layer are
set on the casing wall and y+≈1 is set, and the casing wake
area is also encrypted. /e meshing is shown in Figure 2.

/e numerical simulation in this paper involves massive
multifield coupling calculation, so the grid-independent
verification of the entire calculation domain was performed.
As shown in Table 3, when the number of grids exceeds 1.32
million, the output flow of the computing domain tends to
be stable without remarkable fluctuation; thus, this paper
takes the magnitude of 1.32 million grids in the numerical
simulation.

4. Numerical Analysis Results

In this paper, the fluid calculation software CFX and
Transient Structural were employed to conduct the bidi-
rectional heat fluid-structure coupling. In the subcritical
region, the large eddy simulation (LES) method has a better
simulation effect on turbulence, so the LES turbulencemodel
was selected in this paper, and the numerical simulation was
conducted according to the flow chart in Figure 3.

4.1. Flow Field Analysis

4.1.1. Speed Analysis. /e cross section of the velocity dis-
tribution contour by numerical simulation is plotted in
Figure 4. As shown in the figure, when T� 3 (T is the number
of cycles), a high-speed area is generated on the backflow
surface of the thermowell while a high-speed recirculation
area is formed on the facing surface. With the further impact
of the high-speed gas, at T� 7, the gas turbulence destroys
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the recirculation areas on both sides of the upper surface of
the fluid, with vortex rings appearing on both sides of the
pipeline and an irregular initial vortex shedding. At T�10
and T�12, the gas gradually stabilizes in the pipeline with a
regular vortex shedding and stable vortex rings on both sides
of the thermowell.

4.1.2. Pressure Analysis. Figure 5 demonstrates the longi-
tudinal section of the pressure distribution contour by
numerical simulation. In the figure, at T� 3, a local high-
pressure area forms on the upstream side of the thermowell
due to the gas impact while localized low-pressure areas
appear in the “dead water area” on the backflow surface and
around the sides of the thermowell. When T�10 and T�12,
the fully developed turbulent flow destroys the stability of
the recirculation zone; hence, the pressure distribution in the
pipeline gradually stabilizes. /e flow around the sides and
the bottom of the thermowell forms a local low-pressure
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Figure 1: Geometric parameters. (a) Geometric section view. (b) Computational domain.

Table 1: Geometric dimensions of thermowell.

Name Inner diameter Outside diameter Height
Size (mm) 28 32 110

Table 2: Boundary conditions.

Pipeline medium state Temperature (°C) Density (Kg/m3) Inlet velocity (m/s) Outlet pressure (MPa)
Gaseous 849 0.45 170 0.96

(a) (b)

Figure 2: Meshing. (a) Solid domain meshing. (b) Fluid domain meshing.

Table 3: Grid independence verification.

/e number of meshes/ten
thousand 63 97 132 209 311

Outlet flow/kg/s 0.614 0.629 0.651 0.650 0.649
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area, generating a large pressure gradient and forming a low-
pressure area on the rear side of the thermowell with the
vortex shedding. However, because of the high-speed gas

impact, the upstream side of the thermowell is within a local
high-pressure region so that the thermowell is subjected to
strong impact forces.

4.2. Influence of Gas Compressibility on @ermowell
Deformation. /e gas density changes along the height of the
thermowell, as shown in Figure 6. When high-speed fluid
impacts the thermowell, the gas compressibility is significant,
having a nonnegligible effect on the alternating stress on the
thermowell. Figure 7 depicts the profiles of casing defor-
mation with time. It can be seen from the figure that, under
the conditions of compressibility and incompressibility, the
variation trends of casing deformation with time are similar,
which increase gradually with time and finally reach stable
states. However, the deformation is greater under the com-
pressible condition, and it takes longer to reach the stable
state. Under the compressible condition, due to the gas
compressibility, the three-dimensional fluidity in the flow
field ismore intense, and the influence on the casing is greater.

To explore the variation law of casing deformation with
time, the displacement in the X-axis direction within 5
seconds was monitored after casing deformation was stable.
Figure 8 shows the displacement curve of the casing top
section along the X-axis after deformation and stability. /e
figure demonstrates that the deformation curve periodically
fluctuates around 0.96mm, indicating that the deformation
of the casing is swinging. First, such deformation occurs
because the surface pressure drag of the casing impacted by
gas is very large; secondly, periodic shedding of vortices on
both sides of the casing leads to periodic changes of lift and
drag on the casing surface, resulting in vortex-induced vi-
bration and swing deformation. When the thermowell
material is close to its fatigue limit, it is prone to breakage.
Figure 9 illustrates the breakage of the thermocouple
thermowell.
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Figure 3: Calculation flow chart.
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4.3. Effects of Different Loads on @ermowell Deformation.
/e contours of the deformation caused by three loads on
the thermowell are shown in Figure 10. Figure 10(a) depicts
the contour under the temperature load. In this figure, the
deformation shows a regular gradient distribution, be-
coming smaller and smaller from the bottom to the top and
presenting an expansion deformation compared with the
pressure load./e bottom of the thermowell is deformed the
most. Figure 10(b) shows the deformation contour of the
thermowell under the pressure load. As shown in the figure,
the bottom of the thermowell bends due to the fluid impact.
/e most serious deformation occurs at the bottom of the
thermowell while the smallest deformation happens at the
root of the thermowell; the maximum deformation is
0.986mm. /e deformation contour of the thermowell
under the combined pressure and temperature load is shown
in Figure 10(c). /e figure indicates that the two-way
thermal-fluid-solid coupling simultaneously combines the
influence of both flow field and temperature field on the

thermowell. /e thermowell tends to be not only bent by the
fluid impact but also expanded due to the influence of
temperature, so the maximum deformation of 1.12mm
obtained in the two-way thermal-fluid-solid coupling is
slightly larger than the deformation due only to the pressure
load. Different results under different load conditions prove
indirectly that the results from the two-way thermal fluid-
structure coupling are more suitable for the real stress en-
vironment of the thermowell.

4.4. StressDistributionCloudof@ermowell. /edistribution
contours of the equivalent stress of the thermowell at the
equilibrium state are shown in Figure 11. From the stress
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distribution contours, it can be found that the stress along
the height direction changes remarkably, so this study fo-
cuses on the analysis of the stress distribution along the
height direction. When the expansion or contraction due to
the uneven temperature distribution is restricted during the
heat exchange with the fluid, the thermowell generates a
force that resists expansion or contraction, that is, thermal
stress. /ermal stress is an addition to mechanical stress,
which causes crack growth and fracture of the bowel [27].
Figure 11(a) shows the thermal stress changes along the
height. /e thermal stress has a gradient distribution, and
the heat transfer is most uniform at the bottom of the
thermowell, where the temperature difference and the
thermal stress are the smallest. It was found that the surface
temperature increases with Reynolds numbers due to the
free convection dominant in the combined heat transfer
process [28]. /e mechanical stress and total stress change
roughly along the height direction, as shown in Figure 12.
/e stress in the thermowell from 0.027 to 1.2m is kept at
28.84MPa, and it changes drastically above 1.2m. Because
the total stress comes from the coeffect of pressure load and
temperature load, its peak value is slightly greater than the
mechanical stress. Although the total stress is the coeffect of

the loads, it is not simply equal to the summation of thermal
stress and mechanical stress because stress is a vector.

Based on the two-way thermo-fluid-solid coupling
analysis, the gas compressibility and temperature load have
an important effect on the deformation and stress distri-
butions of the thermowell. When high-speed and high-
temperature gas flows around the thermocouple thermowell,
the alternating stress by the vortex shedding, the thermal
stress cycle by the temperature gradient, and the pressure
gradient by the gas impact are the main factors affecting the
structural safety of the thermocouple thermowell.

4.5. Influence of @ermowell Installation Angle on Flow Field.
To study the impact of thermowell installation angle on
structural safety, numerical simulations were conducted on
the thermowell with installation angles at 90°, 60°, and 45°,
respectively, bringing velocity distribution contours of the
flow field. As shown in Figure 13, at different installation
angles, the velocity clouds are noticeably different. At 45°
and 60°, the structural cross section changes remarkably with
the installation angle, avoiding the vortex falling off due to
the gas flow around the thermowell to a certain extent, and
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vortices by the wake of the thermowell are less than those at
the 90°angle.

It can be seen from Figure 14 that the Strouhal numbers
at the installation angles of 60° and 45°, respectively, are
reduced by 14∼28% compared to those at 90°. /e reduction
of the Strouhal number can effectively avoid the resonance of
the thermowell structure and improve the safety of the
thermowell structure.

/e respective pressure distribution contours of the flow
field at the installation angles of 45°, 60°, and 90° were ob-
tained through numerical simulations and are presented in
Figure 15./e figure indicates that, under the same insertion
depth and working condition, the largest wall high-pressure
distribution area is at 45° and the smallest at 90°.

/e above analysis demonstrates that optimizing the
thermowell installation angle can reduce the number of
vortices by the wake of the thermowell and thus avoid its

resonance damage. However, if the thermowell installation
angle changes, the area of the local high-pressure area will be
increased, causing a more severe impact on the thermowell.

5. Two-Way Thermo-Fluid-Solid Coupling
Numerical Simulation of Thermocouple
Thermowell Equipped with
Interference Device

To improve the safety of the thermowell structure and avoid
the thermowell damage by long-term fluid impact and
vortex-induced vibration, this paper proposes adding in-
terference devices and optimizing the installation angle.
Numerical simulation was conducted by the two-way
thermal-fluid-solid coupling analysis technology to evaluate
the proposed measures.
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5.1. Physical Model and Boundary Conditions

5.1.1. Geometric Model. /e geometric model of the ther-
mowell after adding the interference device and optimizing
the installation angle is shown in Figure 16. In this paper, a
thermowell with an installation angle of 60° was selected for
modeling, and the calculation domain is the same as the
above setting.

5.1.2. Grid Partitioning and Grid Independence Verification.
/e structure of the jamming device is relatively complex. To
improve the accuracy of the grid parameter selection, a more
adaptable unstructured grid was adopted to partition the
grid. To considerate the accuracy of numerical simulation

and capture the flow phenomenon in the key parts of the
flow field, the casing wall and wake area were properly
encrypted. /e meshing is shown in Figure 17.

Grid independence verification was performed on the
overall computing domain, and the results are shown in
Table 4. As can be seen from the table, when the number of
grids exceeds 1.94 million, the outlet flow of the computing
domain tends to be stable. /erefore, considering the existing
computer hardware resources and computing efficiency, the
scale of 1.94 million grids was used for numerical simulation.

5.1.3. Boundary Conditions. /e boundary conditions of the
fluid domain are set in Fluid Flow (CFX), whose specific
parameters are shown in Table 1. /e boundary conditions
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of the solid domain are also set in the Transient Structural
analysis module (Transient Structural). Since the thermowell
and the interference device are both cantilevered and in-
stalled in the pipeline, the same fixed constraints are applied
with Remote Displacement adopted in the thermowell and at
the top of the interference device to limit the displacement
and rotational movement in the X, Y, and Z directions. Both
thermowell and wall surface of the interference device are set
as the coupling surfaces, serving as interfaces connecting the
fluid domain and the solid domain to transfer data.

5.2. Flow Field Analysis

5.2.1. Velocity Analysis. /e velocity contours of the cross
section and the longitudinal section were obtained from
numerical simulations, as shown in Figure 18. It can be seen

from the figure that the gas flow is becoming stable after
T� 7. /e inclined structures on both sides of the inter-
ference device, though conducive to the flow of gas in the
pipeline, cannot eliminate the high-speed return area.
Compared with Figure 4, the velocity cloud has been re-
markably improved. With the interference device, the speed
is “divided” into three parts in the lateral interface behind
the thermowell, and there the high-speed flow area is formed
due to structural interference at both sides and in the middle,
eliminating the vortex shedding caused by trailing on both
sides of the structure. /e interference device changes the
flow field and avoids vortex-induced vibration of the
thermowell.

5.2.2. Pressure Analysis. /e pressure distribution of the
longitudinal section was obtained by the simulation. Fig-
ure 19 presents the results. As shown in the figure, the gas
pressure distribution in the pipe tends to be stable after T� 7;
a local high-pressure area appears on the upstream side of
the interference device, and two small local low-pressure
areas appear on both sides of the structure, resulting in a

Interference
devices

Computational
domain

Thermocouple

Thermowell

Φ
10

4 
m

m

Φ32 mm

(a)

Line1

Point1 Point2

Line2

(b)

Figure 16: Geometric model.

(a) (b)

Figure 17: Meshing. (a) Fluid domain meshing. (b) Solid domain meshing.

Table 4: Grid independence verification.
/e number of meshes/ten
thousand 86 129 194 292 438

Outlet flow/kg/s 0.624 0.632 0.636 0.636 0.635
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small local pressure gradient with a limited impact on the
interference device. With the full development of the flow,
the local low-pressure areas on both sides gradually become
smaller as the gas flows in the pipe; therefore, the pressure
distribution on the rear side of the pipe also gradually
stabilizes, and the area of the low-pressure area decreases
gradually till it disappears. At T�12, the low-pressure areas
on both sides of the thermowell disappear completely, so the
fluid pressure is evenly distributed on the thermowell wall.

Based on the above analysis, with the interference device
and the change of the flow law, the “Carmen vortex”
shedding on both sides of the thermowell is eliminated,
which avoids the resonance of the thermowell structure; the

interference device can also prevent the thermowell from
direct exposure to gas shock. At the same time, the top
contact area of the interference device structure is large,
which can ensure the safety of its own structure.

5.2.3. Vorticity Analysis. Figure 20 shows the vorticity
contours of the wake region of a single thermowell and
thermowell with an interference device. It can be seen from
Figure 20(a) that after the boundary layer separation occurs
on the casing surface, due to the occasional viscosity of the
fluid, the vortex that falls off periodically appears down-
stream of the casing, which is “2S” shaped and has a long

20 75 130 185 240

[m· s-1]Velocity Magnitude

(a)

20 75 130 185 240

[m· s-1]Velocity Magnitude

(b)

20 75 130 185 240

[m· s-1]Velocity Magnitude

(c)

Figure 18: Velocity contour. (a) T� 7. (b)T�10. (c) T�12.

Shock and Vibration 11



vortex wake. Figure 20(b) indicates that boundary layer
separation also occurs on the casing surface; however, due to
the interference device, the periodic vortex shedding phe-
nomenon in the casing wake region is disrupted, the vortex
shedding frequency is changed, and the vortex wake is
shortened. /erefore, the existence of an interference device
can avoid the resonance phenomenon of a thermowell and
improve its safety.

5.3. Solid Field Analysis. By studying the effects of three
different loads on the thermowell, it was found that the
impact of temperature is inevitable on the stress and de-
formation. /erefore, considering the coeffect of the two
loads on the thermowell, the effect of a certain single load on
the thermowell will no longer be discussed to reduce the
repetitive work while ensuring the calculation accuracy.

Under the coeffect of pressure and temperature, the
deformation contour of the thermowell with the interference
device is shown in Figure 21. It can be seen from the figure
that the most severe deformation occurs at the bottom of the
thermowell due to high gas temperature. /e thermowell
and the interference device undergo large bending defor-
mations as well as expansion to varying degrees. As the

deformation of the thermowell and the interference device
causes the distance between them to be narrowed, it is
necessary to fully consider the installation distance between
the thermowell and the interference device to avoid
squeezing damage due to deformation. /e gas impact is
concentrated on the bottom of the thermowell. Although the

65000 76250 87500 98750 110000

[Pa]Pressure

(a)

65000 76250 87500 98750 110000

[Pa]Pressure

(b)

65000 76250 87500 98750 110000

[Pa]Pressure

(c)

Figure 19: Pressure contours. (a) T� 7. (b) T�10. (c) T�12.

(a) (b)

Figure 20: Vorticity contours. (a) Vorticity contour of single casing. (b) Vorticity contour of thermocouple with interference device.
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0.369
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Figure 21: Deformation contour of thermowell and interference
device.
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maximum deformation area is the same as that without the
interference device, with the interference device, the max-
imum deformation of the thermowell is considerably de-
creased by 57.2% from 1.12mm to 0.4786mm, significantly
reducing the danger of the thermowell deformation.

Since the maximum deformation of the thermowell and
the interference device occurs at the bottom of the structure,
Point 1 and Point 2 in Figure 16 are set as the monitoring
points at the bottom of the structure. /e displacement
deformation changing with time at monitoring Points 1 and
2 is given in Figure 22. It can be seen that the response speed
of the thermowell deformation under load is faster and the
deformation tends to balance at 60 s; om the other hand, the
response speed of the interference device to deformation is
slower, and the interference device tends to balance at 80 s.
/e deformation at both positions is in a stable equilibrium
state after 80 s.

/e displacement of the thermowell and the interference
device in the X and Y directions along the height direction
are as shown in Figure 23. /e monitoring line segments of
the thermowell and the interference device are Line 1 and
Line 2 demonstrated in Figure 16. Based on the data
extracted from Line 1, the displacement of the thermowell
goes mainly in the X-axis direction with the bottom of the
thermowell deformed the most, and the displacement de-
formation in the height direction gradually decreases until
the root constraint position drops to zero. /e displacement
and deformation data extracted from Line 2 indicate that the
displacement is more obvious along the Y-axis direction and
the displacement along the height direction also gradually
decreases until the root constraint position is zero. /ere is
an apparent difference between the deviation of the inter-
ference device and the thermowell, which is related to the
vibration modes of different structures at a specific natural
frequency.

In the equilibrium state, the equivalent stress distribu-
tion contour of the thermowell and the interference device
are shown in Figure 24. /e figure demonstrates that the
stress peaks concentrate in the trapezoidal corners of the

restraining end of the interference device, so the high-stress
distribution range of the thermowell becomes smaller, and
the stress concentration area disappears on the thermowell’s
upstream side. Figure 25 shows that the equivalent stress
distribution of the thermowell and the interference device
changes in the height direction. As shown in Figure 25, in the
height range of 0.04∼0.08m, the stress on one side of the
thermowell almost does not change, but its value is sig-
nificantly lower than before, being stable at 4MPa; at the
height above 0.08m and close to the constrained position of
the thermowell, the stress changes greatly along with the
height and reaches the peak of 35.8MPa at the root. At one
side of the interference device, the stress along the height
direction presents approximately the same distribution law,
but above 0.08m the stress change tends to be more relaxed
than that at the thermowell side, and the stress at the root
restraint position also goes to the peak of 52MPa. Due to the
blocking effect of the interference device on the gas impact,
the equivalent stress of the thermowell is reduced by 72.1%
compared to that without the interference device. Hence, the
interference device can effectively protect the thermowell.

Based on the two-way thermo-fluid-solid coupling
analysis of the thermowell equipped with the interference
device, the interference device can effectively change the flow
law of the flow field. Changing the flow field cross-sectional
structure can eliminate the “Carmen vortex” in the pipeline
to reduce the forced vibration of the thermowell by the
excitation force and avoid its resonance. /e interference
device can also prevent the thermowell from being exposed
directly to the gas impact, ensuring that the stress amplitude
at the root of the thermowell is less than the allowable shear
stress of the material and thereby ensuring the structural
safety of the thermowell. Due to its mass rigidity and large
restricted area, the interference device can ensure the safety
of its own structure.

Figure 26 is the physical map of a single thermowell, and
Figure 27 is the thermowell with interference device. /e
research results of this paper have been recognized by the
industrial partner, and the improved structural model has
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Figure 22: Variation of displacement and deformation with time. (a) /e displacement deformation with time at Point 1. (b) /e
displacement deformation with time at Point 2.
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been produced and applied in real practices after debugging,
which also directly proves that the results of this study are
accurate.

6. Conclusions

Aiming at the fracture damage of thermowell in the ap-
plication of petroleum cracked gas pipelines, a bidirectional
thermo-fluid-solid coupling model for the thermocouple
thermowell was established, and the analysis of thermowell
dynamic characteristics based on bidirectional fluid-solid
couplings was conducted. /e interference device installa-
tion and the installation angle optimization were introduced
to improve the safety of the thermowell structure and ap-
plied to the petroleum cracking gas pipeline of an enterprise.
/e specific conclusions are as follows:

(1) /e influence of gas compressibility cannot be ig-
nored; the vortex shedding in the wake of the
thermowell, the thermal stress due to high tem-
perature, and the pressure generated by the gas are
the direct causes of damage to the thermowell.

(2) After reducing the installation angle of the ther-
mowell, the vortex shedding in the wake area be-
comes nonperiodic, and the Strouhal number
decreases, changing the vortex shedding frequency;
meanwhile, the area of the high-voltage zone of the
sleeve gradually increases, which has a stronger
impact on the casing.

(3) With the interference device, the vortex shedding in
the wake area of the thermowell is suppressed,
avoiding the occurrence of resonance. /e inter-
ference device causes low pressure being formed in
front of the thermowell, which reduces the pressure
difference resistance. /e interference device can
also prevent the thermowell from being directly

exposed to the gas impact and ensure that the stress
amplitude at the root of the thermowell is less than
the allowable shear stress of the material, thereby
ensuring the thermowell structural safety.

(4) After installing the interference device, the dis-
placement deformation of the thermowell is reduced
by 57.2%, and the equivalent stress is reduced by
72.1%.

Abbreviations

ux: /e x component of velocity
h: Enthalpy
uy: /e y component of velocity
hj: Component J enthalpy
uz: /e z component of velocity
Keff: Effective thermal conductivity
t: Time
Jj: Component j diffusion flux
ρ: Density
Sh: Volumetric heat source item
ff: Volume force vector
Ms: Mass matrix
ρf: Fluid density
Cs: Damping matrix
v: Fluid velocity vector
Ks: Stiffness matrix
τf: Shear force tensor
r: Solid displacement
∇: Hamilton differential calculation
τs: Solid stress
p: Fluid pressure
q: Heat flux
μ: Dynamic viscosity
T: Temperature
e: Velocity stress tensor
f: Subscript for fluid
E: Total energy of fluid micelles
s: Subscript for solid.
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