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ABSTRACT

Leakage occurring in the tube sockets of the main steam thermometers can seriously threaten the safe operation of
coal-fired power plants. Here, assuming a 300 MW unit as a relevant testbed, this problem is investigated numeri-
cally through solution of the equations of fluid-dynamics in synergy with the mathematical treatment of relevant
statistics. The results indicate that the steam can form a large-scale spiral flow inside the tube socket and continu-
ously scour the inner wall. In the model with the protective casing setting angle of 60°, the average tangential fluid
velocity can reach up to 4.8 m/s, which is about twice higher than that in the model with the protective casing
setting angle of 0°. The wake disturbance generated by the flow around the thermo-sensitive body leads to differ-
ences in the fluid motion inside the tube sockets between the upstream and downstream thermometers. These
differences are affected by the distance between the thermometers, the setting angle of protective casing, and other
factors. The pressure of the main steam inside the tube socket for a R3 thermometer, located outside the curved
pipeline, is about 1756 Pa higher than that of the L3 thermometer located outside the straight pipeline, indicating
that the secondary flow generated in the curved pipeline is able to provide stronger energy for the large-scale spir-
al flow inside the tube socket. On the basis of these findings, an improvement scheme for the installation of long-
itudinal ribs in the tube sockets is proposed. The simulation results show that the average tangential velocity of the
fluid within the near-wall area of tube sockets decreases by more than 90%, which should be enough to effectively
alleviate the damage to the inner wall caused by high-pressure fluid or particles.
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1 Introduction

Friction and wear are the major problems for the coal-fired power plants [1]. Many thermal equipment
used in coal-fired power plants not only work in an environment with high temperature and pressure for a
long time, but also suffer from scouring and impact caused by moving mediums such as steam and ash
particles. Therefore, the performance degradation and service life shortening of these equipment are
inevitable, which seriously threaten the secure and stable operation of power plants.

The phenomenon [2] that the solid particles carried by moving fluid impact the metal surface repeatedly
and result in material falling off from the surface is called erosion, which is common in coal-fired power
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plants. The method combining computational fluid dynamics (CFD) with erosion theory is widely applied to
the analysis for engineering cases. Das et al. [3,4] established a prediction model to explore the erosion
phenomenon on the surface of boiler components caused by fly ash particles. Simulation results showed
that the erosion rate tended to increase monotonously with the increase of environment temperature and
particle impact velocity. The maximum erosion rate appeared at the impact angle of 30°. Dong et al. [5]
revealed the evolution process of erosion on an economizer and explored the relationship between erosion
rate and ash diameter. Yu et al. [6] proposed a prediction model combined gas-solid flow and catalyst
erosion for a selective catalyst reactor, which was installed between the economizer and air preheater. The
experimental results showed that the model was accurate for predicting the erosion of catalyst. Moreover,
similar studies have also focus on the important equipment components such as steam turbine nozzles
[7–9] and rotor blades [10,11].

In addition, experimental analysis is also a common method for the erosion research. Using an air jet
erosion test rig, Singh et al. [12] analyzed the effects of temperature and particle impact angle on several
boiler steels. Element analysis was carried out by Subramanian et al. [13] for a failed inducted draft fan
blade using electron microscopy. It was found that the flue gas erosion led to pits on the blade, resulting
in the production of fatigue cracks. In order to alleviate the damage caused by erosion, scholars are
committed to create coatings with dense microstructure, high hardness and excellent resistance
performance to erosion [14]. Many experiments had proved that the coatings were able to effectively
improve the safety and economy of power plant equipment [15–20].

It is essential to arrange thermometers on the pipelines for operation monitoring. However, there are few
studies devoting to erosion of thermometers. Thermometer is usually composed of a thermocouple and a
protective casing for isolating the thermocouple and fluid. Moreover, a tube socket is needed to lock the
thermometer on the pipeline. Leakage occurring in the tube sockets of the main steam thermometers
directly threaten the safe operation of the coal-fired power plant. Under this background, this study
intends to select the main steam pipelines of a 300 MW unit as the research object and explore the fluid
flow inside the tube sockets.

In the past research work on numerical simulation for three-dimensional fluid flow inside pipelines
[21–23], a certain two-dimensional slice of pipelines was often chosen to describe the flow characteristics
by showing the distributions of velocity or streamlines. In this study, using the definition of velocity
circulation, the three-dimensional flow characteristics inside the tube sockets were analyzed in synergy
with the mathematical treatment of relevant statistics. Furthermore, the erosion mechanism inside the tube
sockets was revealed and targeted improvement suggestions were put forward to escort the safe and
stable operation of power plants. The novelties of this study include: (1) qualitative and quantitative
analysis was conducted on the flow characteristics inside the tube sockets; (2) the failure reason for the
tube socket was explained from the perspective of fluid dynamics; (3) based on the analysis for the
numerical simulation results, feasible engineering improvement measures were proposed.

2 Numerical Simulation

2.1 Research Objects
In this paper, the main steam pipelines belonging to a 300 MW unit are selected as the research objects.

Fig. 1 shows the geometric structure of the pipelines. As shown in Fig. 1a, the main steam enters the main
stop valves from the left and right pipeline respectively, and there are three thermometers installed
horizontally on each pipeline. The structure of thermocouple protective casing is shown in Fig. 1b. Its
unique thermo-sensitive body in the shape of triangular pyramid (referred to as “pyramid” in the
following) is fixed with a mounting hole, which is 38 mm in diameter and located in the main steam
pipeline. This assembly mode helps to avoid the shaking of pyramid as it extends into pipelines to detect
the main steam temperature.
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During the unit operation, a perforation leakage occurred in the tube socket for R3 thermometer, which
was located at the up-stream of right pipeline. Fig. 2 shows the scene photographs for the right main steam
pipeline and thermometers. It can be observed that the leakage point was located at the upper section of tube
socket and 30 mm away from the weld. Besides, leakage site was a round hole about 5 mm in diameter and
the inner wall within the upper section of tube socket was seriously damaged, where the wear traces caused
by fluid or particles were obvious. It is worth mentioning that a pressure measuring point for the main steam
is installed on the right pipeline, about 200 mm upstream of the R3 thermometer (the position indicated by
white arrow shown in Fig. 2). The main steam conditions under different loads are shown in Table 1.

In response to this engineering failure, a full-scale model for the main steam pipelines with thermometers
was established to simulate the flow field characteristics inside the tube sockets. In addition, the pyramid
surfaces can be divided into flat surface and conical surface. Considering the effect of pyramid setting
angle α on the internal flow field, the models were subdivided into two types through adjusting merely
the pyramid setting angle: (1) model with the steam flow direction vertical to flat surface (α = 60°); (2)
model with the steam flow direction vertical to conical surface (α = 0°), as shown in Fig. 3.

2.2 Governing Equations
The motion of fluid in three-dimensional space is described by a set of partial differential equations,

which are mathematical expressions of conservation laws of mass, momentum, and energy. In the
engineering field, the Reynolds-Averaged Navier-Stokes (RANS) models are commonly used to simulate
the fluid flow inside the pipelines and achieved good results [24–26]. In the RANS models, the continuity
equation and Navier-Stokes equation can be expressed as:

Figure 1: Geometric structure of the research objects
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where ρ is the fluid density, kg/m3; η is the dynamic viscosity, Pa·s.

Figure 2: Scene photographs for the right main steam pipeline and thermometers

Table 1: Main steam conditions under different loads

Load [%] Flow rate [t/h] Pressure [MPa] Temperature [°C]

100 957.45 16.76 540.49

90 867.58 15.95 541.58

80 752.96 15.78 539.78

70 656.24 15.08 541.37

60 578.00 13.49 541.57

Figure 3: The pyramid setting angle
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In this paper, ANSYS FLUENT is used to numerically simulate the incompressible and steady flow field
inside the main steam pipeline. Considering that secondary flow tends to form inside curved pipe [27,28], the
realizability k-ε model is selected to calculate the Reynolds stress caused by turbulent fluctuation. In the
realizability k-ε model, the eddy viscosity ηt is computed from:

gt ¼ qClk
2=e (3)

where coefficient Cμ [29] is defined as follows:

Cl ¼ 1

A0 þ As
kU�

e

(4)

The modeled transport equations for turbulent kinetic energy k and dissipation rate ε in the realizability
k-ε model are:
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In ANSYS FLUENT, C2 = 1.9, σk = 1.0, σε = 1.2. It is worth mentioning that since the steady numerical
simulation is chosen for this research, the time terms (first term on the left side of equation) in Eqs. (1), (2),
(5), and (6) are zero.

2.3 Simulation Details
The velocity-inlet and pressure-outlet are set as boundary conditions. Considering that the pressure

measuring point for main steam is only arranged on the right pipeline, it is assumed that the outlet
pressure values of the left and right pipelines are consistent. The setting of simulated single-value
conditions under three kinds of unit loads is shown in Table 2. In which Δ can be expressed as:

D ¼ jps � pmj=pm � 100% (8)

where ps and pm represent the simulated pressure and measured pressure at the position of pressure measuring
point, respectively.

Table 2: Simulated single-value conditions under different loads

Parameters Unit load [%]

100 80 60

Density ρ [kg/m3] 50.23 46.99 39.34

Dynamic viscosity η × 106 [Pa·s] 31.2 31.0 30.9

Inlet velocity v [m/s] 46.69 39.25 35.99

Outlet pressure p2 [MPa] 16.75 15.77 13.48

Δ [%] 0.016 0.032 0.049`
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In the calculation, the Standard Wall Functions was used to bridge the viscosity-affected region between
the wall and the fully-turbulent region; the SIMPLE algorithm was adopted for the pressure-velocity
coupling; the momentum equation, turbulent kinetic energy and dissipative transport equation were in the
second-order upwind scheme.

2.4 Mesh Independence Verification
Fig. 4 shows the variation tendency of pressure difference Dp with number of mesh units under the

model with pyramid setting angle of 60°. The pressure difference can be expressed as:

Dp ¼ ps � p2 (9)

It can be seen from Fig. 4 that the pressure difference change slightly as the mesh number exceeds
2.4 × 106. Therefore, under comprehensive consideration, the number of mesh adopted for the simulation
was ultimately determined to be 3.57 × 106.

3 Mathematical Average Statistics Method

Fig. 5 shows the schematic diagram of fluid domain inside a tube socket and its transverse planes. The
axial direction of tube socket is defined as z direction and its positive direction points to the lower end plane
(upper end plane z = 0, lower end plane z = 171 mm). In order to describe conveniently, the geometric
structure of fluid domain inside tube socket is divided equally into the upper, middle and lower sections.
The flow inside tube socket can be regarded as a three-dimensional fluid flow between concentric
cylindrical surfaces [30,31], and the fluid velocity v at any position in space can be expressed as:

v ¼ vz þ vu þ vr (10)

where vz is the axial velocity component, vu is the tangential velocity component and vr is the radial velocity
component.

In order to represent the angle between velocity direction and transverse plane, the spiral angle θ is
defined as:

Figure 4: Variation tendency of the pressure difference Δp with number of mesh units
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h ¼ arccos
jvuj
jvj (11)

Based on a mathematical average statistics method, the average fluid motion parameters within the near-
wall region of tube sockets were extracted to analyze the internal flow field characteristics. The transverse
planes at different locations were selected (z1 = 10 mm, z9 = 130 mm, axial step size Δz = 15 mm), and the
average fluid motion parameters at different circumferential radius (r1 = 23 mm, r5 = 19 mm, radial step
size Δr = 1 mm) on each transverse plane were calculated. The detailed information are as follows:

(1) average velocity on a circle with radius of ri is defined by the arithmetic mean value of velocity of all
fluid particles, which are distributed on this circle:

vi ¼ 1

n

Xn
j¼1

jvj (12)

(2) average tangential velocity on a circle with radius of ri is determined by the velocity circulation Γi
around this circle:

vui ¼ �i

2pri
(13)

(3) average spiral angle on a circle with radius of ri is expressed as:

hi ¼ arccos
jvuij
vi

(14)

where i = (1, 5), n = 2000.

4 Results and Discussion

4.1 Fluid Motion inside the Tube Socket for Typical Thermometer
In this section, the L3 thermometer, located at upstream of left main steam pipeline, is selected as a

typical one to analyze the internal fluid flow characteristics under unit load of 80%.

Figure 5: The schematic diagram of fluid domain inside a tube socket and its transverse planes
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4.1.1 Flow at Gap Entrances and Exits
Fig. 6 shows the mode of fluid entering and leaving the tube socket through gaps. Usually, three gaps

appear as the pyramid fixed with mounting hole through line contact. When the fluid flow inside main steam
pipelines is blocked by the pyramid surfaces, the fluid tends to enter the tube socket at high speed through
these gaps and continuously scour the inner wall of tube socket.

Under the model with pyramid setting angle of 60°, fluid usually enters the tube socket from one gap
entrance and leaves from two gap exits. The maximum inlet velocity can reach 45 m/s. While the
pyramid setting angle is 0°, the mode of fluid entering and leaving tube socket is opposite and the
maximum inlet velocity is about 30 m/s.

4.1.2 Divided Flow Phenomenon inside Tube Socket
Fig. 7 shows the distribution of three-dimensional streamlines inside tube socket. It can be found that

there is a divided flow phenomenon inside the tube socket, and its manifestations are different at two
kinds of pyramid setting angles:

(1) As shown in Fig. 7a, when the pyramid setting angle is 60°, the main steam flow I deflects its
trajectory within the lower section of fluid domain and leaves directly from an adjacent gap exit.
In comparison, the remaining main steam flow II continues to move upward at a higher speed
(10∼16 m/s). As a result of closed upper end plane within fluid domain, the continuous influx of
main steam makes the upper section become a higher-pressure area. That is, an adverse pressure
gradient area from the lower end plane to the upper end plane is formed in space within the tube
socket. While main steam flow III reaches the upper-middle section, its axial velocity component
attenuates to a state where it is difficult to overcome the pressure gradient to move upward as
before. It follows that the main steam flow III deflects its trajectory and move downward, leaving
tube socket from another gap exit. Finally, the main steam flow IV reaching the upper section
forms a circular flow around the z-axis. According to the continuity theorem, the fluid velocity
gradually decreases during the divided process.

Figure 6: The mode of fluid entering and leaving the tube socket through gaps: (a) model with steam flow
direction vertical to flat surface (α = 60°); (b) model with steam flow direction vertical to conical surface
(α = 0°)
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(2) In comparison, the divided flow phenomenon inside tube socket is not obvious under the model with
pyramid setting angle of 0°. The main steam flow I, which enters the tube socket from one of the gap
entrances, spirally moves to the upper end plane carrying the main steam flow II. Then, it drops spirally
close to the inner side of fluid domain (amount to the outer wall of protective casing) and leaves from
the gap exit. Meanwhile, the main steam flow III, entering from another gap entrance, deflects its
trajectory near the lower end plane and leaves the tube socket, as shown in Fig. 7b.

4.1.3 Distribution of Average Fluid Motion Parameters inside Tube Socket
Fig. 8 shows the distribution of average fluid motion parameters inside tube socket at pyramid setting

angle of 60°. During the process of the main steam moving to the upper end plane, the average velocity
within the near-wall region of tube socket decreases from 5.5 m/s to 2.8 m/s. Besides, the average spiral
angle gradually reduces to below 20°, indicating that the tangential fluid motion is gradually dominant in
the middle and upper sections. Therefore, the average tangential velocity within the near-wall area is up
to 4.8 m/s. It can be observed that the average spiral angle reaches the maximum value of 80° and the
average tangential velocity is close to zero near the plane z = 100 mm. The reason for this phenomenon is

Figure 7: Distribution of three-dimensional streamlines inside tube socket
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that there is a vortex with large-scale and lower-speed within this region. In particular, the rotation direction
of this vortex is basically perpendicular to the z-axis, as shown in Fig. 7a.

Fig. 9 shows the distribution of average fluid motion parameters inside tube socket at the pyramid setting
angle of 0°. The fluid average spiral angle inside tube socket is comparatively small and basically maintained
below 10° in the upper and middle sections (0–114 mm). Both of average velocity and average tangential
velocity decrease gradually and are eventually maintained at about 1.6 m/s in the upper section, which is
about 50% of the model with pyramid setting angle of 60°.

The reason for the differences mentioned above is that the mode of fluid entering tube socket through the
gaps is impacted by the pyramid setting angle. When the model with pyramid setting angle of 60° is adopted,
the main steam is blocked by the flat surface and then directly rushes to the upper end plane of tube socket at a
high speed through the gap entrance. However, under the model with pyramid setting angle of 0°, the effect
of blocking from the conical surface promotes main steam to move downstream around the pyramid.
Meanwhile, part of main steam tends to enter the tube socket along the gap entrances and finally drive
the internal fluid to form a circular flow around the z-axis.

Figure 8: Distribution of average fluid motion parameters inside tube socket at pyramid setting angle of 60°

388 FDMP, 2023, vol.19, no.2



Fig. 10 shows the actual pictures of a disintegrated tube socket. It can be seen from Fig. 10 that the inner
surface of the tube socket suffered serious wear, and the local wall thickness was thinned to form an obvious pit.
From the observation for wear traces on the inner wall, erosion mainly occurred at the middle and upper regions
of tube socket. The morphology of inner wall shows obvious spiral erosion traces. The actual inner wall wear
condition of tube socket is consistent with the simulation results: (1) a spiral flow with low spiral angle formed
in the middle and upper regions of tube socket; (2) due to the entrapment effect of spiral flow on micro-particles
and affected by the closured upper end plane of tube socket, the high-pressure steam or particles accumulate at
the upper region of tube socket and repeatedly scour the inner wall, resulting in serious wear.

4.1.4 Secondary Flow inside Tube Socket
Vortex is the tendon of fluid movement, leading to a high concentration of kinetic energy around it [32]. Fig. 11

shows the distribution of streamlines on the meridian plane inside tube socket. It can be observed that there are
couples of staggered Taylor vortices [33] on the meridian plane. The appearance of Taylor vortices indicates that
there is a secondary flow inside tube socket [34]. While the fluid forms a spiral motion with low spiral angle,
fluid particles are subjected to centrifugal force, which results in an increase of pressure in the near-wall region
inside tube socket. Meanwhile, the adverse pressure gradient along the radial direction promotes the main steam

Figure 9: Distribution of average fluid motion parameters inside tube socket at pyramid setting angle of 0°
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to move towards the inner side of fluid domain, finally leading to a formation of secondary flow. Therefore, the
Taylor vortices are only distributed in the middle and upper sections under the model with pyramid setting
angle of 60°, where the average spiral angle is relatively small. In contrast, Taylor vortices are almost distributed
throughout the meridian plane as the model with pyramid setting angle of 0° is adopted.

Figure 11: Distribution of streamlines on the meridian plane inside tube socket

Figure 10: Actual pictures of a disintegrated tube socket

4.2 Comparison and Analysis for Average Fluid Motion between Different Thermometers
For convenience of comparison, the arithmetic mean value of average fluid motion parameters on

different circles (r1∼r5 in radius) is calculated for representing the fluid flow characteristics within the
near-wall region of tube socket:

�v 0 ¼ 1

n

Xn
i¼1

�vi; �vu0 ¼ 1

n

Xn
i¼1

�vui; �h 0 ¼ 1

n

Xn
i¼1

�hi (15)

where n = 5.

4.2.1 Thermometers Located at the Left Main Steam Pipeline
As shown in Fig. 12, when the high-speed main steam flows inside the left pipeline, there is a wake

behind the pyramid, resulting in changes in the velocity and flow direction of fluid within the near-wall
area of pipeline [35,36]. Furthermore, the fluid motion inside downstream thermometer tends to be
affected by the wake disturbance.

Fig. 13 shows the distribution of average fluid motion parameters inside the tube sockets for L3, L2 and
L1 thermometers. From Figs. 13a and 13b, it can be observed that the L3 thermometer is first impacted by the
high-speed main steam, leading to the average velocity and average tangential velocity within the middle and
upper sections higher than that inside the downstream thermometers.
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Figure 12: The lower-speed wake within the near-wall area of left main steam pipeline

Figure 13: Distribution of average fluid motion parameters inside the tube sockets for L3, L2 and L1
thermometers
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What is more, resulting from the large spacing between L3 and L2 thermometers, the lower-speed wake
gradually deviates from the primary axis of pipeline after transmission and development, which has a great
impact on the fluid motion inside the tube socket for L2 thermometer:

(1) when the model with pyramid setting angle of 60° is adopted, the wake disturbance has a significant
impact on the fluid flow direction inside the tube socket for L2 thermometer, which is reflected in that
the average spiral angle is stable at about 10° in the upper-middle section (57–100 mm), far lower
than that inside L3 thermometer;

(2) when the model with pyramid setting angle of 0° is adopted, the wake disturbance has a significant
effect on the fluid flow velocity inside the tube socket for L2 thermometer. It can be found that the
average velocity only reaches 50% of that inside L3 thermometer. Besides, the maximum average
tangential velocity is only about 0.5 m/s, which is also far lower than that inside L3 thermometer.
The differences in the velocity indicates that the fluid flow entering and leaving the tube socket
for L2 thermometer decreases compared to the model with pyramid setting angle of 60°.

In addition, due to the small spacing between L2 and L1 thermometers, the wake disturbance from the
upstream has not yet had an obvious influence on the fluid motion inside tube socket for L1 thermometer.
Therefore, the distributions of average fluid motion parameters inside L1 thermometer are similar to that
within L3 thermometer.

4.2.2 Thermometers Located at Right Main Steam Pipeline
Fig. 14 shows the distribution of average fluid motion parameters inside the tube sockets for R3, R2 and

R1 thermometers. In comparison with Fig. 13, it can be found that these thermometers located at the right
pipeline have the lower internal fluid velocity. The reason is that it is easy to form a secondary flow
inside the curved pipeline, leading to higher pressure and lower velocity within the outside area of curved
pipeline.

However, the higher pressure is beneficial for the main steam to overcome the adverse pressure gradient
inside tube socket and continuously move towards the upper end plane. Therefore, while the model with
pyramid setting angle of 60° is adopted, the average spiral angle inside the tube socket for R3

thermometer is relatively larger, and there is no “circular flow” (flow with average spiral angle less than
25°) even in the upper section. Instead, the average spiral angle is at the range of 50°–75° within this
section. Moreover, the position of the vortex with larger-scale and lower-speed inside the tube socket for
R2 thermometer (z = 85 mm) is higher than that inside R1 thermometer (z = 115 mm). Besides, the domain
range of “circular flow” within the tube socket for R2 (0–50 mm) is smaller than that inside R1

(0–85 mm). The distributions of pressure within the near-wall region of these tube sockets are shown in
Fig. 15, in which the Relative Pressure can be expressed as:

pr ¼ pa � C (16)

where pa refers to the absolute pressure and the constant C = 15.672 × 106.

For the model with pyramid setting angle of 0°, the fluid flows inside R3, R2 and R1 thermometers are
relatively approximate. The average spiral angle inside each thermometer is basically maintained at about
10°, which means that the fluid flows inside these thermometers are still dominated by tangential motion.
Besides, the average velocity or the average tangential velocity inside each thermometer changes slightly
along z-axis, keeping in 1 m/s within the upper section.
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4.3 Structure Modification for Tube Socket and Results Analysis
During the unit operation, the loads applied to the inner wall of tube sockets include the high-pressure

main steam and solid particles carried by the main steam. The upper section of tube socket inevitably turns
into an energy accumulation area as a result of the closed upper end plane. Therefore, the inner wall tends to
suffer serious damage as the main steam forms a high-speed circular flow within this area.

Considering the fluid flow characteristics inside tube sockets and the feasibility of installation for
protective casing, three longitudinal fins (equal length with tube socket, 131 mm) were designed on the
inner wall of tube sockets and the optimization results were analyzed. Fig. 16 shows the schematic
diagram of tube socket with longitudinal fins.

Fig. 17 shows the distribution of average fluid motion parameters inside the tube socket for L3
thermometer. In comparison with the original model, the average velocity within upper-middle section
(0–85 mm) decreases by about 50% as shown in Fig. 17a. This means that the kinetic energy of main
steam inside tube socket can be effectively reduced by installing the longitudinal fins. As illustrated in the
Figs. 17b and 17c, the average spiral angle is at the range of 70°–90° and the decreasing amplitude of
average tangential velocity is more than 90%. From the comparison above, it can be concluded that the

Figure 14: Distribution of average fluid motion parameters inside the tube sockets for R3, R2 and R1

thermometers
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installation of longitudinal fins helps to change the original spiral flow pattern inside tube socket, which
should be able to relieve the damage caused by fluid and solid particles.

Figure 16: Schematic diagram of tube socket with longitudinal fins

Figure 15: Distribution of relative pressure within the near-wall region inside the tube sockets (α = 60°)

Figure 17: (Continued)
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5 Conclusion

(1) A large-scale spiral flow is formed inside the tube socket while the main steam enters through the
gaps. Besides, resulting from the closed upper end plane, the main steam tends to form a high-
speed circular flow within the upper section of tube socket, leading to serious damage on the
inner wall.

(2) The setting angle of pyramid has a significant effect on the fluid motion inside tube sockets. While
the pyramid setting angle is 0°, the tangential scouring velocity within upper section is only about
50% of that in the model with pyramid setting angle of 60°.

(3) The fluid motion inside tube socket is related to the location of thermometers. Usually, the
thermometer located at upstream pipeline is first subjected to the impact from high-speed main
steam, resulting in a higher scouring velocity inside tube socket. The wake disturbance from the
upstream pyramid tends to affect the fluid motion inside downstream thermometers, and the
influence degree is related to the distance between different thermometers and the pyramid
setting angle.

(4) The installation of longitudinal fins on the inner wall of tube sockets is effective to reduce the fluid
scouring velocity and change the original spiral flow pattern. Specifically, the decreasing amplitude
of average tangential velocity is more than 90%, which should be conducive to alleviate the erosion
of inner wall.
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