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Abstract	

The	tee	is	inevitably	eroded	by	drilling	fluid	during	operation,	resulting	in	a	decrease	in	
its	 lifespan.	 The	 surface	 strengthening	 of	 the	 three‐way	 inner	 cavity	 can	 effectively	
improve	 its	 service	 life.	 However,	 the	 specific	 erosion	 behavior	 and	 surface	
strengthening	effect	evaluation	of	the	tee	still	need	to	be	studied.	This	article	establishes	
a	computational	model	for	the	erosion	behavior	of	the	tee	and	the	surface	strengthening	
of	 the	 inner	cavity	 through	 finite	element	simulation.	The	calculation	results	 indicate	
that	 the	maximum	erosion	 rate	occurs	at	 the	 intersection	 line	between	 the	 inlet	and	
outlet	straight	pipes	of	the	three‐way	joint.	With	the	change	of	the	operating	conditions	
of	the	drilling	fluid	flow	inlet	and	outlet,	the	maximum	erosion	position	still	occurs	at	the	
intersection	line	between	the	inlet	and	outlet	straight	pipes.	After	surface	strengthening,	
the	maximum	deformation	displacement	of	the	three‐way	inner	cavity	can	be	effectively	
reduced	by	33.93%,	improving	the	impact	resistance	and	service	life	of	the	three‐way	
inner	cavity.	
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1. Introduction	

The three-way valve, as an indispensable component of the drilling fluid circulation system, 
may encounter complex working conditions such as pressures of tens or even hundreds of 
megapascals, scouring by high-speed moving solid particles, and fluid corrosion, which makes 
it highly susceptible to erosion damage and prone to safety accidents [1-7]. Therefore, it is 
necessary to study the erosion behavior of the three-way valve to provide theoretical guidance 
for the strength and life evaluation of in-service manifold assemblies. Moreover, in order to 
increase the service life of the three-way valve, it is necessary to perform surface strengthening 
treatment on the inner cavity of the three-way valve, which will effectively prevent failure [8]. 
In response to the above issues, researchers both at home and abroad have conducted extensive 
studies. Yan Zhanghua [9] et al. based on the theory of fluid dynamics studied the erosion and 
wear mechanism of gravel movement on the high-pressure buckling pipe column, and obtained 
the influence laws of fluid helicity, tubing bending period, and particle characteristics on the 
erosion rate of the high-pressure buckling tubing. Xie Meng [10] et al. conducted erosion 
simulation modeling for the blind three-way junction between vertical and horizontal pipelines, 
analyzed the severely eroded positions within the blind three-way junction, as well as the 
influence of sand particle size and the length of the section with the plug on the ratio of the pipe 
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inner diameter (L/D) to the maximum erosion rate. Cui Lu [11] et al. based on the two-phase 
fluid model, carried out numerical simulation simulations according to different liquid phase 
displacements, inlet particle content, diameters and densities. Li Jinbao [12] et al. numerically 
simulated the anti-erosion and wear reduction capabilities of traditional 90° elbows and blind 
three-way junctions, providing theoretical guidance for the safe operation of gas transmission 
stations' gas distribution manifold. Zhu Xiaohua [13] et al. based on the two-phase flow particle 
erosion theory established a numerical calculation model for the erosion of the three-way 
junction, predicted the parts prone to erosion and wear during the use of the three-way junction, 
and studied the three-way junction orientation angle, the inlet flow rate of the fracturing fluid, 
the volume fraction of solid particles, the particle diameter and the density of the fracturing 
fluid on the erosion rate of the three-way junction. Lin Tiejun [14] et al. studied the motion 
trajectories of solid particles colliding with the substrate under a high-speed gas flow field, 
analyzed the erosion and wear laws of the gas-solid two-phase flow on the substrate surface at 
ultra-high speed. Zeng [15] et al. through the research on array electrode technology, 
completed the erosion behavior research on X65 carbon steel material bent pipes, and 
predicted the erosion and wear at different positions of the bent pipe on the CFD software. 
Previous studies have obtained general rules for the erosion values of three-way fittings. 
However, the erosion laws under different installation and usage conditions of the three-way 
fittings, as well as how to reduce the erosion rate and increase the service life, are still not fully 
developed. With the rapid development of computer technology, numerical analysis methods 
have become a useful tool for evaluating erosion behavior and the effectiveness of surface 
strengthening [16-18]. Therefore, this paper uses the finite element analysis method to study 
the erosion behavior of three-way fittings under different usage conditions and the evaluation 
of the inner cavity surface strengthening. 

2. The	Erosion	Behavior	of	the	Three‐Way	Valve	

2.1. Erosion	Behavior	Calculation	Model	
Triangular pipe fittings are widely used in the petroleum industry, mainly for guiding the 
diversion or convergence of fluid media within the pipe and changing the flow direction of the 
internal fluid media [19]. The tri-branch components cause significant disturbances to the fluid 
media in the process of diversion or convergence within the pipe, further promoting the friction 
and collision of the flowing media within the pipe and intensifying the formation of erosion 
phenomena. Therefore, the degree of erosion wear is more severe than that of straight pipes 
[20]. 
In this erosion analysis, the simulation calculation model adopts the k-ε turbulence model [21]. 
The inlet adopts a velocity inlet, and the inlet velocity is calculated based on the flow rate and 
inlet area. The outlet adopts an outflow boundary. There are many factors affecting erosion, 
and the erosion mechanism is relatively complex. It is mainly related to the physical properties 
and trajectories of particles, turbulence in the local flow field, solid wall conditions, the 
influence of multiphase flow, and the local cavities caused by material wear [22]. Therefore, 
there is no universal erosion model that can be applied to the simulation of all conditions. For 
different situations, different models should be selected. Fortunately, the forms of erosion 
models still have many similarities. The erosion rate is proportional to the particle diameter, 
particle velocity, collision angle, hardness of the solid surface, etc. The general form is as follows 
[2]: 

     ‐Er∝f(DP)f(v)f(α)f(HS) (1) 
In the formula: Er represents the erosion rate; Dp is the particle diameter; v is the particle 
velocity; α is the collision angle; Hs is the hardness of the solid surface. 
This paper employs the Generic Erosion Model, and its general form is as follows [23]: 
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ER= ෍
mpሶ C(dp)f(α)vpn
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p=1

 (2) 

In the formula: ER represents the erosion rate per unit area, in units of kg/ሺ𝑚ଶ ∙ 𝑠ሻ ; mp 
represents the mass flow rate of particles, in units of kg/s; f(α) is the collision angle function; vp 
is the collision velocity of particles, in units of m/s, and n is the velocity exponent; C(dp) is the 
particle diameter function; Aface represents the area of the erosion region, in units of 𝑚ଶ. 

During the solution calculation, the mass flow rate of the particles and the collision velocity are 
obtained through CFD calculations. The collision angle function is as shown in Equation (3) [9]: 
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In the formula: 𝑓ሺ𝛼ሻ represents the collision angle function; 𝛼 is the collision angle. 
The collision speed and collision angle between the particles and the wall surface can be 
obtained from the particle trajectories. The erosion rate is generally closely related to the 
collision speed of the particles. It is generally believed that the erosion rate is proportional to 
the collision speed, and the erosion rate is the nth power of the collision speed. For steel, the 
value of n ranges from 1.5 to 2.7. In this paper, n is taken as 2.6 [24]. The particle size function 
C(dp)=1.8e-9. 
Figure 1a shows the geometric model of this paper, and the study is conducted on the three-
way junction of the T-shaped structure as an example. Figure 1b shows one of the common 
working conditions, that is, a single inlet and double outlets. The blue marks represent the 
single inlet, and the red marks represent the double outlets. The calculation domain for the 
internal part of the three-way junction, that is, the erosion wear study, is drawn and meshed, 
and a high-quality structured hexahedral mesh is obtained [25]. The model after meshing is 
shown in Figure 1c. To further observe the meshing situation inside the three-way junction, 
Figure 1c is cut open, and the sectional view of the three-way junction cross-section is obtained, 
as shown in Figure 1d. 
 

 
Figure	1.	Three-way geometric model and erosion model (a) Geometric model, (b) Flow 
channel model diagram, (c) Element model diagram, (d) Middle section sectional view. 

2.2. Flow	Field	Analysis	
The working conditions for this analysis are as follows: the working pressure during the 
construction operation is 70 MPa, the flow rate Q is 55 L/s, and the selected drilling fluid is the 
typical drilling fluid from Chuanqing Drilling Company in Chuanne drilling. The density of the 
drilling fluid, ρ, is 1500 kg/m³, the PV value is 20 MPa.s, and the particle diameter of the drilling 
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fluid is taken as the common 200 μm (75 mesh). The inlet boundary condition is a velocity inlet; 
the outlet is a free outflow. The pipe wall is a wall boundary, set as a stationary wall and a non-
slip wall. The dispersed phase, namely the solid particles, is quartz stone particles. The escape 
condition is adopted at the inlet and outlet, the rebound condition is used for the wall, and 
transient numerical simulation is conducted for the two-phase flow in the three-way valve [26]. 
The diameter of the three-way valve inlet d is 101.6 mm, so the inflow velocity V of the drilling 
fluid in the three-way valve is: 

V=
Q

π
4 d

2
=

0.055
π
4 ×0.10162

=6.79m/s (4) 

The actual mass fraction of sand content in the drilling fluid, ω, is 0.3%, which meets the 
requirements of the DPM model for discrete phases. The DPM model is used to simulate the 
flow characteristics of the dilute dispersed phase in the flow field [27]. Then, based on the 
obtained actual mass fraction of sand content in the drilling fluid, the mass flow rate of the solid 
phase, P, in the liquid cylinder can be calculated as follows: 

𝑃 ൌ 𝑄𝜔𝜌 ൌ 0.25𝑘𝑔/𝑠 (5) 
The flow field analysis was conducted under the conditions of an inlet velocity of 6.79 m/s and 
a mass flow rate P of 0.25 kg/s. The numerical results of the three-way flow field are shown in 
Figure 2. As can be seen from the velocity cloud diagram of the drilling fluid inside the three-
way (Figure 2a), when the drilling fluid flows from the inlet into the straight pipe section, the 
velocity is relatively stable. When the drilling fluid flows from the inlet straight pipe section into 
the outlet straight pipe section, affected by the inertial force, the flow of the drilling fluid forms 
an arc and finally flows horizontally away from the inlet wall section. As can be seen from the 
trace and particle trajectory cloud diagrams inside the three-way (Figure 2b and c), the trace 
and particle trajectory are consistent with the velocity cloud diagram, especially near the 
intersection line, which indicates that the intersection line may suffer erosion damage. 
 

 
Figure	2. Analysis of three-way flow field (a) Velocity cloud map of drilling fluid inside the 

three-way, (b) Trajectory of drilling fluid inside the three-way, (c) Velocity cloud map of 
drilling fluid particles, (d) Overall erosion rate cloud map of the three-way. 

 
To verify this conjecture, the overall erosion rate cloud diagram of the three-way was calculated, 
as shown in Figure 2d. From the overall erosion rate cloud diagram of the three-way, it can be 
seen that the erosion wear is mainly concentrated at the intersection line, and there is only a 
small amount of wear in the horizontal straight pipe section. This is similar to the previous 
experiments and simulations [1, 3, 9, 11], proving the accuracy of the numerical simulation in 
this paper. The fluid flows horizontally into the lower straight pipe section, and the fluid in the 



Scientific	Journal	of	Technology																																																																																																																									Volume	8	Issue	2,	2026	

ISSN:	2688‐8645																								

150 

upper straight pipe section flows vertically under the action of gravity. The two parts of fluid 
and particles collide at the intersection point of the two straight pipe sections, with chaotic 
motion trajectories and rebounding after hitting the wall. According to the velocity cloud 
diagram (Figure 2a and c), the velocity of the drilling fluid at the intersection line is high and 
the speed of the particles is fast, which has a strong ability to cause erosion damage to the wall. 
Therefore, the erosion wear at the intersection is relatively large. Most of the particles collide 
and continue to move with the fluid, and the impact angle on the wall in the straight pipe section 
is small, so the erosion wear in the straight pipe section is relatively small. 

2.3. Analysis	of	Erosion	Laws	under	Different	Operating	Conditions	
Given that in actual operation, three-way valves may encounter various different working 
conditions, such as single inlet and single outlet, double inlet and single outlet, etc. Therefore, 
it is necessary to analyze these different working conditions and more comprehensively 
summarize the erosion patterns of three-way valves. 
 

 
Figure	3.	Erosion rate contour maps under different operating conditions (a) single inlet and 

single outlet, (b) single inlet and double outlets, (c) double inlet and single outlet 
 

The flow field analysis was conducted under the condition of a mass flow rate P of 0.25 kg/s, as 
shown in Figure 3. The erosion rate contour maps for the single inlet single outlet, single inlet 
double outlet, and double inlet single outlet cases were calculated. From the erosion rate 
contour maps of the three-way different operating conditions, it can be seen that the maximum 
erosion position of the three-way always occurs on the intersection line of the inlet straight 
pipe and the outlet straight pipe. This may be because the fluid flows horizontally left and right 
in the lower straight pipe section, and the fluid in the upper straight pipe section flows vertically 
downward under the action of gravity. Then, the two parts of the fluid and particles may collide 
at the intersection line of the two straight pipe sections, causing the motion trajectory to 
become chaotic and complex. After hitting the wall near the intersection line, they continue to 
rebound. Therefore, the intersection line area suffers significant erosion wear. To further verify 
our speculation, the particle velocity contour maps under different operating conditions were 
studied, as shown in Figure 4. From the particle velocity contour map inside the three-way, it 
can be seen that in the intersection line of the inlet straight pipe and the outlet straight pipe in 
the three cases, the particle velocity is large, and the erosion angle at the intersection line is 
large. After hitting the wall near the intersection line, they continue to rebound. The 
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intersection line area experiences a large number of impacts, and the erosion damage caused 
by a single impact of the particle is strong, thus causing significant erosion wear at the 
intersection line area. 
 

 
Figure	4.	Particle velocity cloud diagrams under different operating conditions (a) single inlet 

and single outlet, (b) single inlet and double outlets, (c) double inlet and single outlet. 

3. Surface	Strengthening	of	the	Inner	Cavity	of	the	Three‐Way	Valve	

3.1. Computational	Model	for	Surface	Strengthening	of	the	Inner	Cavity	
During operation, the inner cavity of the three-way valve also bears significant loads, which can 
cause deformation and damage to the cavity. Surface strengthening of the inner cavity can 
enhance its impact resistance and extend its service life. Therefore, it is necessary to conduct 
research on the surface strengthening of the three-way valve cavity. Currently, the three-way 
valve is mainly forged from 35CrMoA steel. The material properties of the three-way valve are 
shown in Table 1. Set the Young's modulus of 35CrMoA to 213 GPa (Group 1) as the control 
group, representing the situation without surface strengthening; other groups (Group 2, Group 
3, Group 4) have Young's moduli set at 240 GPa and then increased by 320 GPa as a gradient 
for the experimental groups, representing the situation after surface strengthening measures 
are applied. Young's modulus can describe the ability of a solid to resist deformation. When the 
Young's modulus is larger, the probability of deformation is smaller [28]. After surface 
strengthening, the material's resistance to deformation may be enhanced [29]. Therefore, in 
this paper, the Young's modulus is set from 240 GPa to 320 GPa as a gradient for the 
experimental group to represent the material after surface strengthening, and to characterize 
the material after surface strengthening. 
As shown in Figure 5, the finite element calculation model for the surface strengthening of the 
three-way cavity is presented. Figure 5a shows the result of the meshing. The meshing is carried 
out in a tetrahedral-dominated manner [30]. After the meshing is completed, the maximum cell 
size is 12mm, the number of nodes is 855,213, and the number of cells is 592,765. The boundary 
conditions are set according to the working conditions of the three-way, as follows: 
(1) Set the gravitational acceleration in the vertical downward direction to g = 9.80 m/s²; 
(2) According to the installation method of the three-way, add full constraints to the inlet and 
outlet end faces of the three-way, with no degrees of freedom; 
(3) Add symmetry constraints to the cutting surface of the three-way along the central axis of 
the cavity; 
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Table	1.	Properties of the three-way material after surface strengthening treatment 
35CrMoA (Group 1) 35CrMoA_1(Group 2) 

Density 7870 kg/mଷ Density 7870 kg/mଷ 
Young's 
modulus 

213 GPa Young's 
modulus 

240 GPa 

Poisson's 
ratio 0.286  Poisson's ratio 0.301  

Volume 
modulus 

165.9 GPa Volume 
modulus 

201.0 GPa 

Shear 
modulus 82.8 GPa Shear modulus 92.2 GPa 

35CrMoA_2(Group 3) 35CrMoA_3(Group 4) 

Density 7870 kg/mଷ Density 7870 kg/mଷ 

Young's 
modulus 

280 GPa Young's 
modulus 

320 GPa 

Poisson's 
ratio 0.314  Poisson's ratio 0.324  

Volume 
modulus 

250.9 GPa Volume 
modulus 

303.0 GPa 

Shear 
modulus 106.5 GPa Shear modulus 120.9 GPa 

 
(4) According to the working condition of the three-way, add a surface pressure of 70 MPa to 
the relevant surface (the red surface in Figure 5b). 

 

 
Figure	5. Mesh division and load application of the three-way junction (a) Mesh division 

result, (b) Load application surface 
 

It is worth noting that, considering that the inner surface of the three-way connector is unstable 
in terms of surface pressure under the action of the drilling fluid in practice, a 70 MPa 
alternating load was applied to the inner cavity. 

3.2. Evaluation	of	Inner	Surface	Strengthening	
In order to evaluate the strengthening effect of the tricorner cavity, the deformation 
displacement of the tricorner was studied. Analyzing the magnitude of the deformation 
displacement can directly show how the surface strengthening effect is, and whether the 
deformation displacement of the cavity can be reduced to achieve the strengthening effect. In 
addition, through the analysis of the deformation displacement, the most severely deformed 
area of the tricorner deformation can be found, providing theoretical guidance for the actual 
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processing strengthening of the tricorner cavity surface. Based on the above discussion, the 
deformation displacement cloud diagrams of the tricorner cavities of different group numbers 
were visualized, as shown in Figure 6. 
According to the results shown in Figure 6, the deformation displacement conditions of the 
tricorner cavities of different groups can be analyzed in greater depth. By comparison, it was 
found that the deformation displacement of group 1 was the largest, which might be caused by 
the insufficient structural design and material strength of this group to withstand the force 
situation. While the deformation displacement of group 2 was second, but still relatively large, 
which might also be related to the defects in the structural design and material strength. In 
contrast, the deformation displacements of group 3 and group 4 were relatively smaller, 
indicating that the structural design and material strength of these two tricorner groups were 
more reasonable and could better withstand the force situation. 

 

 
Figure	6.	Deformation displacement cloud map of the inner cavity of the three-way valve. 
 

It is worth noting that in all groups, the maximum deformation displacement seems to occur at 
the intersection line of the vertical pipe and the straight pipe, which is consistent with the 
previous research results [31]. This will well verify the accuracy of the finite element model in 
this paper. This phenomenon may be caused by the structure being too weak and prone to 
stress concentration at the intersection line. Therefore, in practical engineering applications, 
this area needs to be strengthened as a priority to improve the stability and strength of the 
structure. For example, secondary reinforcement can be appropriately considered in this area 
to further enhance the strength and stability of the three-way chamber cavity. Based on the 
above discussion, through surface strengthening treatment, the deformation displacement of 
the three-way chamber cavity has been effectively reduced, and the risk of material failure in 
the cavity has also been significantly reduced. In addition, during the analysis of the 
deformation displacement, it was found that the maximum deformation displacement area 
mainly concentrated at the intersection line of the vertical pipe and the straight pipe, which 
provides important theoretical guidance for actual strengthening processing. 
To study the deformation displacement of the three-way chamber cavities in different group 
numbers more deeply, the trend of their maximum deformation displacements was calculated, 
as shown in Figure 7. From Figure 7, it can be seen that the maximum deformation displacement 
value of group 1 is the largest, reaching 0.056mm, while the maximum deformation 
displacement value of group 4 is the smallest, only 0.037mm. In contrast, the maximum 
deformation displacement values of group 2 and group 3 are 0.049mm and 0.042mm, 
respectively. 
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Figure	7.	Maximum Deformation Displacement of the Three-way Junction. 

 
Based on the analysis of the above data, the following conclusions can be drawn: Surface 
strengthening treatment can effectively reduce the maximum deformation displacement of the 
inner cavity of the three-way valve, thereby reducing the risk of significant deformation of the 
inner cavity and increasing the service life. Specifically, compared with the experimental group 
(Group No. 1), the maximum deformation displacement value of the three-way valve inner 
cavity after surface strengthening decreased by 33.93% (Group No. 4), which indicates that 
surface strengthening treatment is a very effective method that can significantly improve the 
stability and strength of the three-way valve inner cavity. 
In conclusion, by calculating the maximum deformation displacement data of the three-way 
valve inner cavities of different group numbers, it has well proved the effectiveness of surface 
strengthening treatment, and further verified the previous conclusions. This research result 
will provide important guidance and reference for engineering practice, and is expected to 
promote the development of the strengthening processing technology of the three-way valve 
inner cavity. 

4. Conclusion	

This paper conducted finite element simulations to study the erosion behavior of the three-way 
valve and the evaluation of the internal cavity surface reinforcement. 
(1) The analysis of the flow field of the drilling fluid inside the three-way valve indicated that 
the particle velocity was higher near the intersection line of the vertical pipe and the straight 
pipe, resulting in the maximum erosion rate occurring near the intersection line. 
(2) By changing different working conditions, it was found that regardless of single inlet and 
single outlet, single inlet and double outlet, or double inlet and single outlet, the position where 
the maximum erosion rate occurred was always near the intersection line. 
(3) Under the action of the internal cavity pressure, the maximum deformation displacement 
of the three-way valve also occurred at the intersection line of the vertical pipe and the straight 
pipe. After the internal cavity of the three-way valve was strengthened on the surface, it could 
effectively reduce the maximum deformation displacement, with a maximum reduction of 
33.93%. 
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