fluids

Article

Flow Mechanism Analysis of Engine Valve Deviation Under
Braking Conditions

Wenchao Mo 1, Zhancheng Dou !, Qiang Sun ? and Zhihang Chen 3*

W) Check for updates

Academic Editors: Robert Martinuzzi

and Francesco De Vanna

Received: 28 February 2026

Revised: 23 March 2026

Accepted: 26 March 2026

Published: 27 March 2026
Copyright: © 2026 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license.

State Key Laboratory of Engine and Powertrain System, Weichai Power Co., Ltd., Weifang 261061, China;
mowenchao@weichai.com (W.M.); douzhancheng@weichai.com (Z.D.)

Ningbo Shenglong Intelligent Automotive Systems Co., Ltd., Ningbo 315800, China; q.sun@sheng-long.com
Aircraft and Propulsion Laboratory, Ningbo Institute of Technology, Beihang University,

Ningbo 315800, China

Correspondence: chenzhihang0718@163.com

Abstract

The valve serves as the actuating component within the valve mechanism. Under braking
conditions, the valve is prone to swaying, which significantly compromises the reliability
and service life of the engine. Hence, this paper focuses on researching the deviation
characteristics of engine valves. Through a three-dimensional numerical simulation, we
analyze the flow field around the valve in the instantaneous states. Our research has
revealed that the flow surrounding the valve exhibits a complex multi-vortex structure.
Specifically, we observed the evolution pattern of the asymmetric multi-vortex flow along
the valve axis within three distinct zones: the asymmetry increase zone, the symmetric
development zone, and the asymmetry re-increase zone. The asymmetry increase zone
and the asymmetry re-increase zone are located in the curved section and the cylindrical
body of the valve, respectively. These zones are the primary contributors to the lateral
force acting on the valve, which in turn induces deviation. Based on these analysis results,
further research must be conducted on the dynamic characteristics of the flow during valve
movement and on optimizing the valve structure through flow control strategies.

Keywords: exhaust port; flow mechanism; three-dimensional simulation; engine valve
deviation

1. Introduction

The Weichai Exhaust Valve Brake (WEVB) is an engine auxiliary brake device devel-
oped by Weichai Power Co., Ltd., Weifang, Shandong, China and is automatically triggered
when the vehicle is downhill braking. Under downhill braking conditions, the engine is
shut down and dragged in motion under the inertia of the vehicle. The WEVB controls
the lift of one of the exhaust valves (called the brake exhaust valve), which can maintain a
slight opening gap of 1-2 mm between the brake exhaust valve and the exhaust port during
the compression and power strokes, significantly reducing the gas pressure in the cylinder,
avoiding high-pressure gas from driving the engine to do positive work, and improving the
braking efficiency of the engine. The WEVB can reduce the braking frequency by more than
50% and relieve the risk of brake system wear and tire overheating. Due to the excellent
performance of the WEVB, it has become the standard configuration of Weichai engine.

However, under braking conditions, the WEVB will only keep one exhaust valve
slightly open. Compared with the common exhaust conditions (two exhaust valves open),
the brake exhaust valve will be subjected to greater lateral force, resulting in the deviation

Fluids 2026, 11, 87

https://doi.org/10.3390/fluids11040087


https://crossmark.crossref.org/dialog?doi=10.3390/fluids11040087&domain=pdf&date_stamp=2026-03-27
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/fluids
https://www.mdpi.com
https://doi.org/10.3390/fluids11040087

Fluids 2026, 11, 87

2 of 14

of the brake exhaust valve [1-3]. This phenomenon leads to inadequate sealing between
the valve and the valve seat, thereby compromising the engine’s combustion efficiency and
overall performance. Furthermore, the deviation can exacerbate wear on both the valve
and the valve seat, significantly diminishing the engine’s reliability and service life [4].
Therefore, it is essential to conduct in-depth research on the deviation phenomenon of
valves. This research should aim to uncover the underlying flow mechanisms responsible
for its occurrence, propose effective methods for flow control and deviation suppression,
enhance engine reliability, and provide both theoretical support and practical guidance for
the advancement of engine technology.

At present, research on engine valves can be broadly categorized into two main areas.
The first involves investigating the solid structure of engine valves [5-7], while the second
encompasses the flow around engine valves. Regarding the study of failure mechanisms,
factors such as mechanical stress, thermal loads, and chemical corrosion are taken into ac-
count [8,9]. In terms of valve material research, various valve materials have been compared
based on their performance characteristics [10]. For the dynamic analysis of valves, the
primary approach involves setting boundary conditions on software platforms, introducing
dynamic loads, and achieving maximum parameterization of working conditions in the
analysis methods and processes [11]. However, existing research predominantly focuses
on the dynamic simulation and modeling of valves from the perspectives of material and
structural enhancements. Notably, the typical fluid—solid-coupling-induced motion char-
acteristics of valve deviation are overlooked when the flow component is not considered.
This omission hinders the revelation of the underlying mechanisms of valve deviation,
thereby restricting the development of suppression technologies and optimization schemes
for valve structures. Therefore, it is imperative to conduct systematic research on flow
characteristics to address these gaps.

Regarding the study of the flow around engine valves, in the 1980s Gosman et al. [12]
carried out both experimental and numerical simulation investigations into the steady-
state flow of valves. Their work enabled predictions for medium and small valve strokes,
although the results were less satisfactory for larger strokes. With the advancement of
three-dimensional flow simulation technology, extensive and detailed studies have been
conducted on the flow fields surrounding valves, illustrating various flow patterns within
the intake system [13-15]. Many more studies have been conducted on the influence of
exhaust valve structure and strategy on the flow around it [16-20]. These research findings
indicate that numerous factors influence the flow characteristics at the valve. These factors
primarily include the intake conditions, the geometric structure and placement of the valve,
the type of air passage, and the engine’s operating state. However, the mechanisms by
which these factors induce deviation in the valve have not been thoroughly addressed.
Consequently, there is a need for further exploration to reveal the flow structure around
the valve in greater detail.

This paper performs a static analysis of the aerodynamic characteristics during the
valve braking process via a three-dimensional numerical simulation and elucidates the flow
mechanism underlying valve deviation through an examination of the flow field structure.
Section 2 outlines the test model and the methodologies employed. Section 3 presents and
discusses the obtained results. Section 4 offers a discussion on the conclusions drawn from
this study.

2. Test Model and Approaches
2.1. Test Model

Figure 1 illustrates a simplified model of the WP13 engine of Weichai Power Co.,
Ltd., Weifang, Shandong, China. Its intake port, two intake valves and one exhaust valve
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are deleted because only the brake exhaust valve opens at the crankshaft angle of 0°.
The port where the deleted exhaust valve is located is regarded as the sealed port. The
valve and piston are fixed at the crankshaft angle of 0° (see the details of the boundary
conditions in 3)@ below). The computational geometric model encompasses the exhaust
port, the exhaust valve, and the combustion chamber. The valve has an outer diameter of
d =40.5 mm. A coordinate system is established with its origin at the center of the valve,
where the y-axis aligns with the valve’s symmetric axis, the x-axis represents the horizontal
direction, and the z-axis is perpendicular to the xy-plane. The simulation conditions are
summarized as follows: @ The time step is 1 x 107* s. @ The crankshaft angle is 0°.
® The valve lift is 1.3132 mm. @ The piston is located at the top dead center, which is
1.2 mm away from the top of the combustion chamber. ) The bottom of the combustion
chamber is treated as a pressure inlet, with a pressure of 3.866 MPa and a temperature of
837.85 K. (® The end of the exhaust port is treated as a pressure outlet, with a pressure of
0.296 MPa and a temperature of 757.16 K. (?) The combustion is not considered because
the engine will shut down under braking conditions. (8) Gas is considered compressible
and modeled as an ideal gas. The data of boundary conditions @@ &) (© are provided by
Weichai Power Co., Ltd., Weifang, Shandong, China.

y=50mm + 3 y/d=1.23
y=45mm = y/a=1.11
y=40mm = v/d=0.99
y=35mm i a2 y/d=0.86
y=30mm 1 y/d=0.74
y=25mm y/d=0.62
y=20mm f = y/d=0.49
y=15mm /d=0.37
y=10mm 3 y/d=0.25
y=5mm /d=0.12
y=0mm }"7 Y/d=0

d=@40.5mm ——|

——on @ =2.05d —l

Figure 1. A model of the valve and its related components. Units of length scale are in mm.

2.2. Numerical Methods

In this paper, ANSYS Fluent 2023 is employed to perform a three-dimensional com-
pressible simulation of the flow characteristics around the exhaust valve. Figure 2 displays
the polyhedral mesh of the model shell and valve. The height of the first boundary layer
grid is set sufficiently low to ensure that y+ < 1, and the grid growth rate is maintained at
1.2. The grid size of the valve is refined from 0.3 mm to 0.1 mm, and the number of grids
is increased from 1.2 million to 2.4 million. The entire computational domain comprises
a total of 1.5 million cells. Figure 3 illustrates the variations in the force coefficient in the
z-direction (C;) with respect to the grid number (N, in millions) and the circumferential
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pressure coefficient (Cp) distributions under different grid resolutions. The force coefficient
in the z-direction, C;, is defined as C, = F,/ (0.5poo Vfod), where F, represents the force
acting on the valve in the z-direction, defined as F, = 027T (0.5p;D sinb;)db;, and p; is the
static pressure at the ith tap. The circumferential pressure coefficient, Cp, is defined as
Cp = p(6s)/(0.50AVZ), where p(6,) is the static pressure obtained at the location corre-
sponding to 6s. The variations in both C, and C, across the five different grid resolutions
are essentially consistent. Therefore, a grid with N = 1.5 million cells is selected as the
moderate computational grid for this study.

The transient Reynolds-Averaged Navier—Stokes (RANS) equations are solved using
the finite volume method. For the spatial discretization of the transport equations, a second
order upwind scheme is employed. A first order implicit scheme is used for temporal
discretization. Meanwhile, the pressure-velocity coupling is handled using the Semi-
Implicit Method for Pressure-Linked Equations-Consistent (SIMPLEC) algorithm. The
Shear-Stress Transport (SST) k-w turbulence model is adopted in this paper due to its
higher capability in the simulation of in-cylinder flow [21-24].

(a) (b)
Figure 2. Numerical model and grids. (a) Model shell; (b) valve.
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Figure 3. Verification of grid number independence. (a) Variations in sectional lateral force (C;) with
grid number (N millions). (b) Circumferential pressure (Cp) distributions under different grids.

3. Results and Discussion

To elucidate the flow mechanism responsible for valve deviation, this section discusses
the aerodynamic forces acting on the valve and the associated flow characteristics. Figure 4
illustrates the variation in the time-averaged sectional lateral force coefficient, C,, with respect
to y/d, which is correlated with the evolution of flow along the valve axis. It is evident that
C, is positive, indicating that the sectional lateral force acts along the positive z-axis. As
the flow progresses along the y-axis, the sectional lateral force transitions to negative and
increases rapidly, reaching its peak at y/d = 0.37, where it acts along the negative z-axis.
Consequently, the interval y/d < 0.37 is designated as the “asymmetry increase zone,” which
is situated in the curved section of the valve, as depicted in Figure 1. As C; evolves along y/d,
the negative C, diminishes and becomes positive at y/d = 0.8, only to revert to negative at
y/d = 1. The sectional lateral force fluctuates around zero within this range. Thus, the interval
0.37 <y/d <0.99 is designated as the “symmetric development zone.” This range is located
in the conical section of the valve, as shown in Figure 1. When y/d > 0.99, corresponding
to the cylindrical body of the valve, the sectional lateral force becomes negative again and
increases rapidly. The interval y/d > 0.99 is, therefore, designated as the “asymmetry re-
increase zone.” These observations reveal that the valve is subjected to a lateral force in the
negative z-direction, which causes the valve to exhibit lateral deviation.

Figure 5 depicts the flow structures and corresponding circumferential pressure distribu-
tions at iy/d values of 0, 0.12, 0.25, and 0.37, all of which fall within the asymmetry increase
zone. It is evident from Figure 5a,b that the pressure distribution exhibits symmetry with
respect to the valve symmetry plane x/d = —z/d, while displaying significant asymmetry rela-
tive to the symmetry plane x/d = z/d. Owing to variations in the fluid velocity and pressure,
the flow velocity differs across regions as the fluid transitions from a narrow gap into a larger
space. This disparity generates tangential forces, leading to rotational flow. Consequently,
two symmetrical vortices form radially at the 325° radial position and symmetrically around
the valve in both directions. These vortices create distinct suction peaks at the 220° and 50°
radial positions, resulting in a reduction in pressure on the valve surface. Additionally, due
to radial flow diffusion, two vortices (Vs) emerge at the 320° radial position. As the vortices
develop along the valve axis, their intensity diminishes and they expand radially at y/d = 0.12,
as shown in Figure 5¢,d. The surface pressure at the 0-90° and 180-270° ranges becomes even
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lower due to the influence of these vortices on the valve surface. The VRs (radial vortices)
develop and propagate along the axial direction. As illustrated in Figure 5h, the presence of
Vout (an outer vortex) subjects the Vy (radial vortex) to its suction force, causing it to lift away
from the wall surface and generate a secondary vortex, Vg 4. Consequently, the surface
pressure at the 60° radial position decreases, as shown in Figure 5g.
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—-0.04 4

=0.07

—0.10 T T T T 1
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Figure 4. Variation in sectional lateral-force C, with y/d.
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Figure 5. Flow structures and corresponding circumferential pressure distributions at y/d = 0,
0.12, 0.25 and 0.37 (shown in Figure 1). The contour plot represents dimensionless vorticity.
(a) y/d = 0, circumferential pressure distributions. (b) y/d = 0, distributions of vorticity.
(¢) y/d = 0.12, circumferential pressure distributions. (d) y/d = 0.12, distributions of vorticity.
(e) y/d = 0.25, circumferential pressure distributions. (f) y/d = 0.25, distributions of vorticity.
(g) y/d = 0.37, circumferential pressure distributions. (h) y/d = 0.37, distributions of vorticity.

The pressure distributions and flow field structures depicted in Figure 5 exhibit a
symmetrical state with respect to the line x/d = —z/d. Consequently, Figure 6 illustrates
the velocity vectors and contours of both the symmetrical plane (Section 2 in Figure 1) and
its perpendicular plane (Section 1 in Figure 1). It is evident that the velocity is symmetric
about the valve axis when y/d < 0.37. As a result, the surface pressure distribution shown
in Figure 5c¢ displays a structure characterized by minimal radial fluctuations, with the
pressure magnitude hovering near 0.26. Subsequently, the flow collides with the valve
aty/d = 0.25, prompting a change in the flow direction and a reduction in velocity. The
continuous impacts lead to an increase in pressure on the valve surface, as demonstrated
in Figure 5e. According to the model structure presented in Figure 1, the exhaust port is
situated between the radial positions of 30° and 60°. Therefore, a vortex structure, denoted
as Vout, emerges on the inner surface of the outer wall, as shown in Figure 5f. This vortex
structure causes the surface pressure to rise at the radial position of 60°, as indicated
in Figure 5e.

As the flow progresses along the axial direction of the valve, the axial velocity depicted
in Figure 6 decreases within the range of y/d = 0.37 to 0.5 and increases within the range
of y/d = 0.5 to 0.99, both of which fall within the symmetric development zone. Figure 7
illustrates the flow structures and corresponding circumferential pressure distributions at
y/d =0.49. Since Vg4 lacks continuous flow replenishment, it dissipates by y/d = 0.49.
As shown in Figure 7b, there are still two vortex structures present near the valve wall.
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Consequently, the surface pressure distribution remains symmetrical with respect to the
plane x/d = —z/d, as indicated in Figure 7a.

1.5

vid

0.5

y/id

Magch number
3 1
27
24
21
1.8
1.5
12

0.9
0.6 0.5

y/d

Mach number

y/d

0.5

Mach number

0
ld

(d)

Figure 6. The vector and contour images of y-velocity direction. (a) Section 1, velocity vector.
(b) Section 1, velocity contour. (c) Section 2, velocity vector. (d) Section 2, velocity contour.
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Figure 7. Flow structures and corresponding circumferential pressure distributions at y/d = 0.49
(shown in Figure 1). The contour plot represents dimensionless vorticity. (a) y/d = 0.49, circumferential
pressure distributions. (b) y/d = 0.49, distributions of vorticity.
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The velocity shown in Figure 6 increases within the axial range of y/d = 0.5 to 0.99.
Figure 8 presents the flow structures and corresponding circumferential pressure distri-
butions at y/d values of 0.62, 0.74, 0.86, and 0.99. Aty/d = 0.62, two vortex structures are
still observable near the valve wall. Given that Vy, is in close proximity to the exhaust port
and possesses a relatively large vorticity, as illustrated in Figure 8b, the surface pressure
at the circumferential position of 220° is higher than that at 45°, as depicted in Figure 8a.
As the flow progresses along the axial direction at y/d = 0.74, as shown in Figure 8c,d,
characteristics similar to those in Figure 8a,b become more prominent. Figure 8e,f display
the circumferential pressure distributions and vorticity distributions at y/d = 0.86, which is
near the exhaust port. The position of the stationary point shifts towards the downwind
side of the exhaust port. As the flow continues to develop along the axial direction of the
valve, y/d = 0.99 represents the section located precisely at the exhaust port. The location
of the stationary point is close to the circumferential position of 0°, causing the two vortices
to develop from the same side and move towards the exhaust port, as shown in Figure 8h.
Consequently, the pressure in the circumferential zone spanning from 240° to 360° is lower,

as indicated in Figure 8g.
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Figure 8. Flow structures and corresponding circumferential pressure distributions at y/d =0.62,
0.74, 0.86 and 0.99 (shown in Figure 1). The contour plot represents dimensionless vorticity.
(a) y/d = 0.62, circumferential pressure distributions. (b) y/d = 0.62, distributions of vorticity.
(c) y/d = 0.74, circumferential pressure distributions. (d) y/d = 0.74, distributions of vorticity.
(e) y/d = 0.86, circumferential pressure distributions. (f) y/d = 0.86, distributions of vorticity.
(g) y/d =0.99, circumferential pressure distributions. (h) y/d = 0.99, distributions of vorticity.

As depicted in Figure 1, the exhaust port is situated in the negative direction along the
x-axis. Figure 9 illustrates the flow structures and corresponding circumferential pressure
distributions at y/d values of 1.11 and 1.23, which fall within the asymmetry re-increase
zone. Since these sections are positioned at the exhaust port, the flow within them clearly
moves towards the port. Flow separation occurs on both sides of the valve, giving rise to the
formation of two back vortices, which subsequently intensifies the asymmetry. Figure 10
presents the physical model of the flow around the valve.
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Figure 9. Flow structures and corresponding circumferential pressure distributions at different

y/d. The contour plot represents dimensionless vorticity. (a) y/d = 1.11, circumferential pressure
distributions. (b) y/d = 1.11, distributions of vorticity. (c) y/d = 1.23, circumferential pressure

distributions. (d) y/d = 1.23, distributions of vorticity.
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Figure 10. Three-dimensional flow structure around the valve.
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It is noteworthy that the rapid development of vortices on both sides of the valve
gave rise to a localized vacuum, which in turn resulted in the formation of two small
vortices, labeled as Vs, in Figure 5b,d. To assess the influence of Vs, Figure 11 displays the
streamlines associated with these vortices. It can be observed that the streamlines ascend
directly upwards along the axial direction and subsequently exit through the exhaust port.
Given their minimal impact on the valve, these vortices can be considered negligible.

[ [

Mach number 0 03 06 09 12 15 18 21 24 27 3

Figure 11. The streamline of Vs.

4. Conclusions

An analysis of the aerodynamic characteristics of the exhaust valve under braking
conditions was conducted via a three-dimensional numerical simulation, revealing the
flow mechanism underlying the valve deviation in the instantaneous state. For this study,
the data measured in the bench experiment of Weichai Power were used as boundary
conditions to ensure the reliability of the simulation. The piston and valve were fixed at the
crankshaft angle of 0°, and the pressure difference between the cylinder and the exhaust
port was about 3.5 MPa with a maximum temperature of 837.85 k. Due to the small lift
of the brake exhaust valve, a high-speed airflow of about Mach 3 was induced around
the valve.

The flow pattern within the valve chamber demonstrates a complex, multi-turbulent
state. The evolution pattern of the asymmetric multi-vortex flow along the valve axis
was observed across three distinct zones: the asymmetry increase zone, the symmetric
development zone, and the asymmetry re-increase zone. Consequently, the curved section
and cylindrical body of the valve emerge as the primary locations where lateral forces
are generated, making them the focal points of research on valve deviation. Based on the
results of this paper, methods for optimizing the exhaust valve structure through flow
control can be further studied. In addition, drawing on the research done by Semlitsch
et al. [18,19], more investigations can perform Proper Orthogonal Decomposition (POD) of
coherent structures or incorporate the movement of the piston and valve to analyze the
flow field around the valve.
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