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ABSTRACT

Cavitation occurs readily within the control valve of a common rail injector, significantly impacting the
response characteristics and injection performance of the injector, which in turn affects the dynamic
and economic performance of diesel engines. In this study, a mathematical mapping between
turbulent viscosity and temperature gradient was constructed, and a modified turbulence model
incorporating transient turbulent viscosity was proposed. Using this modified model, a simulation study
on the thermal cavitation characteristics of fuel within the control valve was conducted. The results
indicate that substantial cavitation occurs along the ball valve and valve seat walls during fuel flow
within the control valve. The intense cavitation region on the ball valve surface is located behind the
sealing surface of the control valve, where the unique geometric structure causes fuel flow separation,
subsequently leading to vortex formation and cavitation. The mainstream flow bypasses this region,
making it difficult for the cavitation to be expelled. Cavitation on the valve seat wall arises due to a
sudden reduction in flow area and an abrupt change in flow direction at the inlet, causing a sharp
pressure drop. Additionally, this cavitation is influenced by the cavitating flow within the guide hole.
The fuel within the control valve is more significantly affected by viscous heating than by the latent
heat of phase change, resulting in an increase in fuel temperature. The temperature rise distribution of
fuel within the control valve is highly consistent with the distribution of cavitation, with significant
temperature rises occurring in the cavitation core areas at the ball valve and valve seat walls. The
peak temperature reaches 460 K, and the maximum average temperature rise at the valve seat wall is
57.79%. The heat from the high-temperature fuel at the walls is conducted to the flow's central area
through vortex structures, creating a noticeable temperature gradient from the control valve wall to the
central flow area, with both temperature rise and gradient increasing with inlet pressure.
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1 INTRODUCTION 

Diesel engines are renowned for their high energy 
conversion efficiency, strong power, and ease of 
maintenance, making them the primary power 
source for ships and commercial vehicles. In the 
context of energy conservation and emission 
reduction, the development of diesel engines 
toward higher efficiency, cleanliness, and power 
density is inevitable. The high-pressure common 
rail (HPCR) system is an effective means to 
enhance engine performance. 

In current, the injection pressures of commercial 
HPCR range from 160 to 180 MPa. Under such 
high pressure, cavitation is highly likely to occur 
within the injector, particularly in the nozzle and 
control valve. Previous research has investigated 
cavitation flow characteristics within injector 
nozzles, with analyses focusing on the effects of 
nozzle structure [1-3], ambient pressure [4], fuel 
properties [5, 6] on cavitation flow. Studies have 
also explored the causes of cavitation through 
vorticity [7] and temperature distribution [8], 
yielding significant findings. 

Cavitation in the control valve of an injector is a key 
factor affecting flow performance, which in turn 
influences the response characteristics of the fuel 
injector. Some researchers have conducted 
experimental studies on cavitation flow within 
control valves using visualization methods. 
Karathanassis et al. [9] and Chen et al. [10] utilized 
X-ray to capture the cavitation distribution within 
control valves, though this requires high-frequency 
X-ray equipment and is costly. Ma et al. [11] 
conducted a two-dimensional visualization 
experiment, discovering that the cavitation 
occurred at the surface of seal cone and steel ball, 
and the cavitation collapse area was at the 
downstream of the seal annulus. Liu et al. [12] 
employed a three-dimensional visualization 
experiment to study cavitation in the injector control 
valve. It was found that the cavitation locations 
coincide with the damage sites observed in the ball 
seat, which proves that cavitation damage is the 
main factor causing seal failure in ball valves. Sun 
et al. [13] developed a multi-view visualization 
equipment, combined with feature recognition 
technology, significantly enhancing the 
visualization of cavitation flow within control valves. 
Despite the ability of visualization experiments to 
directly observe cavitation, limitations in the 
strength and sealing of transparent materials 
restrict experiments to lower pressures, differing 
from actual cavitation within control valves. 
Moreover, the brief duration from the initial opening 
to full opening of the control valve, occurring in 
milliseconds or microseconds, makes it challenging 
for high-speed cameras to capture subtle change 
during cavitation process. 

With advances in computer performance and 
numerical model theories, more researchers are 
utilizing numerical computation methods to study 
the cavitation. Some scholars have focused on the 
impact of cavitation on flow characteristics to reveal 
its role in the performance of control valves. Ren et 
al. [14] found that cavitation led to a slower 
response of the control valve but had a remarkable 
effect on reducing the hydraulic shock to the ball 
valve and sealing cone, as well as stabilizing the 
fluctuation of fuel velocity in the control chamber. 
Bianchi et al. [15] investigated the effect of 
cavitation on the discharge coefficient of OA hole at 
different pressure differences and found that the 
discharge coefficient varies with pressure 
difference due to the variation of the cavitation 
number and the contraction coefficient at the 
maximum ball valve lift. Wang et al. [16] studied 
cavitation flow within control valves under different 
structural parameters, showing that the mass flow 
rate increases continuously with the increase of the 
section area, and cavitation within the control valve 
impedes the increase of the mass flow rate. 
Additionally, some scholars focus on factors 
influencing cavitation, aiming to suppress it within 
control valves. Kayakol et al. [17] found that the 
stagnation flow effect resulting from the 
deceleration of the flow in front of the ball valve, as 
well as the separation and reattachment of fuel flow 
along the surface, had a significant impact on the 
development of cavitation in the ball valve. Zhao et 
al. [18] investigated the cavitation within the control 
valve and found that there are differences in the 
distribution of cavitation regions occurring on the 
ball and ball seat. The stagnation effect caused by 
the ball exacerbates the discrepancy in the 
distribution of the intense cavitation region between 
the ball and the ball seat. Miao et al. [19] revealed 
that cavitation mainly occurs around the sealing 
surface, with its formation and development 
depending on the ball valve lift and nearby fuel 
pressure, worsening with increased lift. Ko et al. 
[20] identified the throttle area and inlet area of the 
ball valve as the main structural factors influencing 
cavitation, and proposed an optimization design 
method to minimize cavitation. 

The majority of the aforementioned simulation 
studies were conducted under the assumption that 
the fuel was isothermal and incompressible. 
However, as HPCR systems evolve toward ultra-
high pressures, the flow within the injector 
experiences larger pressure differences and higher 
flow velocities. This results in significant frictional 
heating within the control valve, leading to a non-
isothermal fuel flow. Additionally, this frictional 
heating causes uneven temperature distribution, 
which in turn affects cavitation distribution. 
Previous research has focused on the effects of 
cavitation and methods to mitigate it. Although 
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some scholars have analyzed the characteristics of 
cavitation distribution within the control valve, there 
is still a lack of in-depth research on the cavitation 
mechanisms and the coupled relationship between 
cavitation distribution and temperature distribution. 
Therefore, in this paper, a non-isothermal 
compressible flow model for the fuel within the 
control valve was proposed. The mechanisms of 
cavitation formation and its coupling relationship 
with thermal characteristics were revealed. 

2 NUMERICAL METHODS 

2.1 Governing equations 

In this study, two-phase flow simulations were 
conducted using ANSYS Fluent, employing a 
Eulerian multiphase model. In this framework, both 
phases share the same velocity, pressure, and 
temperature. The mass, momentum, and energy 
conservation equations are solved for the mixture 
phase. The mass conservation equation is as 
follows: 
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where, ρm is the mixture density, t is the time, U is 
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where, p is the pressure, μm is the mixture viscosity, 
g is the gravitational acceleration, F is the body 
force, αk, ρk, Udr,k are the volume fraction, density 
and slip velocity of k phase, respectively. 

The energy conservation equation is as follows: 
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where, Ek is the total energy of k phase, keff is the 
thermal conductivity, hj,k is the enthalpy of species 
j in k phase, Jj,k is the diffusive flux of species j in k 
phase, Sh is the energy source term. 

2.2 Fluid properties 

During the operation of the injector, due to the 
extremely high injection pressure and the frictional 

heating during fuel flow, the fuel properties undergo 
significant changes with variations in pressure and 
temperature. In this paper, formulas for key fuel 
properties, including density, viscosity, and sound 
speed, were developed using empirical data from 
the ISO4113 standard test oil [21]. These formulas 
were integrated into ANSYS Fluent via a user-
defined function (UDF) to account for fuel 
compressibility. The formula for fuel density ρ is as 
follows: 
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where, a1=834.1684, a2=3.121, a3=-6.6×10-3, a4=-
1.8461, a5=9×10-4, a6=3×10-3, a7=-7.3434×10-6, 
a8=-1.4×10-3. 

The formula for fuel viscosity μ is: 
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where, b1=4.5861, b2=0.0358, b3=3×10-4, b4=-
0.0468, b5=6×10-4, b6=-3.2×10-3, b7=-1.6×10-3, 
b8=5×10-4. 

The formula for fuel sound speed α is: 
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where, c1=1431.0926, c2=9.7856, c3=-0.0189, 
c4=3.1×10-3, c5=-9.0899×10-6, c6=-5.1049, c7=-
6×10-3, c8=-9×10-4. 

2.3 Correction of the turbulence model 

The primary turbulence numerical methods 
encompass the direct numerical simulation (DNS), 
large eddy simulation (LES), and Reynolds-
averaged Navier-Stokes (RANS) model. DNS 
directly solves vortices of all scales, posing 
challenges in predicting intricate turbulence within 
finite computational constraints. LES tackles large-
scale vortices directly and employs turbulent 
models to characterize small-scale vortices. While 
this approach mitigates computational complexity, 
applying it to practical engineering issues remains 
challenging. RANS resolves vortices entirely 
through modeling, thereby minimizing 
computational demands, and currently serves as 
the principal numerical method in turbulence 
simulation [22, 23]. In this study, the RANS method 
was selected for numerical computations. 

The k-ε two-equation model within the RANS 
framework encompasses the standard k-ε model, 
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the RNG k-ε model, and the realizable k-ε model, 
among others. In the injector control valve, frictional 
heating of the fuel leads to a temperature rise, and 
the flow process is accompanied by intense 
transient thermal effects. However, these two-
equation turbulence models were developed for 
room temperature flow, and it has limitations in 
predicting mixing effects in high temperature flows. 
To improve the performance of the turbulence 
model in non-isothermal flow calculations, the k-ε 
two-equation model needs to be appropriately 
modified. Abdol-Hamid et al. [24] modified the 
Standard k-ε turbulence model to account for 
thermal effects. The data calculated using the 
modified model matched the experimental data for 
fuel pressure and temperature distribution in the 
orifice under high temperature conditions. Saha et 
al. [25] found that when simulating fuel cavitation 
flow in the complex geometry of a fuel injector, both 
the RNG k-ε model and the realizable k-ε model 
demonstrated better accuracy compared to the 
standard k-ε model. Additionally, the realizable k-ε 
model was found to be relatively more time 
consuming compared to the RNG k-ε model. 
Therefore, in this paper, the RNG k- ε model is used 
to conduct research on cavitation flow in the 
injector control valve. To account for the influence 
of thermal effects on the RNG k-ε model, a 
mathematical mapping relationship between the 
turbulence viscosity coefficient and the 
temperature gradient is established. A modified 
RNG k-ε turbulence model is proposed, as shown 
in Eq. (7) to (11): 
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where, ρ is the fluid density, t is the time, ui is the 
averaged velocity of fluid, μ is the dynamic 
viscosity, xi and xj is the coordinate directions, αk 
and αε are the turbulent Prandtl numbers of the k 
and ε equations, respectively, αk = αε = 1.39, Gk is 
the generation of turbulent kinetic energy owing to 
the mean velocity gradients, C2ε is the model 
coefficient, the default value is 1.68, C1ε* is a model 
coefficient [26], Cμ* is the modified turbulence 
viscosity coefficient. Cμ* is calculated using the 
following equation: 
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where, Cμ is unmodified turbulent viscosity 

coefficient, the value is 0.0845, ▽Tt is the total 

temperature gradient, Tt is the total temperature, a 
is the local sound speed, Mτ is the turbulent Mach 
number. 

2.4 Correction of the cavitation model 

In the realm of cavitation flow computation, 
researchers proposed the Singhal full cavitation 
model, Zwart-Gerber-Belamri (ZGB) model, and 
Schnerr-Sauer (S-S) model [27-30], all rooted in 
the bubble dynamics Rayleigh-Plesset equation. 
Compared to the Singhal full model and the ZGB 
model, the S-S model offers the benefits of fewer 
empirical coefficients and increased computational 
stability [31]. In studies concerning the two-phase 
flow of fuel through fuel injectors, a majority of 
scholars [8, 22, 32] opted for the S-S model for 
cavitation simulation. Within the S-S model, when 
the local pressure P falls below the critical 
cavitation pressure Pv, cavitation bubbles form, 
leading to the evaporation of fuel from the liquid 
phase to the gaseous phase. The evaporation rate 
Re is determined using Eq. (12). Conversely, when 
P exceeds Pv, cavitation bubbles collapse, causing 
the gaseous fuel to condense back into the liquid 
phase. The condensation rate Rc is calculated 
using Eq. (13): 

( ) v

l

v
vv

lv
e

3

23
1 PP

PP

r
R

Bm


−

−= ，






        (12) 

( ) v

l

v
vv

lv
c

3

23
1 PP

PP

r
R

Bm


−

−= ，






        (13) 

where, ρv, ρl, and ρm are the densities of the gas, 
liquid, and mixture, respectively, αv is the vapor 
volume fraction, rB is the bubble radius, Pv is the 
critical cavitation pressure. Pv is defined as follows: 

kCPP ksatv
2

1
+=                                                    (14) 

where, Psat is the saturation vapor pressure, Ck is a 
constant, the valve is 0.39, ρ is the fluid density, k 
is the turbulent kinetic energy. 

The fuel flow inside the control valve is 
characterized by a larger pressure difference and 
faster flow velocity, and the cavitation flow is 
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accompanied by intense thermal effects. However, 
most scholars [33-36] have conducted cavitation 
simulations of injectors primarily under isothermal 
conditions, without considering the temperature 
dependence of Psat and 1/2Ckρk in Eq. (14). 
Therefore, in this paper, the turbulence kinetic 
energy term 1/2Ckρk is modified using the density 
function ρ(P, T) provided in Eq. (4) considering the 
thermal effects on the turbulence kinetic energy 
term. Additionally, the formula for Psat varying with 
transient temperature proposed by Chorążewski et 
al. [37] is used to modify the constant Psat in Eq. 
(14), and it is embedded into the S-S cavitation 
model using UDF. 

TP += C

B
-A

sat e                                                     (15) 

where, T is the local temperature, A, B and C are 
constants. For ISO4113 standard test oil, A, B and 
C are 22.87, 5369, and 38, respectively. 

2.5 Model verification 

The modified model was validated using 
experimental data on the fuel flow inside injector 
nozzles measured by Hult et al. [38]. Fig. 1(a) 
shows the geometric model of the injector nozzle, 
where the diameters of both nozzle holes are 0.8 
mm, and the length-to-diameter ratio is 
approximately 5. The angles between the bottom 
and top holes and the injector axis are 58° and 78°, 
respectively. The computational domain is meshed 
with a structured grid using Ansys ICEM software, 
as illustrated in Fig. 1(b). During the meshing 
process, local refinement was applied at the hole 
inlet and along the surfaces to better capture the 
fuel flow characteristics in these regions. After 
performing a mesh independence analysis, the grid 
number was determined to be 1.74 million, as 
shown in Fig. 2. 

 

Figure 1. The simulation model of the injector 
nozzle from Hult’s experiment 

 

Figure 2. Mass flow rate and vapor volume fraction 
versus the grid number 

The different models were used to simulate the fuel 
flow within the injector nozzle holes, with the same 
boundary conditions as those in Hult's experiment. 
It can be seen from Fig. 3 that, in the simulation 
results obtained using different models, cavitation 
in the bottom hole first appears on the left side of 
the hole inlet and extends along the left surface 
towards the outlet. For the top hole, cavitation 
initially occupies the entire hole inlet and then 
extends towards the outlet, mainly along the left 
side of the nozzle hole. Moreover, the unmodified 
model overpredicts cavitation within the nozzle 
holes, especially in the bottom hole. Overall, 
compared to the unmodified model, the cavitation 
distribution obtained from the simulation using the 
modified model is consistent with the experimental 
data, demonstrating that the modified model can 
accurately predict the cavitation distribution. 

 

Figure 3. Comparison of calculation results and 
experimental data [38] for the cavitation distribution 
(ΔP = 64 bar) 

3 MESHING AND BOUNDARY 
CONDITIONS 

The modified turbulence model and modified 
cavitation model were validated using experimental 
data. Subsequently, a simulation study on the fuel 
flow within a self-designed HPCR diesel injector 
was conducted. The study aimed to analyze the 
cavitation and thermal characteristics within the 
injector control valve. Fig. 4(a) presents the 
simulation domain of the control valve. This model 
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was constructed based on the actual dimensions of 
the internal flow path of the injector and includes 
components such as the control chamber, OZ 
orifice, OA orifice, guide hole, ball, and ball seat. 
The detailed structures of each part are shown in 
Fig. 4(a). The model of control valve in this paper 
was meshed following the grid division strategy 
outlined in Fig. 1. Mesh refinement was applied to 
the ball-ball seat region and the OA orifice, as 
shown in Fig. 4(b). After conducting a mesh 
independence analysis, the total grid number was 
determined to be 2.68 million, with a minimum grid 
size of 1 μm. This study was conducted under 
steady-state conditions with the ball valve lifted to 
a maximum of 0.08 mm, and the detailed boundary 
conditions are outlined in Table 1. 

 

Figure 4. The simulation model of injector control 
valve 

Table 1. Detailed settings of the simulation model 

Classification Setting and/or value 

Inlet temperature (K) 345 

Inlet pressure (MPa) 160, 200, 250 

Outlet pressure (MPa) 0.1 

Surface boundary Adiabatic 

The following section will discuss the cavitation flow 
characteristics within the control valve. The flow 
domain between the inlet and outlet of the ball valve 
chamber is the critical area for calculating 
cavitation flow within the control valve. To analyze 
the radial distribution of cavitation, four evenly 
spaced monitoring sections are set between the 
inlet and outlet of the ball valve chamber. The 
positions of these monitoring sections are shown in 
Fig. 5. To quantitatively analyze the cavitation 
distribution and temperature distribution, 
monitoring lines are set on the surfaces of the ball 
and ball seat, as indicated by the blue lines in the 
figure. These monitoring lines contain several 
monitoring points, and the vertical height of each 
monitoring point from the inlet of the ball valve 
chamber is defined as ΔY. 

 

Figure 5. The monitoring lines and sections within 
the ball valve 

4 RESULTS AND DISCUSSION 

4.1 Cavitation distribution characteristics in 
the control valve 

Fig. 6 illustrates the axial distribution of cavitation 
within the control valve under different Pin. The 
figure shows that cavitation within the control valve 
is asymmetrically distributed, with a greater area 
and intensity of cavitation on the left side compared 
to the right. This asymmetry is due to the unique 
flow channel. Cavitation initially occurs only on the 
left surface of the OA orifice. As the flow progresses 
into the guide hole, cavitation develops on both the 
left and right surfaces, but the left side continues to 
exhibit a larger cavitation area and higher intensity 
- a trend that becomes even more pronounced 
within the ball valve chamber. For the ball in the ball 
valve chamber, cavitation begins shortly after the 
flow exits the guide hole. The intensity of cavitation 
increases along the lower surface of the ball, 
though it does not merge with the cavitation in the 
guide hole to form a continuous cavitation region; 
instead, there is a noticeable gap between them. 
On the ball seat, cavitation originating from the 
guide hole progresses along the seat into the ball 
valve chamber. Cavitation on the ball seat begins 
closer to the guide hole than on the ball valve. 
However, the intense cavitation region on the ball 
seat starts further downstream compared to that on 
the ball valve. As fuel flows from the ball-ball seat 
region toward the outlet of the ball valve chamber, 
the intensity of cavitation on the ball seat first 
increases and then decreases. Additionally, the 
distribution and intensity of cavitation within the OA 
orifice and guide hole show little variation as Pin 
increases, indicating that cavitation in these areas 
has fully developed. However, cavitation within the 
ball valve chamber becomes more pronounced 
with increasing Pin. This intensification manifests in 
two ways: first, the cavitation area expands further 
downstream and laterally, reaching the horizontal 
surface connected to the secondary cone surface 
of the ball seat at Pin = 250 MPa, as indicated by 
the red dashed line in the figure. Second, the 
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intensity of cavitation within the ball valve chamber 
increases, primarily reflected in the growth of the 
intense cavitation region. 

 

Figure 6. Cavitation distribution along the axial 
direction of the control valve at different Pin 

Fig. 7 shows the cavitation distribution on equally 
spaced sections within the ball valve chamber 
under different Pin. To quantitatively analyze the 
differences in cavitation distribution, cavitation was 
categorized based on the vapor volume fraction αv: 
cavitation with αv in the range of 0- 0.3 is defined as 
slight cavitation, 0.3- 0.8 as medium cavitation, and 
0.8- 1.0 as intense cavitation. The area of the 
cavitation region was quantified using the cavitation 
area ratio δ, defined as the ratio of the cavitation 
area to the to the total area of the section. 

On Section 1, there is little difference in the area 
and intensity of cavitation under different Pin. When 
combined with Fig. 8, it is evident that this section 
primarily exhibits slight and medium cavitation. This 
is because section 1 is located near the inlet of the 
ball valve chamber, where cavitation has barely 
begun on the ball, and the ball seat is just starting 
to cavitate, resulting in a relatively low level of 
cavitation development. 

On Section 2, the differences in cavitation area and 
intensity under different Pin values remain minimal. 
However, this region is the cavitation core region, 
where slight and medium cavitation have 
progressed to intense cavitation, significantly 

increasing the area of intense cavitation. The δ for 
the intense cavitation region at the three Pin are 
95.1%, 94.6%, and 92.5%, respectively, while the 
δ for the slight cavitation region decreases to 0. 

Section 3 is located at the secondary cone surface, 
where the flow channel widens. This section is no 
longer in the cavitation core region, leading to a 
reduction in the cavitation intensity. At this section, 
the influence of Pin becomes noticeable, with the 
cavitation distribution expanding as Pin increases. 
The δ for different cavitation intensities also varies 
with Pin. As shown in Fig. 8, the intense cavitation 
in transitions to slight and medium cavitation. The 
δ of intense cavitation significantly decreases, with 
the most substantial reduction occurring under a Pin 
of 200 MPa, where it drops by 32.3%. 

On Section 4, the area and intensity of cavitation 
continue to be influenced by Pin. This section is 
located near the outlet of the ball valve chamber. 
Compared to section 3, the area of cavitation 
decreases, and the proportion of the pure liquid 
region increases. Additionally, the δ for intense 
cavitation further decreases, with the δ of three Pin 
reducing to 52.1%, 39%, and 57.4%, respectively. 

 

Figure 7. Cavitation distribution along the radial 
direction of the control valve at different Pin 

 

Figure 8. The variation in cavitation intensity of 
different monitoring sections 
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4.2 Dynamics analysis of cavitation flow in 
the control valve 

As shown in Fig. 9, the fuel flows through the guide 
hole and the annular gap between the ball and ball 
seat, moving towards the outlet of the ball valve 
chamber. The main flow follows the lower surface 
of the ball before continuing downstream. The 
geometric shape of the ball causes the flow 
passage to expand, increasing the expansion 
angle. Within the boundary layer, the fuel slows 
down due to viscous and pressure forces. When its 
velocity drops to zero, the main flow continues 
forward, leading to flow separation. The expansion 
of the boundary layer prevents the fuel within it from 
moving with the main flow, causing the flow to 
separate from the ball. The space behind the 
separation point is filled by recirculating fuel, 
forming vortices, as indicated by the red dashed 
lines in the figure. Phase change occurs in the flow 
separation region, resulting in cavitation near the 
lower surface of the ball. Additionally, it is observed 
that at the outlet of the ball valve chamber, a right-
angle flow area leads to flow separation and 
increased vorticity. Cavitation bubbles are drawn 
into these vortices, accumulating to form a 
cavitation cloud. As the main flow bypasses this 
area, the cavitation bubbles are less likely to be 
carried away by the flow, leading to a persistent 
cavitated state in this region. This phenomenon is 
especially pronounced at Pin = 250 MPa, where 
intense cavitation has developed. 

 

Figure 9. The cavitation and velocity vector within 
the control valve at different Pin 

For the ball seat, cavitation first occurs near the 
outlet of the guide hole and then develops 

downstream along the ball seat. The cavitation on 
the ball seat is influenced by the cavitation within 
the guide hole and eventually merges with it. 
However, its impact on the cavitation of ball seat is 
limited due to the cavitation intensity at the guide 
hole outlet is relatively weak. At the inlet of ball 
valve chamber, the change in geometry causes a 
sharp reduction in the flow area and a sudden 
change in flow direction, leading to intense friction 
between the high-pressure fuel and the ball seat. 
Additionally, the local pressure in this region drops 
sharply according to Bernoulli's equation as the 
flow velocity increases. Cavitation occurs when the 
local pressure falls below Pv. Notably, the intense 
cavitation region on the ball seat is mainly 
concentrated at the secondary cone surface. As 
shown in Fig. 10, there is a significant low-pressure 
region on the ball seat, with the lowest static 
pressure occurring at the junction between the first 
and secondary cone surfaces. This creates a 
substantial pressure drop between the upstream 
fuel and this region. The free cavitation bubbles on 
the ball seat, formed due to the reduced static 
pressure, are carried downstream by the fuel flow 
and cannot accumulate in this region. 

 

Figure 10. The pressure distribution within the 
control valve at different Pin 

4.3 Correlation of thermal and cavitation in 
the control valve 

In this paper, the fuel temperature rise, denoted as 
∆T, is introduced to quantitatively analyze the 
temperature changes induced by thermal effects. 
∆T is defined as the difference between the local 
fuel temperature T and the inlet temperature Tin. It 
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can be seen that the overall temperature within the 
control valve is on an upward trend, but the ∆T 
distribution is uneven. T decreases gradually from 
the control valve surface to the central flow region, 
creating a noticeable temperature gradient. This 
gradient is attributed to the viscous heating effect 
of the fuel, where friction between the fuel and the 
surface causes the fuel near the surface to heat up. 
The high-temperature fuel at the surface then 
transfers heat to the fuel in the central flow region, 
raising its temperature. Moreover, it is observed 
that the ∆T distribution corresponds closely to the 
cavitation distribution. The significant temperature 
rise regions in the ball valve chamber are located 
at the cavitation core regions of the ball and ball 
seat. In the OA orifice, the significant temperature 
rise region is along the left surface, while in the 
guide hole, it is along both side surfaces. These 
patterns align closely with the previously analyzed 
cavitation distribution within the OA orifice and 
guide hole. As Pin increases, the viscous heating 
effect becomes more pronounced, leading to 
higher ∆T and larger temperature gradients. When 
Pin = 160 MPa, the average fuel temperature 
increases by 2.80%, whereas at Pin = 250 MPa, it 
rises by 4.82%. The ball-ball seat region is 
identified as the core region for temperature rise 
within the control valve. The average fuel 
temperature at the ball and the ball seat increased 
by 41.98% and 57.79%, respectively. 

 

Figure 11. ΔT distribution within the control valve 
(The black solid lines represent cavitation isoline) 

From Fig. 12(a), it can be observed that the vorticity 
in the central flow region is relatively low, while it 
increases significantly near the surfaces of the ball 
and the ball seat. The increased vorticity near the 
surfaces results in higher shear forces, which 
intensify the frictional heating of the fuel and cause 
a rise in fuel temperature at the surfaces. 
Additionally, the vortex promotes fuel mixing and 
diffusion, which affects the internal heat transfer, 
thereby influencing the temperature distribution. 
Greater vorticity at the surface leads to more 
pronounced mixing effects of the fuel into the 
central flow region. During the mixing process, the 
high-temperature fuel at the surface transfers heat 
to the central flow region, resulting in an increase 
in temperature in this region. Moreover, vorticity 
near the boundary layer induces turbulent flow, 
leading to a more non-uniform heat transfer 
process. The thermal effects of the fuel impact the 
generation and evolution of cavitation in two ways. 
On the one hand, the fuel density in the core 
temperature rise region between the ball and ball 
seat decreases markedly, creating a significant 
density gradient that induces convection, as shown 
in Fig. 12(b). These convective effects influence the 
flow structure and the formation of vorticity. 
Furthermore, the magnitude and distribution of 
vorticity affect the occurrence and development of 
cavitation. Strong vortices promote cavitation 
because they accelerate fluid movement, causing 
local static pressure reductions, which promotes 
cavitation. Vortices can alter the distribution and 
motion trajectories of cavitation bubbles in the fluid, 
thereby further affecting the evolution of cavitation. 
On the other hand, the temperature rise 
significantly raises the Pv, making cavitation more 
likely to occur. 

 

Figure 12. Vorticity and density distribution within 
the control valve at different Pin 
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5 CONCLUSIONS 

In this paper, the turbulence model and cavitation 
model were modified to account for thermal effects. 
Numerical simulations were performed using the 
modified models to investigate the fuel flow 
characteristics within the control valve. The 
cavitation distribution characteristics inside the 
control valve and their coupling relationship with 
the temperature rise distribution were analyzed. 
The main conclusions obtained are as follows: 

(1) Substantial cavitation occurs along the ball and 
ball seat walls during fuel flow within the control 
valve. The intense cavitation region on the ball 
surface is located behind the sealing surface of the 
control valve, where the unique geometric structure 
causes fuel flow separation, subsequently leading 
to vortex formation and cavitation, The mainstream 
flow bypasses this region, making it difficult for the 
cavitation to be expelled. Cavitation on the ball seat 
wall arises due to a sudden reduction in flow area 
and an abrupt change in flow direction at the inlet, 
causing a sharp pressure drop. 

(2) There is a significant temperature rise in the fuel 
within the control valve, with the highest 
temperature rise occurring at the surface of the ball 
valve chamber due to more pronounced frictional 
heating. In regions farther from the surface, 
frictional heating is less intense, but heat is 
continuously transferred from the high-temperature 
fuel at the surface to these regions, leading to a 
certain degree of temperature rise. Overall, the 
temperature rise is unevenly distributed. The 
cavitation also exhibits an uneven distribution, and 
it overlaps with the region of temperature rise. 

(3) The thermal effects within the control valve 
impact the development of cavitation in two ways. 
On the one hand, the temperature rise causes a 
reduction in fuel density, resulting in a significant 
density gradient between the surface of the ball 
valve chamber and the central flow region. The 
strong vorticity generated by the density gradient 
increases the dynamic pressure of the fluid and 
decreases the local static pressure, promoting 
cavitation development. On the other hand, the 
temperature rise significantly raises the critical 
cavitation pressure, making cavitation more likely 
to occur. 

6 DEFINITIONS, ACRONYMS, 
ABBREVIATIONS 

Pv: Critical cavitation pressure 

Psat: Saturation vapor pressure 

Pin: Injection pressure 

P: Local pressure 

ΔP: Pressure difference 

ΔT: Temperature rise 

αv: Vapor volume fraction 

σcav: Cavitation volume ratio 

δ: Cavitation area ratio 
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