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Abstract: To study the influence of impinging height H/D on the flow field characteristics of oblique
submerged impinging jets, the numerical calculation of an oblique submerged impinging jet was
carried out based on Wray–Agarwal (W–A) turbulence model. The jet flow field structure and
pressure distribution under various impinging heights (1 ≤ H/D ≤ 8) when the impinging angle was
θ = 45◦ were analyzed. The results show that with the increase in the impinging height, the diffusion
degree of the jet gradually increased and the velocity decreased when the jet reached the impingement
region, and the distance between the stagnation point (SP) and the geometric center (GC) gradually
increased, the flow angle ϕ along the jet centerline remained constant in the free-jet region and rapidly
decreased in the impingement region. The impingement plate pressure distribution at various heights
was similar, and the impinging pressure concentration on the upstream side of the maximum pressure
point was higher.

Keywords: submerged impinging jet; turbulence model; impinging height; impinging pressure

1. Introduction

Impinging jet refers to the impinging flow of free jets on solid or liquid surfaces. It is
widely used in daily life and has been widely used in the field of engineering technology,
such as micro-spray irrigation in water-saving irrigation, cooling and heating in industrial
manufacturing, high-pressure water jet cutting, and other applications. With the progress
of experimental technology and the development of computational fluid dynamics, many
scholars have explored the internal flow field and heat transfer characteristics of impinging
jet from the nozzle shape, impinging angle, number of jets, jet velocity and other aspects,
and obtained the entrainment, mixing and impact characteristics of the internal fluid of
impinging jest, which enriches the jet theory and has been applied in practical problems.

As a widely existing flow form, impinging jet has important engineering application
significance. Many studies have focused on vertical impinging jets. Cooper et al. [1] mea-
sured the average velocity components of the vertical circular impinging jet at various
impinging heights by hot-wire anemometer, and the experimental results are widely used
in the development and verification of turbulence models. Ashforthfrost et al. [2] used a
laser-Doppler anemometer to study the influence of nozzle geometry and semi-confined
cases on the potential core of vertical jets, and found that the potential core of fully de-
veloped jet is 7% longer. Alekseenko et al. [3] studied the flow structure of turbulent
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impinging jets under different swirl rate by using particle image velocity measurement
and found that the swirl impinging jet studied had larger diffusion rate and faster ab-
solute velocity attenuation. Hammad et al. [4] analyzed the flow structure of the pipe
outlet, impingement region, and wall-jet region in vertical impact at different heights
by particle image velocimetry, and found that the correlation of the 1/6th power law
provides a good approximation for the fully developed turbulence profile. Xu et al. [5]
studied the sensitivity of vertical impinging jets to Reynolds number, surface roughness,
and inlet conditions, and found that inlet turbulence mainly affects the free-jet region.
Fitzgerald et al. [6] studied a confined vertical submerged impinging jet with perfluori-
nated dielectric liquid (FC-77) as the medium by laser-Doppler velocimeter. The results
showed the effects of the distance between the nozzle and the plate and the nozzle diameter
on the peak turbulence levels. Lai et al. [7] studied impulsively started impinging jets by
using fluorescent dye technology and found that the velocity of the jet-front varied with
the square root of time. Pieris et al. [8] used time-resolved two-component particle image
technology to analyze the flow development of impinging jets at various impinging heights
and Reynolds numbers, and quantitatively described the vortex dynamics characteristics
under various working conditions. Hanson et al. [9] obtained the pressure and shear stress
distribution of a submerged vertical impinging jet at the planar boundary and established
an empirical relationship to describe the shear stress distribution at the boundary of the
impingement region. With the development of computational fluid dynamics and the
improvement of computational performance, the computational accuracy of numerical
simulation is continuously improved and applied more widely [10–12]. Combined with
experimental applications in practical engineering [13–15], the research ability is enhanced,
and the complex mechanism of impinging jets is gradually explored. Wang et al. [16] used
the large eddy simulation (LES) method to numerically simulate the unsteady flow in
an impinging jet and used the Lagrangian scheme for particle tracking to simulate the
unsteady erosion of the target surface. Sabato et al. [17] studied the influence of several
configurations of submerged impinging jet on the cooling of power electronic equipment
through numerical simulation and derived a reasonable value range for nozzle diameter
and nozzle number. Zerrout et al. [18] carried out a numerical simulation of a multi-jet
system under various impinging heights, velocity, and other conditions, and, compared
with the experimental results, it was found that the calculation results of the two-equation
transport model (k-ε) were more accurate. Abdel et al. [19] conducted a numerical study on
the three-dimensional turbulent flow field of jet impinging on a rotating disk and presented
the influence of nozzle to disk distance and Reynolds number on the flow characteristics
and pressure characteristics. So et al. [20] adopted the large eddy simulation method to
analyze the flow structure of impinging jets under different nozzle widths and nozzle-to-
plate distances. By analyzing the flow field, the flow characteristics of impinging jets were
classified according to the dimensionless distance. However, compared to vertical imping-
ing jets, oblique impinging jets have received relatively less attention; most are water jets in
the air, and there are fewer studies on submerged oblique impinging jets. Wang et al. [21]
analyzed the flow characteristics of impinging jets under various impinging angles and
Reynolds numbers through particle image velocity and pressure measurement and found
that the jet is more dependent on the impinging angle and relatively independent of the
Reynolds number. Mishra et al. [22] used particle image velocity measurement to analyze
the flow characteristics of oblique submerged jets with impinging angles of 45◦ and 26◦

and an impinging height of 1D~6D (D is the nozzle diameter). They found that there is
a critical impinging angle, below which there is no flow of the jet in the uphill region.
Jalil et al. [23] studied the flow characteristics of impinging jets under different nozzle
diameters and impinging angles and found that when the impinging angle is less than
45◦, the deflected jet rarely flows backward, and that the estimated value may increase
by 5~10% when the impinging angle is larger. Jiao et al. [24] used a new one-equation
turbulence model to analyze the flow field characteristics and impinging pressure variation
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of oblique submerged jets at different times, and found that the impinging plate pressure
was affected by Reynolds number, but that the distribution trend remained unchanged.

In summary, previous studies on oblique submerged impinging jets are relatively few.
As a complex flow, they have a practical engineering application background. Compared
with the previous research on oblique submerged impinging jet, this paper innovatively
adopts the Wray–Agarwal (W–A) turbulence model, studies the influence of oblique jet
at various Reynolds numbers, and gives the variation law of oblique jet impact pressure
at different heights. Firstly, when the Reynolds number (Re) was 35,100, we studied the
influence of impinging height on the flow field in the free-jet region and near-wall region of
45◦ oblique submerged impinging jet. In addition, when calculating the impinging pressure
at various heights, we analyzed the influence of different Reynolds number conditions
(11,700 ≤ Re ≤ 35,100).

2. Calculation Model and Numerical Method
2.1. Geometric Model and Boundary Conditions

The submerged impinging jet model is shown in Figure 1: The fluid is ejected from
a circular nozzle with diameter D, length 50 D, and angle θ = 45◦ to the horizontal plane,
obliquely impinging on the bottom of the tank. The front and rear sides of the sink are fixed
wall surfaces, the left and right sides are outlets, and the top surface is a free surface. The
length of the tank Lw is 55D, the width Ww is 7D, and the height Hw is 12D. Two coordinate
systems of ro1l and o2xyz are established. The origin o1 in the ro1l coordinate system is at
the center of the jet pipe outlet. The r-axis is the radial direction of the jet pipe, and the
l-axis is the axial direction of the jet pipe, that is, the jet impingement direction. The origin
o2 in the o2xyz coordinate system is located at the intersection of the extension line of the
center line of the jet pipe and the impingement plane, that is, the geometric center (GC).
The axis x and axis z correspond to the parallel and vertical directions of the impingement
plane, respectively, and the axis y is perpendicular to the plane. As shown in Figure 1b,
the flow angle ϕ of the jet can represent the flow direction of each point in the mid-section
(o2xz section) of the jet, and its size is defined as ϕ = arctan (−Vz/Vx). The jet velocity at
the outlet of the pipe is set as V, the average velocity at the outlet Vb = 4Q/πD2, and the
maximum velocity is the jet center velocity Vmax.
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Figure 1. Establishment of calculation model coordinate system: (a) three-dimensional diagram of
oblique submerged water jet; (b) schematic diagram of the flow angle ϕ on the o2xz section.

The calculation area was divided into structured grids by ICEM software. As shown
in Figure 2a, the velocity inlet condition was adopted. According to the velocity measured
in the previous experiment, the three working conditions were set as 0.585 m/s, 1.17 m/s,
and 1.76 m/s, respectively, and the corresponding Reynolds numbers were Re = 11,700,
Re = 23,400, and Re = 35,100, respectively. The rigid-lid hypothesis method was adopted on
the top free surface and set as the symmetry boundary conditions. Since the length of the
experimental water tank was much greater than that of the simulated water tank, the left
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and right sides were set as pressure outlets with a gauge pressure of 0 Pa, and the rest were
set as non-slip fixed wall. The most suitable grid size was determined by analyzing the
independence of the number of grids. Five schemes were obtained by determining different
grid sizes, and the number of grids was 2.65 × 106, 3.21 × 106, 3.73 × 106, 4.26 × 106,
4.80 × 106. As shown in Figure 2b, with the increase in the number of grids, the numerical
simulation results gradually approached those of the experimental results, and the number
of grids was finally determined to be 4.26 million.
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2.2. Turbulence Model Selection

The Wray–Agarwal (W–A) turbulence model is a one-equation model developed
based on the k-ω model [25–27]. Wang et al. [28] used Wray–Agarwal, Standard k-ε, Renor-
malization Group k-ε (RNG k-ε), Realizable k-ε, Standard k-ω and Shear Stress Transfer k-ω
(SST k-ω) turbulence models for numerical calculations under the parameters of impinging
angle θ = 45◦ and impinging height H/D = 3. Combined with Particle Image Velocimetry
(PIV) experimental results [21], the difference between V/Vmax of circular jet outlet velocity
and empirical formula V/Vmax = (1 − 2 r/D)1/n reflecting fully developed jet outlet velocity
was compared. When n = 7, the velocity profiles were approximately consistent with those
of the fully developed circular jet. Figure 3 shows that the calculation results based on W–A
model were closest to the PIV results and the empirical formula.
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The W–A turbulence model not only adopts the ω equation with the cross-diffusion
term, but also retains the link to the k-ε model, improving the accuracy of predicting
equilibrium flow and the ability to explain non-equilibrium flow.

The eddy viscosity equation is as follows:

µτ = fµρR (1)

R =
k
ω

(2)

The transport equation of the variable R in W–A model is as follows:

∂ρR
∂t

+
∂ρujR

∂xj
=

∂

∂xj

[
(σRµτ + µ)

∂R
∂xj

]
+ ρC1RS + ρ f1C2kω

R
S

∂R
∂xj

∂S
∂xj
− (1− f1)ρC2kε

R ∂S
∂xj

S

 (3)

The constants C1, C2kω , C2kε, and σR are determined from empirical data and the wall
constraint law:

C1kω = 0.0829, C1kε = 0.1127, C1 = f1(C1kω − C1kε) + C1kε,

σkω = 0.72, σkε = 1.0, σR = f1(σkω − σkε) + σkε,

C2kω = C1kω
κ2 + σkω, C2kε =

C1kε
κ2 + σkε, κ = 0.41

(4)

S is the mean strain, given as:

S =
√

2SijSij (5)

The wall blocking effect is accounted for by the damping function fµ:

fµ =
χ3

χ3 + C3
W

, χ =
R
v

(6)

The existence of the two terms C2kω and C2kε makes the W–A turbulence model behave
as a one-equation k-ω model or a one-equation k-ε model, and f 1 is the switching function,
defined as:

f1 = tanh(arg4
1) (7)

arg1 = min

[
max(

√
R

0.164d
√

S
,

150ν

d2S
),

2RS2

d2CrossDi f f

]
(8)

CrossDi f f = S
∂R
∂xj

∂S
∂xj

+ R
∂S
∂xj

∂S
∂xj

(9)

where d is the minimum distance to the nearest wall.

3. Results and Discussion
3.1. Analysis of Submerged Jet Flow Field under Various Impinging Heights

The streamline of the submerged jet at various impinging heights is shown in Figure 4
(Re = 35,100). When the impinging height is low, the flow direction of the jet fluid de-
flects when it impacts on the plane. Most of the fluid flows in the downstream direction
(+x direction), and a small amount of fluid flows in the upstream direction (−x direction);
the vortex is generated near the impact origin in the upstream direction. After the vortex
moves horizontally to the two sides of the wall and collides, it moves in the downstream
direction, and the vortex range gradually increases. With the increase in the impinging
height, the intensity of the vortex gradually weakens.
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Figure 4. Streamline diagram of oblique submerged impinging jet at various impinging heights:
(a) H/D = 1; (b) H/D = 2; (c) H/D = 3; (d) H/D = 4; (e) H/D = 6; (f) H/D = 8.

Figure 5 shows the velocity cloud chart and streamline (Re = 35,100) of the middle
section (y/D = 0) V/Vb of the jet at various impinging heights. When the impinging height
increases, the jet flow distance between the nozzle and impact plane increases, and the jet
diffusion range increases gradually. When H/D ≤ 4, the jet fluid has a greater axial velocity
when it reaches the impingement region; when H/D ≥ 6, the axial velocity gradually
decreases when it reaches the impingement region. Vortex (C1~C6) is generated near the
impact origin in the jet upstream direction (−x direction), and the vortex center location is
consistent, and is almost unaffected by the impinging height.
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The V/Vb velocity cloud chart and streamline (Re = 35,100) of jet cross sections (z/D = 1,
0.5, 0.1) at different impinging heights are shown in Figure 6. The velocity cloud chart and
streamline of the jet have good symmetry. In the z/D = 1 section, when H/D ≥ 2, small-scale
vortices appear near the two side walls (x/D = −2.5), and the ambient fluid in the upstream
flow direction of the jet is sucked into the vortex. In the z/D = 0.5 section, it is found that
when the impinging height H/D ≥ 3, the jet velocity cloud chart of the impingement region
and the wall-jet region is connected, indicating that the thickness of the wall-jet near the
impingement region increases with the increase in the impinging height. The section with
z/D = 0.1 is closest to the impact plate. It was found that the increase of impinging height
leads to the gradual decrease of the maximum velocity in the impingement region and the
influence range of the jet velocity. When H/D ≥ 3, the velocity distribution range remains
unchanged. The results show that with the increase in impinging height, the jet velocity in
the impingement region decreases gradually at the same position, and the jet fluid thickness
increases from the impingement region to the wall-jet region.
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in Figure 8 (Re = 35,100). When the impinging height H/D = 1, the velocity profiles are 

obviously asymmetrical under the influence of the impact wall. The maximum value of 
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various impinging height: (a) H/D = 1; (b) H/D = 2; (c) H/D = 3; (d) H/D = 4; (e) H/D = 6; (f) H/D = 8.

Figure 7 shows the axial velocity V/Vb, horizontal velocity |Vx|/Vb, and vertical
velocity |Vz|/Vb (H/D = 1, 8) of the jet at different Reynolds numbers (Re = 11,700~35,100).
When H/D = 1, V/Vb remains unchanged in the range of 0 ≤ l/D ≤ 0.2; when l/D ≥ 0.2, V/Vb
decreases with the increase in l/D, |Vz|/Vb decreases rapidly from 0.9 to 0, and |Vx|/Vb
remains unchanged after slightly decreasing. At the same axial location, l/D, the values
of V/Vb, |Vx|/Vb, and |Vz|/Vb at low Reynolds numbers are slightly higher than those of
higher Reynolds numbers, but the velocity profiles have good similarity. When H/D = 8,
V/Vb, |Vx|/Vb and |Vz|/Vb decrease gradually with the increase in l/D in the potential
core region and transition region (0 ≤ l/D ≤ 10.5), and the decay rates of |Vx|/Vb and
|Vz|/Vb are fundamentally the same; in the impingement region (l/D ≥ 10.5), the decay
rates of |Vx|/Vb and |Vz|/Vb increase. It can be seen from Figure 7 that an increase in
impinging height leads to an increase in jet flow distance and a decrease in jet velocity
when it reaches the impingement region. The velocity profiles are similar under different
levels of Re, which indicates that Reynolds number has little effect on velocity profiles.
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The radial profiles of jet axial velocity V/Vb at different impinging heights are shown
in Figure 8 (Re = 35,100). When the impinging height H/D = 1, the velocity profiles are
obviously asymmetrical under the influence of the impact wall. The maximum value of
V/Vb deviated from the axis, and with the increase in l/D, it decreases rapidly at first and
then remains almost constant. When H/D = 2, the jet velocity profiles show good symmetry
in the range of 0 ≤ l/D ≤ 3.0, −0.5 < r/D ≤ 0.5; in the range of −2.0 < r/D ≤ −0.5, the jet
flows in the upstream direction, and the V/Vb decreases first and then increases. When
l/D ≥ 2.5, the location where the maximum value of V/Vb is deflected toward +r direction,
and the maximum value of V/Vb is approximately equal to 1. When H/D = 3, in the range
of 0 ≤ l/D ≤ 1.5, the velocity profiles show good symmetry, and the maximum value of
V/Vb is basically unchanged; when l/D > 3, the maximum value of V/Vb decreases with
the increase of l/D. When H/D = 4, the range of the jet potential core region increases, but
the maximum value of V/Vb near the wall decreases. This is caused by the increase in
jet flow distance and the large attenuation of jet velocity in the transition region. When
H/D = 6, the jet flow distance increases, the transition region range becomes larger, and the
velocity entering the impingement region decreases. The maximum value of V/Vb near the
wall is about 0.8. When H/D = 8, in the free-jet region, the impingement plane has little
effect on the jet, and the jet is in a good axisymmetric shape; the maximum value of V/Vb
near the wall decreases to about 0.6. It can be seen from the figure that at low impinging
height (H/D ≤ 3), the velocity attenuation of the jet center is small, and the maximum value
of V/Vb near the wall remains near 1. When the impinging height increases, the jet flow
distance increases, the jet diffusion degree increases, and the maximum value of V/Vb near
the wall decreases gradually. When H/D = 8, the maximum value of V/Vb near the wall is
about 0.6, and nearly half of the initial velocity is lost, indicating that the impinging height
has a great influence on the jet velocity.
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J. Mar. Sci. Eng. 2022, 10, 399 10 of 18J. Mar. Sci. Eng. 2022, 10, x FOR PEER REVIEW 10 of 18 
 

 

−2 −1.5 −1 −0.5 0 0.5 1 1.5 2
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

 

 

V
/V

b

r/D

 l/D = 0.5

 l/D = 2.0

 l/D = 6.0

 l/D = 7.5

 l/D = 8.0

 l/D = 8.25

 
−2 −1.5 −1 −0.5 0 0.5 1 1.5 2

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

 

 

V
/V

b

r/D

 l/D = 0.5

 l/D = 2

 l/D = 6

 l/D = 9

 l/D = 10

 l/D = 11

 
(e) (f) 

Figure 8. Radial profile development of the normalized mean axial velocity V/Vb at various 

impinging heights: (a) H/D = 1; (b) H/D = 2; (c) H/D = 3; (d) H/D = 4; (e) H/D = 6; (f) H/D = 8. 

Figure 9 shows the axial profile development of velocity V/Vb at different radial 

locations (r/D = 0, ±0.25, and ±0.5) under various impinging heights (Re = 35,100). Within 

the calculated height range, the flow distance of the jet between the nozzle and the 

impingement plane is l/D = h/(D × sinθ) ≈ 1.4~11.3, and it is generally considered that the 

length of the jet potential core region is 4~6 D. Therefore, when H/D = 1~3, there is only 

the potential core region in the free-jet region, and the velocity V/Vb remains 

fundamentally unchanged at r/D = 0 and ±0.25. When H/D ≥ 4, there is a transition region 

in the free-jet region, and the velocity V/Vb at r/D = 0 and ±0.25 first remains unchanged 

and then decreases with the increase in l/D; at r/D = ±0.5, the velocity V/Vb increases 

gradually and then tends to be stable, and the momentum is the main factor driving the 

jet flow. In the impingement region, the velocity V/Vb decreases gradually at r/D = 0, ±0.25 

and −0.5, and the velocity V/Vb decreases slightly at r/D = 0.25 due to the jet deflecting in 

the downstream direction in the impingement region, and the increase in |Vx| is lower 

than the decrease in |Vz| in the impingement region; at r/D = 0.5, the velocity V/Vb 

gradually increases, and the increment decreases with the increase in impinging height. 

When H/D = 1, the velocity V/Vb increases by about 0.55, while when H/D = 8, the velocity 

is almost unchanged. 

0.0 0.5 1.0 1.5 2.0
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

 

 

V
/V

b

l/D

 r/D = −0.5

 r/D = −0.25

 r/D = 0

 r/D = 0.25

 r/D = 0.5

 
0 1 2 3 4

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

 

 

V
/V

b

l/D

 r/D = −0.5

 r/D = −0.25

 r/D = 0

 r/D = 0.25

 r/D = 0.5

 
(a) (b) 

Figure 8. Radial profile development of the normalized mean axial velocity V/Vb at various impinging
heights: (a) H/D = 1; (b) H/D = 2; (c) H/D = 3; (d) H/D = 4; (e) H/D = 6; (f) H/D = 8.

Figure 9 shows the axial profile development of velocity V/Vb at different radial loca-
tions (r/D = 0, ±0.25, and ±0.5) under various impinging heights (Re = 35,100). Within the
calculated height range, the flow distance of the jet between the nozzle and the impinge-
ment plane is l/D = h/(D × sinθ) ≈ 1.4~11.3, and it is generally considered that the length of
the jet potential core region is 4~6 D. Therefore, when H/D = 1~3, there is only the potential
core region in the free-jet region, and the velocity V/Vb remains fundamentally unchanged
at r/D = 0 and ±0.25. When H/D ≥ 4, there is a transition region in the free-jet region, and
the velocity V/Vb at r/D = 0 and ±0.25 first remains unchanged and then decreases with
the increase in l/D; at r/D = ±0.5, the velocity V/Vb increases gradually and then tends to
be stable, and the momentum is the main factor driving the jet flow. In the impingement
region, the velocity V/Vb decreases gradually at r/D = 0, ±0.25 and −0.5, and the velocity
V/Vb decreases slightly at r/D = 0.25 due to the jet deflecting in the downstream direction in
the impingement region, and the increase in |Vx| is lower than the decrease in |Vz| in the
impingement region; at r/D = 0.5, the velocity V/Vb gradually increases, and the increment
decreases with the increase in impinging height. When H/D = 1, the velocity V/Vb increases
by about 0.55, while when H/D = 8, the velocity is almost unchanged.
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Figure 10 shows the variation law of flow angle ϕ (Re = 35,100) in each radial direction
(r/D = 0, ±0.25 and ±0.5) of jet under various impinging heights. In the free-jet region, the
flow angle ϕ is always close to the impinging angle θ. At this time, the impingement plane
has little influence on the flow, and the changes in |Vx| and |Vz| are basically the same.
In the impingement region, the values of ϕ decay linearly with l/D at r/D = 0, ±0.25, and
0.5, and the decay rates are different at various radial locations. The flow angle ϕ increases
gradually at r/D = −0.5. When H/D = 1, the maximum value of ϕ is greater than 90◦, and
there is a countercurrent flow; when H/D ≥ 2, the flow angle ϕ is less than 90◦, indicating
that the flow deflects in the downstream direction.
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3.2. Mean Velocity Profile in the Near-Wall Region

To highlight the flow structure, the location of the stagnation point (SP) (the segmen-
tation point of the downstream and countercurrent) and the geometric center (GC) (the
intersection of the jet pipe center extension line and the impingement plane) are added to
the figure. The fluid decelerates rapidly near the impingement plane and begins to develop
laterally along the plane, thus forming a wall-jet region, which is mainly composed of a
downstream region (+x direction) and a countercurrent region (−x direction). Figure 11
shows the mean velocity vector field (Re = 35,100) of the mid-section (y/D = 0) near-wall
region (0 ≤ z/D ≤ 1, −3 ≤ x/D ≤ 3) of the jet at different impinging heights. The increase
in impinging height leads to the increase in jet diffusion when reaching the impingement
region, and the maximum value of V/Vb decreases; the wall jet thickness increases, and the
velocity gradient decreases. When H/D ≤ 3, the location of SP remains unchanged; when
H/D > 3, the location of SP gradually moves away from GC.
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To explore the velocity distribution in the near-wall region, Figures 13 and 14 show 

the horizontal distributions of |Vz|/Vb and Vx/Vb (Re = 35,100) at different locations (z/D = 

Figure 11. Mean velocity vectors in the near-wall region and flood contours of the normalized mean
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The horizontal distance between SP and GC is represented by Lsp. Figure 12 shows the
Lsp/D distribution at different impinging heights. When H/D ≤ 3, Lsp/D decreases slightly
from 0.62 and then increases to 0.6, and the size difference of Lsp/D under different levels of
Re is small. When H/D > 3, the value of Lsp/D gradually increases with the increase in H/D.
When Re = 11,700, Lsp/D is larger than when Re is higher.
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To explore the velocity distribution in the near-wall region, Figures 13 and 14 show
the horizontal distributions of |Vz|/Vb and Vx/Vb (Re = 35,100) at different locations
(z/D = 0.05, 0.2, 0.4, 0.6, and 0.8) between the jet exit and the impingement plane. As shown
in Figure 13, under different impinging heights, the distribution law of |Vz|/Vb at the
same section z/D is similar. With the increase in x, |Vz|/Vb increases rapidly and then
decreases. In the forward flow direction of jet, the attenuation of |Vz|/Vb is related to the
impinging height. When x/D ≥ 1.5, |Vz|/Vb is close to 0, indicating that the mainstream
velocity direction of the jet is horizontal. As shown in Figure 14, when 0.6 ≤ z/D ≤ 0.8,
the profile of section Vx/Vb is similar, indicating that the velocity Vx/Vb in this region
deflects in +x direction, and the velocity is less affected by the impingement plane. When
0.05 ≤ z/D ≤ 0.4, the maximum value of Vx/Vb increases gradually with the decrease in
z/D; in the jet’s downstream direction, the jet fluid first accelerates and then decelerates. In
the range of x < 0, Vx/Vb has a negative value at section z/D = 0.05, indicating that the jet
flows in the countercurrent direction.
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The distribution law of the maximum velocity Vm/Vb of the wall jet along the forward
flow direction is shown in Figure 15 (Re = 35,100). As shown in the figure, when H/D ≤ 6,
there is a large difference in velocity Vm/Vb at various impinging heights in the range of
1 ≤ x/D ≤ 4, and the difference is small in the range of x/D > 4, which is in good agreement
with the fitting formula Vm/Vb = 2.3(x/D)−1; when H/D = 8, the calculated results in the
range of x/D > 8 are in good agreement with the formula.
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3.3. Time-Averaged Impinging Pressure Distribution

The pressure distribution when the jet impinges on the plane under various heights is
shown in Figure 16 (Re = 35,100). When H/D = 1, the pressure distribution on the impinge-
ment plane has good symmetry, and the maximum value is obtained at about x/D = −0.5,
y/D = 0. The concentration degree of pressure distribution on the left (−x direction) of the
maximum pressure point is higher than that on the right. With the increase in imping-
ing height, the maximum impinging pressure on the plane decreases gradually, and the
distribution range of the impinging pressure is almost unchanged.
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Figure 17 shows the variation law between the maximum pressure coefficient Cpmax
and H/D, and gives the fitting formula between them as follows:

Cpmax =
Pmax − P0

1
2 ρV2

b

= −0.123
H
D

+ 1.22 (10)

Figure 18 shows the distribution law of the pressure coefficient at each height. It was
found that the pressure coefficient Cp first increases and then decreases with the increase
of x, while H/D increases from 1 to 8 and Cpmax decreases from 1.1 to 0.3, but the effective
impact range is −2 ≤ x/D ≤ 2, which is independent of the height. With the increase in
impinging height, the maximum pressure coefficient gradually decreases, and the Cp curve
gradually flattens. In engineering applications, such as electronic component cooling, there
is not always the condition of vertical impact heat dissipation. The oblique jet results show
that in the studied height range (1 ≤ H/D ≤ 8), the effective impact range is [−2D,2D].
With the increase in impact height, the impact pressure decreases significantly. In practical
engineering applications, it is not recommended that the impact height be greater than
eight times the pipe diameter. At the same time, the pressure in the center of short-distance
impact is large and the pressure on both sides is low. The impact height can be reasonably
selected according to the impact region.
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4. Conclusions 
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heights, and the impinging pressure concentration on the left (−x direction) of the 

maximum pressure point is higher. 

Author Contributions: Software, D.Z.; validation, C.W. and H.W.; formal analysis, D.Z. and X.C.; 

data curation, J.L. and Y.Z.; writing—original draft preparation, D.Z. and J.G.; writing—review and 

editing, D.Z. and B.H. All authors have read and agreed to the published version of the manuscript. 

Funding: This research was supported by the National Key R&D Program of China (Grant No: 

2020YFC1512402), Open Research Fund of State Key Laboratory of Simulation and Regulation of 

Water Cycle in River Basin (China Institute of Water Resources and Hydropower Research), Grant 

No: IWHR-SKL-201719, the National Natural Science Foundation of China (Grant No: 51979240, 

51609105 and 52009013). 

Institutional Review Board Statement: Not applicable. 

Informed Consent Statement: Not applicable. 

Data Availability Statement: Not applicable. 

Conflicts of Interest: The authors declare no conflict of interest. 

References 

1. Cooper, D.; Jackson, D.C.; Launder, B.E.; Liao, G.X. Impinging jet studies for turbulence model assessment—I. Flow-field 

experiments. Int. J. Heat Mass Transf. 1993, 36, 2675–2684. 

2. Ashforthfrost, S.; Jambunathan, K. Effect of nozzle geometry and semi-confinement on the potential core of a turbulent 

axisymmetric free jet. Int. Commun. Heat Mass Transf. 1996, 23, 155–162. 

Figure 18. Variation of pressure coefficient Cp along the x-axis at various impinging heights.

4. Conclusions

Oblique submerged impinging jets (θ = 45◦) at various heights (1 < H/D < 8) were
simulated by using the Wray–Agarwal turbulence model. The following conclusions were
obtained through the numerical simulation:

(1) With the increase in impinging height, the diffusion degree of the oblique jet in-
creases gradually, while the velocity decreases when it reaches the impingement region, and
the distance between stagnation point (SP) and geometric center (GC) increases gradually.

(2) The flow angle ϕ along the jet centerline remains constant in the free-jet region
and decreases rapidly in the impingement region. The maximum axial velocity Vm/Vb
at different locations of the wall-jet region is essentially consistent with the formula
Vm/Vb = 2.3(x/D)−1. As the impinging height increases, the size of the vortex in the flow
field is almost unchanged, but its intensity gradually weakens.

(3) An increase in impinging height leads to a decrease in the maximum impinging
pressure coefficient and pressure coefficient, but the effective impinging pressure is main-
tained in the range of −2 ≤ x/D ≤ 2. The pressure distribution is similar at various heights,
and the impinging pressure concentration on the left (−x direction) of the maximum
pressure point is higher.
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