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Abstract: The numerical simulation method was used to investigate the deflection and deformation
process of a circular lubricating oil jet in transverse shear airflow. The numerical model was compared
and validated against the experimental data. The physical parameters of Mobil jet Oil II were utilized
in this simulation with the nozzle diameter ranging from 0.5 to 2.5 mm, the maximum liquid/gas
momentum ratios varying from 10.35 to 165.50, and the injection angle ranging from 0 to 30◦ in the
opposite airflow direction. The results show that an increase in the nozzle diameter decreases the
degree of jet deflection. The higher airflow velocity causes more fluctuations in the oil-jet trajectory,
while the higher oil-injection velocity reduces fluctuations in the trajectory. The parabolic curve
equations were used to derive the trajectory equations for the jet column’s pre-disintegration under
both vertical incidence and a small angle of reverse airflow. The nozzle diameter and maximum
oil/air momentum ratio were used to obtain a formula for the trajectory curve of the lubricating oil.
Additionally, a formula for fitting the trajectory curve of oil injected in the opposite airflow direction
regarding the injection angle was developed.

Keywords: crossflow; injection angle; liquid trajectory; numerical simulation; two-phase flow

1. Introduction

The liquid-injection method is used to deliver lubricating oil in aero engines, especially
in the under-race lubrication structure. Lubricating oil is injected into the oil collector and
transmitted to the bearing inner ring through an internal channel. Under the influence
of centrifugal force and pressure, oil flows into the bearing cavity through the hole in the
inner ring. A continuous oil column is observed during the oil collection process of the
oil collector [1] and the oil discharge process of the bearing inner ring hole [2]. The flow
characteristics of the oil column have a significant impact on the lubricating and cooling
effects within the bearings [3]. During the oil collection process, the rotation of the compo-
nents induces non-uniform airflow within the bearing cavity. The oil column undergoes
deflection, deformation, collision, branching, and fragmentation due to aerodynamic effects
and surface tension [4]. These phenomena can lead to the accumulation of lubricating oil
in the oil collector, ultimately diminishing the oil collection efficiency of the under-race
lubrication structure [5].

Extensive research has been carried out on the collection of lubricating oil in the radial
oil collector of under-race lubrication structures. Paloma [6] researched on the capability of
a scoop system to capture and retain delivered oil. Prabhakar and Abakr [7] demonstrated
that oil loss due to the centrifugal effect is influenced by the location of the oil jet impacting
the inner surface of the blade. Korsukova and Morvan [8] studied the radial under-race
lubrication structure and found that oil collection efficiency decreases significantly when the
oil impinges on the outer surface profile near the blade tip but improves when it impacts
the outer surface contour near the blade root. Ardashkin and Borisov [9] investigated
various parameters affecting oil collection efficiency and discovered that the maximum oil
collection efficiency occurs when the injection direction is opposite to the rotation direction
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of the oil collection ring. Qin [10] proposed an under-race oil supply lubrication device that
incorporates a radial oil collection ring. The tangential orientation of the inner surface of the
oil-collecting blade aligns with the relative velocity direction of the lubricating oil, which
reduces collision and splashing of the oil on the inner surface. In his doctoral thesis, Qin [11]
noted that the higher the initial velocity of the lubricating oil entering the inner surface of
the oil-receiving scoop, the less likely the oil jet is to choke out. The mentioned research
exemplifies that the oil trajectory directly impacts oil collection efficiency. To comprehend
the various factors affecting the oil collection efficiency of the radial oil collection structure,
it is crucial to examine the flow characteristics of the lubricating oil jet in the non-uniform
airflow within the bearing cavity under varying conditions.

Numerous studies have been conducted on the flow of liquid jets in uniform airflow.
Chen [12] and Wu [13] observed that the process of jet fragmentation is primarily divided
into two stages: the transformation from a liquid column to a liquid block or large droplet
is referred to as the primary breakup, and the further fragmentation of the liquid block
or large droplet into smaller droplets is known as the secondary breakup. Mazallon [14]
studied the deformation and fragmentation of a transverse jet using the pulse shadow
method at room temperature and pressure. The research results showed that, as the
gas Weber number increased, the transverse jet underwent three forms: bag crushing,
composite crushing, and shear crushing. Zhou [15] analyzed the evolution process of the jet
surface waves at different disturbance frequencies and the coupling effect of the jet tip and
liquid core on the overall spray field from overall structure, liquid ligament, and droplet
formation. Singh [16] proposed an efficient cooling technique for a modern aero-engine
afterburner liner based on the combination of jet impingement and film cooling based on
jet impinging. In recent years, researchers have conducted some research on jet flow in
transverse shear airflow. Becker [17,18] investigated the liquid mist mixing characteristics
of a direct fuel jet injected into two layers of opposite rotating annular channels. Deng [19]
investigated the flow of an inviscid liquid jet in a transverse jet under shear load. The
results showed that the two-dimensional shear airflow has a velocity gradient in the jet
direction, only changing the effect of transverse aerodynamic forces on the surface waves
of the jet. The effect of gas and liquid Weber numbers on jet fragmentation is similar to
that of non-uniform airflow. Kong [20,21] investigated jet fragmentation in two types of
non-uniform airflow with positive and negative velocity gradients. The results showed that
the local jet momentum ratio, the fragmentation mechanism, and the penetration depth
changed due to the distributed aerodynamic force on the jet in non-uniform airflow.

The aforementioned research on the under-race lubrication structure indicates that
the trajectory and flow state of the lubricating oil jet in the radial oil collector significantly
impact its oil collection efficiency. However, there is a gap in research concerning the
trajectory of lubricating oil in oil collectors. Correspondingly, the jet trajectory in transverse
shear crossflow has not been thoroughly studied. Especially, there is a lack of research
on the jet flow in transverse shear crossflow when the jet direction is opposite to the
airflow direction. This article aims to investigate the flow characteristics and trajectory
of lubricating oil in transverse shear crossflow during the radial oil collection process
thanks to numerical simulations. Calculated results are used in order to establish empirical
formulas for the oil trajectory regarding nozzle diameter, maximum oil/air momentum
ratio, and injection angle.

2. Numerical Simulation Method
2.1. Geometry and Grid

The physical calculation model for the oil jet in transverse shear crossflow is based
on a radial lubricating oil collector for large engines. The geometric model, as shown in
Figure 1, has the airflow direction along the positive y-axis and the direction when the oil is
vertically incident along the positive z-axis. The x-axis direction is determined with the
right-hand rule.
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Figure 1. Geometric model.

The air inlet has dimensions of 30 mm × 18 mm, and the nozzle is positioned at the
center of the bottom wall of the computational domain, maintaining a distance of 15 mm
between the nozzle and the air inlet. The nozzle length is 7.5 mm. The injection angle is
defined as the angle between the centerline of the oil inlet and the z-axis in the y–z plane.
Oil is injected into the opposite direction of the crossflow. The red dash box area in the
image indicates the oil inlet. The range of injection angles is determined with the angles that
result in higher oil collection efficiency in the radial oil collector. The tip of the oil-collecting
ring blade rotates to form a lubricating oil capture surface, and the corresponding capture
surface in the crossflow is determined based on the tip surface. For reference, the distance
between the blade tip and the nozzle of a specific oil collector is 20 mm. The capture surface
in transverse shear crossflow is located at z = 20 mm.

The boundary conditions for the airflow in the oil collector include a set of stationary
walls and rotating devices. To simplify the non-uniform airflow induced by the scoops
in the radial oil-collecting ring, it is modeled as a linear transverse shear crossflow. The
velocity distribution at the air inlet is represented as follows:{

vg = Vmax (z > h)
vg = z

h Vmax (z ≤ h)
(1)

The ranges of crossflow maximum velocity and oil injection velocity are determined
based on the actual operating conditions of the oil collector. The pertinent parameter
ranges are provided in Table 1. The density of the oil is 783.81 kg/m3, and its viscosity is
0.001374 Pa·s. The density of air is 1.184 kg/m3, and its viscosity is 0.00184 mPa·s. The
surface tension of oil is 0.025 N/m.

Table 1. Related parameters affecting the trajectory of the lubricating oil center.

Related Parameter Range

nozzle diameter, d 0.5~2.5 mm
crossflow maximum velocity, Vmax 40~120 m/s

oil injection velocity, Vj 10~25 m/s
maximum oil/air momentum ratio, qmax 18.39~165.50

injection angle, θ 0~30◦

Reynold number, Rel 5705.6~28,528.1
Weber number, Weg,max 113.67~1022.98
Ohnesorge number, Oh 0.00621~0.01388

Froude number, Fr 22.56~56.41

Hexahedral structured grids are used to partition the overall computational domain.
To ensure accurate flow in the boundary layer at the oil outlet, the boundary layer grid at the
oil outlet is encrypted in Figure 2. Based on different working conditions, the height range
of the first layer of different grids is calculated to be 2.745 × 10−3 mm to 7.180 × 10−3 mm,
ensuring a y+ value less than 3. To minimize computational variations in the oil jets across
different structures, the calculation domain, encompassing various nozzles, is meshed
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using the same approach. The number of cells in different computational domains is
standardized to approximately 9.5 million.
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2.2. Boundary Condition and Calculation Methods

The oil inlet and air inlet are set as velocity inlet boundary conditions, and the outlet
is set as pressure outlet boundary conditions. The given gauge pressure is 0 Pa (reference
pressure is 1.013 × 10−5 Pa). All walls are designated as adiabatic wall boundary conditions
without slip or penetration. The control equations in the numerical simulation calculations
are discretized using the finite volume method. The time term is discretized using a first-
order implicit format. Using center difference and PRESTO! (PREssure Staging Option)
format discretizes the diffusion term and pressure term, respectively. Momentum, turbulent
kinetic energy, and turbulent energy dissipation rate are discretized using a second-order
upwind scheme.

Given that the Mach number of the air crossflow under the specified calculation
conditions is less than 0.35, we assume that the airflow behaves as an incompressible fluid.
The coupled implicit solver based on pressure was employed. Unsteady-state calculations
were adopted, and the results are derived from the data obtained after the jet stabilized.
Under the specified calculation conditions, the flow time scale (t = d/Vj) of the oil jet
from the cylindrical nozzle ranges from 25 µs to 150 µs. The oil flow phenomenon in shear
crossflow is an unsteady flow process. To minimize errors in the calculation of the oil center
trajectory at a specific moment, a time interval of 20 µs has been employed, and the results
of five oil trajectory calculations have been preserved. The lubricating oil center trajectory
under a specific working condition is determined by averaging the calculations from five
individual trajectories obtained under the same conditions.

2.3. Calculation Model

Due to the fact that the flow of a lubricating oil jet in non-uniform airflow involves a
gas–liquid two-phase flow, the CLSVOF [22] method is used to capture the surface of the
lubricating oil. The maximum Weber number of the oil jet ranges from 113.67 to 1022.98,
and the maximum liquid/air pneumatic momentum ratio ranges from 18.39 to 165.50. The
crushing mode of the jet is characterized by bag crushing and compound crushing. The oil
column remains relatively intact within the computational domain. This article primarily
investigates the flow state of the liquid column in the primary crushing mode. Therefore,
atomization regimes are not considered. The realizable k-ε model, which is suitable for
rotating flow, boundary layer flow with a strong reverse pressure gradient, flow separation,
and secondary flow was used. Especially, it performs well when the curvature of the jet
varies greatly. The results of this model are more accurate and reliable than the results
obtained with the standard k-ε model. Within the velocity range of the oil jet, the Froude
number of the oil jet is greater than 22.56, and the influence of the inertia force of the jet is
much greater than that of its gravity.

The influence of gravity on the flow of lubricating oil can be ignored. Here is a set of
two-phase flow control equations:
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∂ρ

∂t
+∇•(ρU) = 0 (2)

∂(ρw)
∂t +∇•(ρwU) = − ∂p

∂x + ∂τxx
∂x +

∂τyx
∂y + ∂τzx

∂z + ρ fx
∂(ρu)

∂t +∇•(ρuU) = − ∂p
∂y +

∂τxy
∂x +

∂τyy
∂y +

∂τzy
∂z + ρ fy

∂(ρv)
∂t +∇•(ρvU) = − ∂p

∂z + ∂τxz
∂x +

∂τyz
∂y + ∂τzz

∂z + ρ fz

(3)

U = ui + vj + wk,


ρ fx = ρg − Fs f ,x
ρ fy = ρg − Fs f ,y
ρ fz = ρg − Fs f ,z

(4)

fx, fy, and fz are the volume force components in each direction. The treatment of
the surface tension term draws inspiration from Brackbill’s idea [23] of coupling surface
tension as a volume force into the momentum equation. In the level-set method, the
surface tension is given by Equation (7), while in the VOF method, the surface tension is
given by Equation (10). The geometrical interface-front construction method is used here.
The geometrical method involves a simple concept and is reliable in producing accurate
geometrical data for the interface front. The values of the VOF and the level-set function are
both used to reconstruct the interface front. Namely, the VOF model provides the size of
the cut in the cell where the likely interface passes through, and the gradient of the level-set
function determines the direction of the interface.

The phase function governing equation in the level-set method is given Equation (5).
φ is the phase function in the level-set method.

∂(φ)

∂t
+∇•(φU) = 0 (5)

φ(x′, t) =


+|d| if x′ ∈ air phase

0 if x′ ∈ Γ
−|d| if x′ ∈ oil phase

(6)

Fs f =
ρ

0.5(ρg + ρl)
σκ

→
n δ(φ) (7)

{
ρ = (1 − F)ρg + Fρl
µ = (1 − F)µg + Fµl

,
→
n =

∇φ

|∇φ|

∣∣∣∣
φ=0

, κ = ∇ · ∇φ

|∇φ|

∣∣∣∣
φ=0

(8)

In the VOF method, α is the volume fraction of each fluid phase. When α = 0, the cell
is empty of the fluid. When α = 1, the cell is full of the fluid. When 0 < α < 1, the cell
contains the interface between the fluid and other fluids.

∂(α)

∂t
+∇•(αU) = 0 (9)

Fs f = σκn∇α (10)

→
n = ∇αi, κ = ∇ ·

→
n∣∣∣→n ∣∣∣ (11)

The turbulent energy equation and dissipation equation of the Realizable k-ε turbu-
lence model are given as follows:

∂(ρK)
∂t

+
∂(ρujK)

∂xj
=

∂

∂xj

[
(µ +

µ

PrK
)

∂K
∂xj

]
+ PK + Gb − ρε − YM (12)

∂(ρε)

∂t
+

∂(ρujε)

∂xj
=

∂

∂xj

[
(µ +

µt

Prε
)

∂ε

∂xj

]
+ ρC1Sε − C2ρ

ε2

K +
√

vε
+ Cε1

ε

k
Cε3Gb (13)
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where
C1 = max[0.43,

η

η + 5
], η = S

k
ε

, S =
√

2SijSij (14)

2.4. Numerical Method Verification

The commercial software Fluent 17.0 was employed for the simulation calculations.
The verification calculation for the calculation method was conducted using the trial
conditions proposed by Zhu as the boundary conditions [24]. The computational analysis
involved water and air. The operating parameters were kept consistent with a water
injection velocity of 3.8 m/s and an airflow velocity of 35.1 m/s.

The cross-section where the LS function is equal to 0 corresponds to the two-phase flow
separation cross-section. The area where the LS function is greater than 0 represents the liquid
volume. The calculated results are presented in Figure 3, where the black dots represent the liquid
position when the LS phase function is greater than 0. The red line corresponds to the empirical
formula proposed by Zhu et al., and the red dots represent the jet trajectory in Zhu’s experiment.
It can be observed that the deviation between the calculation results and the empirical formula is
within 8.4%, while the simulation results align well with the observed jet trajectory. This suggests
that the CLSVOF method can accurately capture the position of the lubricating oil.
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The oil jet is investigated under both uniform and transverse shear crossflow condi-
tions. The injection velocity of the oil remains constant at 20 m/s. In the case of uniform
airflow, the velocity is set at 120 m/s, while in the transverse shear crossflow field, the
maximum velocity is also 120 m/s. Simulations of the lubricating oil jet were conducted in
both scenarios, and the resulting jet trajectories are illustrated in Figure 4. It is evident that,
due to the lower local airflow velocity, the deflection of the jet trajectory below a height
of 8 mm is smaller than that of the oil trajectory in a uniform airflow. There is a notable
difference in the oil trajectory between transverse shear and uniform airflow conditions.
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3. Results
3.1. Influence of Nozzle Diameter on Oil Jet Flow Characteristics

The oil injection velocity is 20 m/s, and the maximum crossflow velocity is 80 m/s
with an injection angle of 0◦. This study examines the impact of the nozzle diameter on the
flow regime of the oil jet. As illustrated in Figure 5, the degree of oil trajectory deflection
decreases with the increase in nozzle diameter. The center of the oil column on the capture
surface advances as the nozzle diameter increases. With a constant injection velocity of
oil and crossflow velocity distribution, the augmentation of the nozzle diameter results
in a rapid increase in the mass flow rate of the lubricating oil, thereby weakening the
acceleration effect of air on the lubricating oil. This observation is evident when comparing
the oil volume fraction on the capture surface under various nozzle diameter conditions, as
depicted in Figure 6. With an increase in the nozzle diameter, the shape of the oil column
on the capture surface becomes more regular.
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The liquid film width of lubricating oil represents the length of the oil surface in the
x-axis direction when the Level Set (LS) function equals 0 at z = h. Figure 7 illustrates the
relationship between the liquid film width of lubricating oil on the capture surface and
nozzle diameter. As the nozzle diameter increases, the liquid film width of the lubricating
oil column also increases. When the nozzle diameter surpasses 2 mm, the change in the
liquid film width of the oil column becomes less pronounced. Moreover, the ratio of liquid
film width to nozzle diameter decreases with increasing nozzle diameter. This indicates that
the influence of the nozzle diameter on the liquid film width of lubricating oil diminishes,
and the liquid film width of oil approaches the nozzle diameter. This phenomenon indicates
that the deformation of the oil jet liquid column in transverse shear crossflow decreases as
the nozzle diameter increases. Subsequently, a diameter beyond 2 mm has little impact on
the jet liquid column.
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In the investigation of jet breakup in uniform airflow, researchers usually mark the
upper boundary of the fluid in crossflow as a trajectory. However, the centerline trajectory of
the oil column on the center plane can better reflect the displacement of the oil column and
the position that the liquid column can reach on the capture surface. As shown in Figure 8,
the distribution of center trajectories of lubricating oil with different diameters is given. At
the same injection velocity and crossflow distribution, the center position of the oil on the
capture surface is away from the vertical line of the nozzle center when the nozzle diameter
is less than 1 mm. When the diameter increases from 1.5 mm to 2.5 mm, the change in the oil
trajectory is relatively small. When the nozzle diameter is greater than 1.5 mm, increasing
the nozzle diameter has little effect on the stability of the lubricating oil jet.
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3.2. Influence of Oil Injection Velocity on Oil Jet Flow Characteristics

The maximum velocity of the crossflow is 80 m/s, the nozzle diameter is 1.5 mm,
and the injection angle is 0◦. The injection velocity varies from 10 m/s to 25 m/s. As
the injection velocity increases, the initial momentum of the lubricating oil column also
increases. Figure 9 illustrates the distribution of lubricating oil on the center plane under
three injection velocities. With the rising injection velocity, the initial momentum of the
lubricating oil column increases, resulting in a shorter time for the oil to reach the same
height. The acceleration effect of aerodynamic force weakens, and the deflection degree of
the lubricating oil column decreases. When the injection velocity of the lubricating oil is less
than 15 m/s, there is a significant disturbance in the lubricating oil column, and the position
of the oil on the capture surface fluctuates considerably over time. As depicted in Figure 10,
as the injection velocity of the oil increases, the shape of the oil on the capture surface
regresses from a flat film shape to a meniscus shape, indicating a weakening influence of
aerodynamic forces.
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The change in the liquid film width with the injection velocity is depicted in Figure 11. It
can be observed that, as the injection velocity of oil increases, the liquid film width of oil on the
capture surface initially increases and then decreases. This occurs because the jet liquid column
initially deforms along the direction of jet development, leading to an increase in the liquid film
width. Subsequently, the liquid column breaks and peels off droplets due to the influence of
Kelvin–Helmholtz (K-H) unstable waves, causing a decrease in the liquid film width of the oil
column. However, the distribution distance of the oil droplets on the x-axis is increasing. This
indicates that, when the lubricating oil flow rate increases to above 20 m/s, no obvious surface
breakup occurs in the lubricating oil column below the capture surface.
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The oil center trajectories at different injection velocities are illustrated in Figure 12.
When the injection speed of oil is less than 15 m/s, the oil column deflects significantly.
Conversely, when the oil injection velocity exceeds 25 m/s, the change in the y-axis direction
of the capture surface center trajectory does not exceed the nozzle radius.
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3.3. Influence of Crossflow Velocity on Oil Jet Flow Characteristics

The oil injection velocity is 20 m/s, the nozzle diameter is 1.5 mm, and the injection angle
is 0◦. The maximum velocity of the crossflow varies from 40 m/s to 120 m/s. The maximum
oil/air momentum ratio varies from 18.39 to 165.50. In linearly transverse shear crossflow, when
the height (h) and the maximum velocity (Vmax) of the crossflow are determined, the velocity
distribution of the crossflow is also established. As depicted in Figure 13, the aerodynamic
resistance in the crossflow increases, leading to an increase in the deflection of the lubricating oil
column when the maximum velocity of the crossflow increases. When the maximum crossflow
velocity is less than 80 m/s, the deflection of the lubricating oil column is minimal. However,
under the working condition of a maximum crossflow velocity of 120 m/s, the disturbance
of the tail surface of the lubricating oil column increases, and more surface peeling-off of
the lubricating oil occurs. Similarly, statistical analysis was performed on the distribution of
lubricating oil on the capture surface. Figure 14 shows that, when the maximum crossflow
velocity is 40 m/s, the surface shape of the lubricating oil column exhibits a semi-lunar shape.
As the crossflow velocity increases, the cross-section of the lubricating oil column on the capture
surface is compressed and elongated, ultimately presenting a bag-like shape.
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The relationship between the liquid film width of the oil column and the maximum
crossflow velocity is depicted in Figure 15. The liquid film width of the oil column increases
with the maximum velocity of the crossflow under the specified calculation conditions.
When the maximum velocity of the crossflow surpasses 120 m/s, the oil column on the
capture surface exhibits significant fluctuations, and the oil column is noticeably broken.
However, it is important to note that the lubricating oil column will experience breakage,
leading to a decrease in the liquid film width of the oil column when the crossflow velocity
further increases.
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The center trajectories of lubricating oil with different crossflow velocity distributions
are shown in Figure 16. When the maximum velocity of the airflow is less than 60 m/s,
the deflection of the oil column on the y-axis is less than the radius of the nozzle, and the
jet experiences a bit of deflection. However, when the maximum velocity of the airflow
exceeds 100 m/s, the deflection of the lubricating oil column on the capture surface on the
y-axis increases rapidly.
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The maximum oil/air momentum ratio is akin to the liquid/gas momentum ratio in a
uniform crossflow. However, in a linear transverse shear crossflow, the maximum oil/air
momentum ratio pertains to the highest momentum ratio under crossflow conditions.
Figure 17 illustrates the center locus of oil under various maximum momentum ratio
conditions. It is evident that, as the momentum ratio increases, the deflection of the oil
column in the y-axis direction decreases.
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3.4. Center Trajectory of Vertically Injected Lubricating Oil

The deflection of the oil column in the downstream direction of the jet is evidently at-
tributed to aerodynamic drag. In this study, a phenomenon analysis approach is employed
to establish simple correlations, avoiding the need to solve precise and complex control
equations. The analysis focuses on balancing the liquid acceleration and air resistance in
the crossflow direction to analyze the motion trajectory of the oil column. The force on the
liquid column is shown in Figure 18. The deflection trajectory of lubricating oil in linear
transverse shear crossflow is subsequently derived, building upon previous research [25].
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We assume the liquid column can be modeled as a cylindrical micro-body with a
nozzle outlet diameter (d) and length (l). Additionally, the diameter of the fluid elements
is assumed to be constant. These assumptions neglect mass loss due to droplet breakage
along the liquid column. For simplicity, the average resistance coefficient (CD) is employed
to account for the deformation and flattening of the liquid column. The origin of the y and
z coordinates is set at the center of the nozzle outlet with y pointing downstream and z
pointing in the direction of injection perpendicular to the wall. Given the small impact of
gravity compared to aerodynamic forces, gravity is considered negligible. Furthermore, it is
assumed that the z-direction velocity of the liquid column remains constant under the given
calculation conditions. By introducing an average drag coefficient (CD), the y-momentum
equation can be expressed as follows:

πd2lρl
4

(
dul
dt

) = 0.5CDρg(ug − ul)[(ug − ul)
2 + (vg − vl)

2]
(1/2)

ld (15)
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The CD represents the average resistance coefficient along the entire length of the liquid
column in the airfield, encompassing the effects of liquid column deformation, flattening,
droplet detachment, and disintegration. In the current calculation range, (vg − vl)

2 is
estimated to be less than 25% of (ug − ul)

2 in most areas far from the nozzle and is ignored
in the following derivation. In addition, ul is estimated to be less than 16% of ug. Therefore,
we assume that the change in ug − ul is also included in the CD and can be represented
by a constant. For subsonic airflow at low Mach numbers, ρg is a constant value. Due
to z = Vjt and ug = Vmax(z/h), Equation (15) can be integrated based on time, and the
velocity component in the y-axis (ul) is the following:

ul =
2CDρgV2

maxV2
j

3πρldh2 t3 (16)

By integrating Equation (16), the axial position of the liquid column can be found:

y =
CDρgV2

maxV2
j

6πρldh2 t4 (17)

Bring z = Vjt in the formula, the trajectory equation is written as the following:

y
h
=

CDρgV2
maxh

6πρlV2
j d

(
z
h
)

4
(18)

From the derivation of Equation (18), we can observe that, in crossflow with linear ve-
locity distribution, the trajectory equation of the jet is similar to the fluid trajectory equation
in uniform crossflow, but Equation (18) separately addresses the influence of the nozzle
diameter and combines it with the height of the crossflow to form a dimensionless number.
The relationship between the y-coordinate of the lubricating oil and the momentum ratio,
nozzle diameter, and z-coordinate can be expressed using a power function relationship.
The nonlinear fitting of the center trajectory data under different operating conditions
yields the formula for the center trajectory of the lubricating oil jet in the crossflow, as
shown in Equation (19). The adjusted R-squared of the fitting formula and data is 0.9847.

y
h
= 1.4919(qmax)

−1.5215(
d
h
)−0.9402(

z
h
)3.7199 (19)

As shown in Figure 19, the trajectory obtained from this fitting formula is compared
to the center trajectory calculated on the central section. The results show that this fitting
formula has a good goodness-of-fit with the oil trajectory.
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3.5. Influence of Oil Injection Angle on Oil Jet Flow Characteristics

The oil injection velocity is 20 m/s, the nozzle diameter is 1.5 mm, and the maximum
velocity of the crossflow is 80 m/s. The injection angle varies from 0◦ to 30◦. The injection
angle of lubricating oil directly influences the initial velocity components of the oil jet in
the y-axis and z-axis directions. With an increasing injection angle, the relative velocity of
the lubricating oil to the crossflow in the y-axis direction rises, while the initial velocity
component along the vertical crossflow direction decreases. The results are depicted in
Figure 20. Within the calculation range, as the oil injection angle increases, the position of
the oil on the capture surface gradually shifts from downstream of the nozzle to upstream
of the nozzle. Figure 21 illustrates the distribution of oil on the capture surface at different
injection angles. Across the injection angle range, the shape of the lubricating oil undergoes
a transition from a liquid film shape to a crescent shape and then back to a liquid film shape.
Notably, when the nozzle angle is between 10◦ and 20◦, surface fragmentation occurs on
both sides of the oil jet column.

The momentum equation in the y-axis direction for the trajectory equation of lubricat-
ing oil centers with different injection angles is the same as Equation (15). By integrating
Equation (15) with the initial velocity of the liquid element in the y direction, ul is obtained:

ul =
2CDρgV2

maxV2
j

3πρldh2 cos θ2t3 − Vj sin θ (20)

By integrating Equation (20), the axial position of the oil column can be written as
follows:

y =
CDρgV2

maxV2
j cos θ2

6πρldh2 t4 − Vjt sin θ (21)

Bring z = Vjt cos θ in the formula, the center trajectory equation of the lubricating oil
is as follows:

y
h
= (

CD

6 cos θ2π
)(

ρgV2
max

ρlV2
j

)(
d
h
)−1(

z
h
)4 − (

z
h
) tan θ (22)

The empirical Equation (23) formula for fitting the center trajectory of the lubricating
oil with injection angle is finally obtained by fitting the relevant trajectory data in the form
of a power function relationship inspired by Equation (22) formulation.

y
h
= 1.4919(qmax)

−1.5215(
d
h
)−0.9402(

z
h
)3.7199 − (

z
h
) tan θ (23)

The Equation (23) fits the trajectory data with an R-squared equal to 0.9989.
To verify the reliability of the calculation results, a working condition different from

the data used for fitting was selected. The chosen working conditions are an injection angle
of 10◦, nozzle diameter of 1.5 mm, injection velocity of 20 m/s, and maximum crossflow
velocity of 80 m/s. The calculation results and fitting curve are illustrated in Figure 22. The
black dots in the figure represent the oil column when the LS function is greater than 0,
and the red line is the lubricant center trajectory drawn with the obtained fitting formula
Equation (23). The trajectory calculated with the fitting formula in the figure aligns well
with the distribution range of the lubricating oil, demonstrating a good correlation between
the lubricating oil trajectory and the fitting curve.



Aerospace 2024, 11, 76 15 of 18

Aerospace 2024, 11, x FOR PEER REVIEW  16  of  20 
 

 

range, the shape of the lubricating oil undergoes a transition from a liquid film shape 

to a crescent shape and then back to a liquid film shape. Notably, when the nozzle 

angle is between 10° and 20°, surface fragmentation occurs on both sides of the oil jet 

column. 

     

(a) θ = 0°  (b) θ = 5°  (c) θ = 10° 

     

(d) θ = 15°  (e) θ = 20°  (f) θ = 30° 

Figure 20. Volume fraction of oil on the central plane under different injection angles. 

     

(a) θ = 0°  (b) θ = 5°  (c) θ = 10° 

     

(d) θ = 15°  (e) θ = 20°  (f) θ = 30° 

Figure 20. Volume fraction of oil on the central plane under different injection angles.

Aerospace 2024, 11, x FOR PEER REVIEW  16  of  20 
 

 

range, the shape of the lubricating oil undergoes a transition from a liquid film shape 

to a crescent shape and then back to a liquid film shape. Notably, when the nozzle 

angle is between 10° and 20°, surface fragmentation occurs on both sides of the oil jet 

column. 

     

(a) θ = 0°  (b) θ = 5°  (c) θ = 10° 

     

(d) θ = 15°  (e) θ = 20°  (f) θ = 30° 

Figure 20. Volume fraction of oil on the central plane under different injection angles. 

     

(a) θ = 0°  (b) θ = 5°  (c) θ = 10° 

     

(d) θ = 15°  (e) θ = 20°  (f) θ = 30° 

Figure 21. Volume fraction of oil on the capture surface under different injection angles.



Aerospace 2024, 11, 76 16 of 18

Aerospace 2024, 11, x FOR PEER REVIEW  17  of  20 
 

 

Figure 21. Volume fraction of oil on the capture surface under different injection angles. 

The momentum equation in the y-axis direction for the trajectory equation of lubri-

cating oil centers with different injection angles is the same as Equation (15). By integrat-

ing Equation  (15) with  the  initial velocity of  the  liquid element  in  the y direction,  lu   is 

obtained: 

2 2
max 2 3

2

2
cos sin

3
D g j

l j
l

C V V
u t V

dh


 


    (20) 

By integrating Equation (20), the axial position of the oil column can be written as fol-

lows: 

2 2 2
max 4

2

cos
y sin

6
D g j

j
l

C V V
t V t

dh

 



    (21) 

Bring  cosV
j

z t    in the formula, the center trajectory equation of the lubricating oil is 

as follows: 

2
max 1 4

2 2

y
( )( )( ) ( ) ( ) tan
6 cos

gD

l j

VC d z z

h h h hV




  
    (22) 

The empirical Equation (23) formula for fitting the center trajectory of the lubricating 

oil with injection angle is finally obtained by fitting the relevant trajectory data in the form 

of a power function relationship inspired by Equation (22) formulation. 

1.5215 0.9402 3.7199
max1.4919( ) ( ) ( ) ( ) tan

y d z z
q

h h h h
     (23) 

The Equation (23) fits the trajectory data with an R-squared equal to 0.9989. 

To verify the reliability of the calculation results, a working condition different from 

the data used for fitting was selected. The chosen working conditions are an injection an-

gle of 10°, nozzle diameter of 1.5 mm, injection velocity of 20 m/s, and maximum crossflow 

velocity of 80 m/s. The calculation results and fitting curve are illustrated in Figure 22. The 

black dots in the figure represent the oil column when the LS function is greater than 0, 

and the red line is the lubricant center trajectory drawn with the obtained fitting formula 

Equation (23). The trajectory calculated with the fitting formula in the figure aligns well 

with  the distribution range of  the  lubricating oil, demonstrating a good correlation be-

tween the lubricating oil trajectory and the fitting curve. 

 

Figure 22. Comparison of lubricating oil distribution and fitting curve with Equation (23). 
Figure 22. Comparison of lubricating oil distribution and fitting curve with Equation (23).

4. Discussion

This study employed precise, unsteady simulation methods to investigate the impact
of injection angle, oil injection velocity, air velocity, and nozzle diameter on crossflow
characteristics. The primary focus was on examining changes in oil trajectory under
various parameter influences and the distribution of oil on the capture surface. The
following conclusions were drawn:

1. As the nozzle diameter increases, the acceleration of the lubricating oil jet by aero-
dynamic forces becomes progressively challenging. Beyond a nozzle diameter of
2 mm, further increases have negligible effects on the jet trajectory. Moreover, with an
elevation in the oil injection velocity, the deflection of the liquid column diminishes,
leading to a more consistent distribution and diameter alterations of the oil on the
capture surface. However, with an augmentation in the maximum crossflow velocity,
the deflection degree of the lubricating oil column amplifies, and the fragmentation
pattern intensifies, resulting in a more irregular oil distribution on the collection
surface.

2. The trajectory equation for the oil jet in transverse shear crossflow was derived by
employing the forces acting on a simplified micro-elemental body. The associated
parameters were then fitted using a power function, yielding the fitting equation for
the oil center trajectory under vertical injection conditions. The trajectory equation
of the oil jet under the condition of injection in the opposite airflow direction was
analyzed using the same method and subsequently simplified. All jet data were fitted
using a power function, resulting in the fitting formula for the lubricating oil center
trajectory at a small angle against the airflow direction.

3. Researchers can employ the jet trajectory fitting formula to ascertain the primary
trajectory of the jet within the radial ring lubrication structure under engine operating
conditions. This information can be utilized to design the internal surface structure of
radial oil collection blades, thereby enhancing oil collection efficiency.
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Nomenclature

CD drag coefficient Vmax maximum cross airflow velocity
d nozzle diameter x the spanwise direction of the oil column
dw oil film extension width y transverse shear crossflow direction
h height of transverse shear crossflow z vertical bottom wall direction
i unit vector in the y-axis direction θ nozzle injection angle
j unit vector in the z-axis direction ρ density
k unit vector in the x-axis direction σ surface tension coefficient
p pressure µ viscosity
q liquid/gas momentum ratio, q = ρlV2

l /ρgV2
g

qmax maximum liquid/gas momentum ratio, qmax = ρlV2
l /ρgV2

max

t time Rel Reynolds number. Rel = ρlVj
2d/σ.

u the velocity component on the y-axis Weg,max Weber number. Weg,max = ρgVmax
2d/σ

v the velocity component on the z-axis Oh Ohnesorge number. Oh = µ/
√

ρlσd.
w the velocity component on the x-axis Fr Froude number. Fr = Vj/

√
gh.

Vj lubricating oil injection velocity Fs f surface tension
Subscripts
g gas
l liquid
max maximum
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