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Abstract

In aeronautic industry applications, multi-branch oil jet nozzles are commonly employed
to supply lubricating oil, ensuring adequate thermal regulation and friction control for
high-speed gears or bearings. The geometric and operational parameters of these nozzles
significantly affect the internal flow dynamics and discharge coefficient characteristics. This
study presents a numerical investigation into the flow behavior and discharge coefficient of
multi-branch oil jet nozzles under typical pressure conditions (0-0.5 MPa) for various orifice
sizes and angles. Then, compared to the original theoretical method, the pressure correction
equation leveraging the fitting curve method is determined to improve the prediction
accuracy of the theoretical method of oil mass flow rate and enhanced by over an order
of magnitude. Furthermore, the flow behavior and mass flow properties of multi-branch
nozzles, featuring various configurations and distinct orifice angles, are also investigated
amply by comparing the numerical and theoretical findings.

Keywords: multi-branch nozzles; discharge coefficient; numerical simulation;

theoretical equations

1. Introduction

In aeronautic industry applications, oil jet nozzles are widely used to supply lu-
bricating oil for the lubrication and cooling of high-speed gears or bearings by an
extraordinary amount of multi-branch holes—usually the orifices, as shown in Figure 1.
Some very minor changes in pressure differential Ap between the nozzle inlet pressure p1
and the orifice outlet pressure p2 and other geometrical parameters can cause a remark-
able variation in the mass flow in the lubricating system. The insufficiently supplied oil
for high-speed gear or bearing can not dissipate the generated heat in time extremely
easy to cause the thermal scuffing and scoring failures. Conversely, excess oil means
greater parasitic power losses caused by the fluid media and the revolution parts and a
larger lubrication capacity. In light of this, to better estimate and understand the internal
flow through the oil jet nozzles is of great importance.

The discharge coefficient C; for incompressible non-cavitation fluids as defined in
Equation (1) quantitatively weighs the flow capacity of a single-orifice nozzle. This dis-
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charge coefficient is the quotient between the measured mass flow and the theoretical mass
flow predicted by Bernoulli’s Equation [1]:
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Figure 1. Lubricant supply based on multi-branch oil jet nozzles.

As for the compressible fluids, the discharge coefficient C; is changed to be expressed
as in Equation (2), a similar equation is derived by Parker and Kercher [2].
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According to the Buckingham 7t theorem [3], the main parameters that affect the

C; = )

discharge coefficient are the pressure difference Ap, the ratio of the orifice and the nozzle
diameter d/D and the ratio of the chamfer length and the nozzle diameter I/D. Lichtarowicz
et al. [1] conducted extensive experiments on the long orifice with a high predictable per-
formance and the discharge coefficient C; is experientially summarized with the Reynolds
number Re in the range of 10-20,000 (10 < Re < 20,000) and I/D in the range of 2-10 under
non-cavitation conditions.
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For Re > 20,000, the discharge coefficient C; is substantially constant. The same
conclusion has been reached in terms of the steady compressible flow under a high Reynolds
number [4,5]. American Standard [6] provides the theoretical equations to predict the
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discharge coefficient as the function of the diameter ratio d/D and the Reynolds number
Re for the flange tap and corner tap.
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There is a lot of research on the influence of the structure parameters of orifice exit
and nozzle inlet on the discharge coefficient for incompressible flow under non-cavitation
conditions, such as Kent et al. [7] on the entrance shape of the nozzle, Ohrn et al. [8] on the
orifice radius, Chen et al. [9], Desantes et al. [10], Du et al. [11] on the spray characteristics.
More than that, the effect of the operating conditions including the back pressure of the
surroundings and the pressure ratio of the orifice exit to nozzle inlet have been investigated
by Yu [12] and Tharakan [13]. As injection pressure gets higher, the cavitation phenomenon
gradually emerges and seriously affects the discharge coefficient, a lot of comprehensive in-
vestigation and analysis have been performed by researchers [14—20] on fuel oil atomization
combining the experimental and numerical techniques.

CFD (computational fluid dynamics) numerical simulation technique has been widely
used to deeply reproduce and understand the detailed internal flow field of the noz-
zle [21-25]. Payri et al. [26,27] offered contrastive analyses of the flow parameters under
different flow regimes (laminar, transition, or turbulent) for three convergent diesel injector
nozzles. Liu et al. [28] numerically and experimentally investigated the atomization charac-
teristics of the nozzle in the main reducer of a helicopter, they revealed that the atomization
effect would benefit from the increasing air pressure. Zhong et al. [29] analyzed the quan-
titative relation between geometry parameters, operating conditions (inlet pressure, jet
velocity), and the degree of deviation by leveraging the CFD technique with the volume of
fluid (VOF) method. Jiang et al. [29,30] derived the orifice angle coefficient to refine existing
empirical discharge coefficient formulas, thereby improving the accuracy significantly.

While the impact of geometric and operational parameters on a single-branch nozzle
has been partially examined. Even so, there is still little research on the in-depth un-
derstanding of the pressure effect regarding the flow dynamics and discharge coefficient
properties of the single-branch nozzle, as well as the multi-branch nozzles commonly found
in the main reducer of the helicopters for lucubrating and cooling the high-speed gears and
bearings. Therefore, the principal aim of this study is to investigate the pressure influence
on the discharge coefficient of the nozzle by using the CFD method. Then, the theoretical
equations are improved by integrating them with the pressure-corrected equation. Finally,
the flow behavior and mass flow properties of multi-branch nozzles, featuring various con-
figurations and distinct orifice angles, are further elucidated by combining the numerical
and theoretical analysis.

2. Numerical Methods
2.1. Governing Equations

Discharging lubricating oil from a nozzle into the ambient atmosphere commonly
results in a characteristic oil-gas two-phase flow phenomenon. As the injection jet gradually
attains a stable flow state, this paper adopts the volume-of-fluid (VOF) multiphase flow
method to obtain phase-specific outcomes and simulate the oil-gas interface. The continuity



Lubricants 2025, 13, 394 4 of 26

and momentum equations and the tracking of the volume fraction of the VOF model are

as follows: dpm | Iomit) _0 )
dat ax;

a(pg;ui) N a(pg;,-uj) _ aa(fi) N ai (o + 1) (au, N gz]) @

Pm = QoilPoil + KgasPgas 9)

Hm = oilHoil T+ KgasHgas (10)

Wi + Qgas = 1 (11)

where py, is the density of the oil-gas mixture; P is the pressure; x; and x; are Cartesian
coordinate components; u; and u; are absolute velocities; p,; and p; are the dynamic
viscosity of the oil-gas mixture and turbulent viscosity; «,; and a¢s are the volume fractions
of oil and gas; p,;; and pgss are the kinetic viscosity of oil and gas.

When the oil is discharged into the air through the nozzle, the high injection speed and
the pressure difference cause the state of the oil to shift from laminar to turbulent. Laminar
flow transitions to turbulence once the Reynolds number exceeds a certain threshold. Direct
numerical simulation (DNS) is not feasible for such turbulent flows because it requires
resolving eddies across a wide range of length and time scales at high Reynolds numbers.
To address the turbulence issue, the unsteady Reynolds-averaged Navier-Stokes (RANS)
method is adopted to solve the governing equations. In analyzing the oil jet nozzle flow,
the k — w shear stress transport (SST) model is utilized to achieve turbulence closure.
The k — w SST Turbulence model is detailed as follows:

0 d 0 pt ok ~

E(Pk) (Pk” ) = oy, (n+ aik)aix] + Gr — Y + Sk (12)
0 ) 0 Ut 0w
E(pw) pr —(pwu;) = Bx] (n+ a)a—x] + Gy — Yw + Dy + Sw (13)

where Gy is the turbulent kinetic energy generation term; G,, is the generation term of w;
Yy and Y,, are the dissipation terms of k and w; Sy and S, are the user-specified source
terms; D,, is the cross-dissipation term.

The above k — w SST turbulence model combined with the VOF method can effectively
simulate the oil jet nozzle flow and obtain the related flow field characteristics.

2.2. Numerical Setup

To ensure the accuracy and reliability of the numerical model, it is essential to define
an appropriate fluid domain and apply suitable boundary conditions. The numerical model
utilized in this study is illustrated in Figure 1. The inlet and outlet boundaries are specified
as pressure inlet and pressure outlet, respectively, while all other boundaries are designated
as wall surfaces. The inlet pressure of the nozzle inlet is specified within the range of
0.1-0.5 MPa, while the outlet pressure is set to 0 MPa. Throughout the computational anal-
yses, oil and gas are treated as incompressible fluids, each maintaining a constant density
and viscosity. The lubricating oil utilized in the simulation has a density of 990.8 kg/m?
and a viscosity of 37.98 mm? /s. The gas is air with a density and viscosity of 1.184 kg/m?,
and 0.01855 mm? /s, respectively.

The oil jet nozzle model is classified into three general configurations, as illustrated
in Figure 2: single jet nozzle, double jet nozzle, and multiple jet nozzle. For the single
jet nozzle model, the orifice angle a varies between 0° to 90°, with an inlet diameter D of
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4 mm, an orifice diameter d of 1 mm, and an orifice length L of 4.7 mm. In the double jet
nozzle model, the interval length Al between nozzles is 10 mm, while D, d, and « remain
consistent with the single jet nozzle model. The detailed parameters for this configuration
are presented in Table 1. In contrast, the multiple-nozzle design fixes the orifice angle at 90°
and retains L at 4.7 mm. Under this configuration, the inlet diameter D ranges from 4 mm
to 6 mm, the orifice diameter d varies between 0.67 mm and 1 mm, and the interval length
Al between nozzles spans from 5 mm to 30 mm. The specific parameters for the multiple
jet nozzle model are provided in Table 2.

Pressure ‘
Wall —
—
n=4
L
a
d
'\\
Pressure
outlet ™~ |
4 Al
Radial Same Opposite
arrangement  directional directional

Figure 2. Numerical model and boundary conditions.

Table 1. Geometric parameters of double jets nozzle.

Parameters Value
Inlet diameter (D/mm) 4.0
Orifice diameter (d/mm) 1.1
Orifice length (L/mm) 4.7
Interval length (Al/mm) 10
Orifice angle («/°) 0~90

Table 2. Geometric parameters of multiple jets nozzle.

Parameters Value
Inlet diameter (D/mm) 4.0~6.0
Orifice diameter (d/mm) 0.67~1.0
Orifice length (L/mm) 4.7
Interval length (Al/mm) 5.0~30.0

Orifice angle (a/°) 90
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2.3. Validation of Numerical Method

The meshing scheme employed for the numerical simulations is presented in Figure 3.
To achieve more accurate numerical results, the use of an appropriate grid size and localized
grid refinement is essential. As shown in Figure 3, mesh refinement is applied near the
orifice in this study to precisely resolve the flow field attributes of the lubricating oil ejected
from the pipeline. Additionally, a mesh independence study was performed to ensure
the reliability of the simulation results. Three different mesh densities were utilized for
this purpose: the coarse mesh comprised 3.64 x 10° cells, the medium mesh contained
6.95 x 10° cells, and the refined mesh consisted of 12.59 x 10° cells.

\ Refined
i / mesh

Figure 3. Diagram of the mesh detail.

Figure 4 illustrates the flow velocity and mass flow rate of the oil discharged from
the nozzle farthest from the inlet under different grid schemes, with an inlet pressure
of 0.5 MPa applied during the numerical simulations. As the simulation progresses, the
jet flow gradually stabilizes over time. When the mesh is coarse, the results deviate
significantly from those obtained with finer grids. However, the mass flow rate results
for the Middle and Refined mesh schemes are in close agreement, indicating that further
grid refinement has a negligible effect on the accuracy of the results. Considering the
trade-off between computational accuracy and resource efficiency, the Middle mesh scheme
is selected for the subsequent simulations in this study.

Velocity magnitude (m/s)

Coarse 60 Coarse
----- Middle ----- Middle
— - — Refined — - — Refined
190 AIS.O
: 245 )
2188 e 2145
s I8 o g bererrsmassossarczrazn
77 £ E14.0
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Figure 4. Mesh independence verification: (a) Velocity of Jet nozzle; (b) Mass flow rate of Jet nozzle.

In numerical simulations, if the outlet boundary is positioned too close to the main flow
region, the prescribed pressure boundary may not align with the actual flow conditions,
potentially compromising numerical stability and the reliability of the results. Therefore,
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selecting an appropriate external flow domain is crucial. As shown in Figure 5, the external
flow domain in this study is defined as a cylindrical region. By comparing different sizes
of the external flow domain, it was observed that the absence of an external flow domain
leads to significant errors in the mass flow rate results at the nozzle. In contrast, simulations
with an external flow domain produced more consistent results. Considering the balance
between computational performance and grid size, this study adopts a cylindrical external
flow domain with a base radius of 2 mm and a height of 4 mm.
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2110
E) _— —H— Outlet (4-2)
220F i = = | —A— Outlet (6-4)
Y, 2109 e
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Figure 5. Outlet independence verification.

3. Experiments and Analysis
Verification of Numerical Method

Experimental data measured by Jiang et al. [30] are adopted to confirm the precision
and dependability of the numerical approach detailed in Section 2, specifically regarding
the discharge coefficient and mass flow behavior for the orifices of the oil jet nozzle. The
calculations based on the empirical equations derived by Lichtarowicz et al. [1] and the
improved theoretical equations integrating the empirical equations derived by ASME Stan-
dards Technology [6] and the angle coefficient Coc by Jiang et al. [30] are also superimposed
in Figure 6. The angle coefficient Cx is determined as:

Cyx = —0.00000105454> 4 0.00018156342 — 0.007624 + 0.99976 (14)
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Figure 6. Comparison of numerical results and experimental or theoretical results for the single orifice
of oil jet nozzle (« = 0°): (a) discharge coefficient; (b) mass flow rate [1,6,30].
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The main geometry parameters of the oil nozzle in Table 1 are consistent with the
physical model in the experiment, The orifice angle between the nozzle axis and the orifice
axis is 0°. As shown in Figure 6, the numerical results agree well with experimental
values, as well as the theoretical results calculated from the comer tap equations in ASME
Standards Technology [6]. Adjusting the pressure difference Ap from 0.10 MPa to 0.50 MPa,
the average and maximum deviations between the numerical values and experiments are
5.74% and 10.70%, respectively. As for the theoretical results of the improved comer tap
equations, the average and maximum deviations are 8.79% and 27.00%, respectively. The
curves predicted by the theoretical equations from Lichtarowicz et al. [1] or the empirical
equations of ASME Standards Technology [6] integrating the angle coefficient are in near
lines and not affected by the pressure difference, while the experimental and numerical
results vary with the pressure difference. It is concluded that the thermotical and numerical
methods are capable of predicting highly accurate results in oil jet nozzles, except for the
theoretical model in the cases of low-pressure difference.

Figure 7 compares the discharge coefficient and the corresponding mass flow rate derived
from simulations and determined using the improved equations in Equations (1), (6) and (14)
under different pressure differences Ap (0.1~0.5 MPa) and orifice angle (0~90°). As pre-
sented in Figure 7, the general tendency of the calculated flow rate based on the improved
theoretical equations matches well with that of the numerical values, with a very small
average relative difference of approximately 5.3%. After the lower pressure difference
results (Ap = 0.1 MPa)) are removed, the average relative difference is less than 3.6%,
and the maximum difference is about 10%. It is suggested that the proposed numerical
method can be used to estimate the oil jet nozzle’s mass flow rate, as well as the improved
theoretical equations for single-orifice configurations under a range of orifice angles and
pressure variations.

Figure 8 illustrates the effect of different orifice angles on the pressure distribution in
the outlet region under a pressure difference of 0.5 MPa. As the orifice angle varies, the
distribution of high-pressure and low-pressure regions also changes. At 0°, a uniformly
distributed low-pressure zone lies adjacent to a high-pressure region. However, at 30°, the
high-pressure zone migrates toward the upper section of the orifice, while low pressure
occupies the lower section, creating a pronounced gradient between these two regions.
Different pressure variations directly influence the flow rate through the orifice, and the
effective area significantly affects the flow rate as well. As depicted in Figure 9, the inlet
area of the orifice at a 30° angle is noticeably larger than that at other angles. This leads
to pronounced differences in the directional changes of the liquid velocity. At this angle,
the liquid flow converges as the orifice narrows, resulting in a sudden reduction in the
effective fluid area. Consequently, the flow velocity increases rapidly, and the convergence
of liquid velocities from different directions forms regions of high and low velocity. Regions
where the liquid velocity direction deviates substantially from the orifice diameter direction
become low-velocity regions.

The presence of high-velocity and low-velocity regions within the orifice results in a
non-uniform fluid velocity at the outlet. Figure 10 illustrates how the velocity distribution
across the outlet cross-section changes with varying orifice angles. The velocity distribution
achieves the highest uniformity at an orifice angle of 0°. When the orifice angle of 30°,
the velocity in the upper part of the orifice is significantly higher. As the orifice angle
approaches 90°, the velocity distribution gradually becomes uniform again. The outlet
fluid velocity of the orifice directly impacts the mass flow rate. As illustrated in Figure 7,
the mass flow rate is highest at orifice angles of 0° and 90°, while it is lowest at an orifice
angle of 30°.
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Figure 10. Velocity distribution of orifice outlet under various orifice angles.

4. Results and Discussions
4.1. Internal Flow and Mass Flow Rate of Multi-Branch Oil Jet Nozzles

Figures 11-13 show the total mass flow rate of the two, three, four orifices of the oil
nozzle with the orifices angle of 90° (i.e., the nozzle axis is perpendicular to the orifice
axis) versus orifice spacing distance (Al = 5 mm, 10 mm, 30 mm) under various pressure
differences (Ap = 0.1 MPa, 0.2 MPa, 0.3 MPa, 0.4 MPa, 0.5 MPa). Typical growth behavior
of mass flow rate with the increasing pressure between the nozzle inlet and orifice outlet is
observed, being agreeable with Equation (1). An important observation is that the orifice
spacing distance has a significant impact, regardless of whether the oil nozzle has two,
three, or four orifices. As shown in Figure 7, the mass flow rate is primarily influenced by
the pressure difference, orifice angle, orifice and nozzle diameters, and the orifice spacing
distance. The former factors, including the orifice angle and the diameters of the orifice and
nozzle, can cause substantial local head loss, thereby reducing the flow rate. In contrast, the
orifice spacing distance also plays a crucial role in determining the flow rate, with a larger
spacing distance resulting in a higher mass flow rate. Compared to the numerical flow rate
in Figures 7 and 11-13 another important finding is observed that the mass flow rate of
the multi-branch (the number of orifices Nm is equal to 2, 3, 4) oil jet nozzles is nearly Nm
times of that of single branch nozzle.
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Figure 11. Mass flow rate versus spacing distance under different pressure differences for dual-branch
oil jet nozzles: (a)d/D=1/6;(b)d/D=1/5;(c)d/D=1/4;(d)d/D=0.8/4.
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Figure 12. Mass flow rate versus spacing distance under different pressure differences for tris-branch
oil jet nozzles: (a) d/D=1/6; (b) d/D=1/5;(c)d/D=1/4;(d) d/D =0.8/4.
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Figure 13. Mass flow rate versus spacing distance under different pressure differences for tetrad-
branch oil jet nozzles: (a) d/D =1/6; (b)d/D=1/5;(c)d/D=1/4;(d)d/D =0.8/4.

Moreover, Figure 14 presents the distributed mass flow of different branch exits of the
orifice for the oil jet nozzle under various spacing distance Al and pressure difference Ap. It
is shown that while the spacing distance is increased, the mass flow of all branches increases
gradually along the liquid flowing direction. This flow-changing trend is possibly a result
of the combined action of the common chamber and the frictional head loss. As Figure 14a,b
depict, the common chamber architecture may facilitate the pressure recovery, the greater
the spacing distance Al, the longer the recovery area, the less turbulent pressure loss caused
by the inside flow, the higher the oil mass flow rate, the specific pressure change along
the nozzle axis is shown in Figure 15. However, too long a spacing distance will lead to
an evident negative consequence of the frictional head loss proportional to the spacing
distance (see Figure 14c). Compared the spacing distance of 5 mm and 30 mm with the
pressure distance of 0.5 MPa for exit 3, the flow difference reaches up to 8.467 kg/h, this
visible difference will be even harder to ignore.

This phenomenon can be explained by the pressure variation behavior within the
common chamber. As illustrated in Figure 15, the common chamber acts as a pressure
recovery-type structure. With a larger spacing distance, the recovery zone becomes longer,
leading to a more gradual pressure recovery and a reduction in turbulent pressure loss
caused by internal fluid flow. Consequently, the pressure at the nozzle outlet increases with
spacing distance, which enlarges the pressure difference relative to atmospheric pressure
and thus enhances the nozzle flow rate. For example, as shown in Figure 15¢, when the
spacing distance Al is 30 mm, the nozzle pressure is significantly higher than that at 5 mm,
resulting in a larger mass flow rate, as also evidenced in Figure 14c.
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Figure 14. Mass flow rate of different orifices versus spacing distance under different pressure
differences: (a) dual-branch; (b) trios-branch; (c) tetra-branch.
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Figure 15. Internal pressure distribution on the central axis of the common chamber: (a) dual-branch;
(b) trios-branch; (c) tetra-branch. The purple line represents the “internal pressure”.
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4.2. Flow Coefficient Analysis

The following section presents the discharge coefficient obtained from the mass flow
rate of the multi-branch nozzle. As discussed in Section 4.1, the spacing distance has very
little influence on the total mass flow rate, thereby the average mass flow rate is instead to
be further explored.

Figure 16 compares the discharge coefficient of a single branch nozzle under different
pressure differences and orifice angles. The discharge coefficient increases slightly as the
inlet pressure rises, not a straight line as theoretically calculated by Equation (6). The
amplitude of variation in discharge coefficient far below that of variation in pressure differ-
ence suggested that the mass flow rate is primarily controlled by the pressure difference
between the inlet and outlet pressure rather than the discharge coefficient. Another obser-
vation revealed that the both orifice angle and pressure difference will affect the discharge
coefficient. At the same pressure level, the discharge coefficient first decreases with the
increment of the orifice angle (0° < o < 30°), and then begins to rise as the orifice angle
continues to increase (30° < x < 90°). Similar behavior has been discussed in Section 3 and
the corresponding empirical equation in Equation (14) expressing a relationship between
the discharge coefficient and orifice angle is derived by Jiang et al. [30]. Although the
influence of orifice angle has been quantificationally predicted, there are considerable
differences caused by the pressure difference, especially at low-pressure condition. In such
a case, it is likely attributed to the nonuniform velocity distribution shown in Figure 16,
along with the intensified friction or impact loss within the multi-branch nozzle.
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Figure 16. Changing laws of discharge coefficient against orifice angle and pressure differences.

To cover the shortage created by the pressure effect, a modified equation is devel-
oped to predict the discharge coefficient under various conditions based on the existing
theoretical equations in Equations (6) and (14) considering the orifice angle effect. The
pressure correction coefficient is a function that depends on the pressure difference, then
the pressure correction coefficient related to the pressure difference is normalized by di-
viding the original theoretical results. Figure 17 presents the correction coefficient values
with an orifice angle of 0°, 45°, and 90° versus different pressure differences. The curve
fitting method leveraging the MATLAB platform (version R2021b) is used to deal with the
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normalized data, thereby a correction equation for estimating the pressure coefficient Cp as
a power function of pressure difference Ap, expressed as:

Cp = 1.132Ap0 1146 (15)
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Figure 17. Pressure coefficient against pressure difference.

Integrating the pressure coefficient Cp, angle coefficient Ca derived by Jiang et al. [30],

and the original discharge coefficient Cd proposed in [6], the discharge coefficient is im-
proved as:

Ci' = C4CpCa (16)

4.3. Verification of Corrected Discharge Coefficient
4.3.1. Verification of the Improved Method for Single Branch Nozzle

To further explore the rationality and effectivity of this fitting equation in Equation (15)
characterizing the pressure effect on the discharge coefficient, the improved theoretical
predictions of mass flow rate according to Equations (1), (6), (14) and (15) is compared
with the numerical results when the orifice angle is 60° and 75°, as shown in Figure 18.
The curve of improved theoretical predictions of mass flow rate is almost identical with
that the point of numerical flow rate. More specifically, the maximum and average errors
with the orifice angle of 60° are less than 1.5% and 0.7%, and the maximum and average
errors with the orifice angle of 75° are approximately 1.0% and 0.5%. Compared with
Figure 7, both the maximum and average errors are at least one order of magnitude lower
than the relative errors between the original theoretical and numerical values. The very
small error suggests that the introduction of the pressure coefficient can further improve
the prediction performance of the theoretical method for mass flow rate, it also validates
again the reliability and rationality of the pressure coefficient obtained by fitting curves
and can be capable of estimating the mass flow rate of the nozzle under different pressure
and angle conditions.
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Meanwhile, a comparison of numerical and improved theoretical mass flow rate versus

different orifice angles and pressure differences are presented in Figure 19. As observed,

the improved theoretical predictions are more conformed with the numerical than the

original theoretical method not considering the pressure effect. The average relative error

is about 2% in Figure 19. It is indicated that the proposed improved theoretical equations

can be used to high-precisely estimate the mass flow for single branch nozzles with various

pressure differences and orifice angles.
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Figure 19. Comparison of numerical results and improved theoretical mass flow rate for the single
orifice of oil jet nozzle (x = 0~90°, Ap = 0.1~0.5 MPa).
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4.3.2. Verification of the Improved Method for Multi-Branch Nozzle

In actual aeronautic industry applications, the exit diameter of the multi-branch
nozzles is designed and manufactured based on the specific oil mass flow rate requirements.
The developed improved equation of pressure coefficient is used to predict the oil mass flow
rate of the multi-branch nozzle for exploring its applicability after changing the number of
branch and structure parameters. As discussed in Section 4.1, the total oil mass flow rate of
the multi-branch nozzle is proportional to the number of branch (orifice) Ny, the discharge
coefficient is instead by:

Ci' = NuCaCpCq (17)

Figures 20-22 exhibit the changes in 0il mass flow rate of the multi-branch nozzle
under different pressures after changing the diameter ratio with the orifice angle of 90° for
each branch. Each figure directly compares the numerical oil mass flow rate and theoretical
results calculated by Equations (1), (6), (14) and (15). The first observation is that the overall
trend of the mass flow rate under different pressure conditions can be estimated well by
the improved theoretical equations with different structural parameters, with a maximum
relative error of about 15%. Compared with the predictions by the original equations only
considering the angle coefficient, the average error of the proposed method is significantly
reduced from 8.2% to 4.7% for the dual-branch nozzle with the diameter ration of 1/5,
from 7.7% to 4.1% for the dual-branch nozzle with the diameter ration of 1/6. It is revealed
that the pressure effect on the discharge coefficient is still important. The error of the
dual-branch nozzle is obviously greater than that of the single-branch nozzle, as well as the
trio-branch and tetra-branch nozzles. That means that the local pressure loss is increasing
as the number of branches (orifice) for the nozzle and resulting in the reduction of the
actual oil mass flow rate together with a larger prediction error. As the nozzle diameter
is set to 6, 5 and 4, the average errors are 4.1%, 4.7% and 7.8% for the dual-branch nozzle
in Figure 20, respectively. A similar diurnal trend of oil mass flow rate can be observed in
Figures 21 and 22. This could be explained by the increase in the turbulence intensity of
the two-phase flow inside the nozzle and the local pressure loss while the orifice diameter
is reduced. Even so, the empirical correlation proposed in this paper could still be used
to estimate the oil mass flow rate for multi-branch nozzles with different pressure and
structure parameters.
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Figure 20. Oil mass flow rate versus pressure is different under different nozzle parameters for
dual-branch nozzle: (a) d/D=1/6; (b)d/D=1/5;(c)d/D=1/4.
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Figure 21. Oil mass flow rate versus pressure is different under different nozzle parameters for
trio-branch nozzle: (a) d/D=1/6;(b)d/D=1/5;(c)d/D=1/4.
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Figure 22. Oil mass flow rate versus pressure is different under different nozzle parameters for
tetra-branch nozzle: (a) d/D=1/6;(b)d/D=1/5;(c) d/D =1/4.

4.3.3. Verification for Dual-Branch Nozzle with Various Orifice Angle

In industry applications, the branch of the orifice may be in the same direction (sd), op-
posite direction (od), and radial arrangement (rd), as shown in Figure 23. Figure 24 presents
the pressure distribution of the common chamber of dual-branch nozzle changing the ar-
rangement mode for each branch. Each figure directly compares the numerical oil mass
flow rate and theoretical results calculated by Equations (1), (6), (14) and (15). The general
tendency of the mass flow rate under different pressure conditions can be predicted well by
the improved theoretical equations with different orifice angles, with a maximum relative
error of about 6.3%. To be more specific, the average error of the proposed method is
1.5% (sd), 3.4% (od) and 5.4% (rd) for the dual-branch nozzle with the angle of 30°, the
average error of the proposed method is 1.5% (sd), 3.5% (od) and 3.7% (rd) for the dual-
branch nozzle with the angle of 45°, the average error of the proposed method is 0.9% (sd),
2.1% (od) and 1.9% (rd) for the dual-branch nozzle with the angle of 75°. It is also indicated
that the empirical equations can be used to estimate the oil mass flow rate for dual-branch
nozzles with different arrangements of the branch. The total mass flow rate is the largest
for the nozzle adopting a radial arrangement, the next is the same direction arrangement.
It is related to the turbulence intensity, when the branch is with a radial arrangement, its
intensity is at its minimum, then is the same direction arrangement.
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Figure 23. Oil mass flow rate versus pressure different under different orifice angles for dual-branch
nozzle: (a) x = 30°; (b) & =45°; (¢) & = 75°.
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Figure 24. Internal pressure distribution on the central axis of the dual-branch common
chamber:(a) same directional; (b) radial arrangement; (c) opposite directional. The purple line represents
the “internal pressure”.

Figure 24 illustrates the dual-branch nozzle after altering the arrangement mode for
each branch. As shown in the figure, for the case where the dual-branch nozzle adopts
a same-directional arrangement, different angles have minimal impact on the pressure
distribution in the common chamber. However, when the dual-branch nozzle is arranged
in an opposite direction, the angle significantly affects the pressure distribution within the
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common chamber. This is because varying opposite-direction angles lead to changes in the
spacing distance of the orifices at the nozzle wall. A smaller opposite-direction angle results
in a larger spacing distance, which extends the pressure recovery zone and increases the
mass flow rate. On the other hand, a larger opposite-direction angle causes one orifice to be
largely opposed to the forward direction of the fluid, leading to a considerable difference
in the flow velocity direction. This uneven fluid flow at the outlet decreases the total mass
flow rate of the nozzle. Therefore, as shown in Figure 23, the mass flow rate at ot,q = 75°
is larger than that at «,q = 30°. In contrast, when the dual-branch nozzle adopts a radial
arrangement, the radial arrangement angle has minimal influence on the mass flow rate of
the nozzle, as the spacing distance remains unchanged.

5. Conclusions

This study investigates the flow characteristics within multi-branch nozzles and exam-
ines the impact of pressure on the discharge coefficient. An improved theoretical method
integrating the pressure and orifice angle empirical equations is proposed to predict the oil
mass flow rate for the multi-branch nozzle. The main conclusions can be drawn as follows:

1.  The theoretical equations considering the orifice angle and pressure coefficient ob-
tained by the curve fit method exhibit a high accuracy. Compared to the original
theoretical method not considering the pressure effect, the precision of the theoret-
ical method improved in this paper is enhanced by over an order of magnitude.
The average relative derivation between the calculated oil mass flow rate and nu-
merical simulations is about 2%. These results indicate that the improved method
can effectively predict the discharge coefficient under varying pressure and orifice
angle conditions.

2. As for the multi-branch nozzle, the spacing distance has an obvious impact on the
total oil mass flow rate of the nozzle with two or more orifice exits, the total oil mass
flow rate of the multi-branch nozzle is proportional to the number of branches (orifice)
Nm. The overall trend of the calculated total mass flow rate also agrees well with
the numerical results. Notably, the mass flow rate of the branch closer to the nozzle
inlet is slightly lower than that of the branch farther from the inlet, likely due to the
combined effects of the common chamber and frictional head losses.

3. Interms of the dual-branch nozzle with different arrangement forms, the total mass
flow rate is the largest for the nozzle adopting a radial arrangement, the next is
the same and opposite direction arrangement. The improved theoretical method
considering the pressure and orifice angle coefficient can predict the total mass flow
rate pretty well with a maximum relative error not exceeding 6.3%. Additionally,
the orifices are suggested to be radially arranged and appropriately away from the
nozzle exit to slightly increase the mass flow rate during the preliminary design of
the lubricating oil circuit.

4.  The assumption of incompressible flow and constant viscosity simplifies the model

and is appropriate for the pressure conditions considered (0-0.5 MPa). However,
these assumptions may not fully capture the complexities of flow behavior in real-
world applications, particularly under higher pressure or temperature-varying condi-
tions, where cavitation and viscosity changes could significantly impact performance.
As such, while the results provide valuable insights, their applicability to more com-
plex, high-pressure, or thermally dynamic systems is limited. Future work will aim to
address these limitations by incorporating models that account for cavitation effects,
temperature-dependent viscosity, and transient flow conditions.
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