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ABSTRACT

Aiir can have an adverse effect on the performance of an aero-engine lubrication
system. A numerical analysis was conducted to explore the influence of inlet
void fraction and pipe layout on the characteristics of oil-gas two-phase flow in a
90° elbow. The pipes were arranged horizontally and vertically with inlet void
fractions of 0.05-0.15. The laws governing flow velocity, void fraction, and
pressure along the pipe were determined separately. The results revealed the
formation of large-scale vortices with high gas volume fractions inside both
types of elbows, which exacerbate oil-gas separation and cause additional head
loss. The maximum pressure drop was observed at approximately one pipe
diameter downstream of the elbow outlet, which initially increases with the inlet
void fraction and then gradually stabilizes. Asymmetric secondary flow vortices
in the horizontal elbow were found to enhance oil-gas separation and accelerate
lubricating oil to greater extent than in a vertical elbow under the same
conditions. Consequently, the maximum pressure drop caused by flowing

Article History

Received September 27, 2023
Revised January 26, 2024
Accepted February 8, 2024
Available online April 30, 2024

Keywords:

Acceleration effect
Gravity effect
Bubbly flow

Head loss

Slip ratio

Void fraction

A

through the horizontal elbow is higher than that in the vertical elbow.

1. INTRODUCTION

During the operation of an aero-engine, inevitable
mixing of air in the lubrication system leads to the
formation of an oil-gas two-phase flow within the pipes.
The physical properties and flow characteristics of the
oil-gas mixture differ significantly from those of pure
lubricant, directly impacting the efficiency of the
lubrication system (Flouros et al., 2015, 2016). Given the
numerous elbows in the lubrication system, it becomes
imperative to fully understand the characteristics of oil-
gas flows inside these components in order to ensure
effective lubrication performance.

Gas-liquid two-phase flow problems are a persistent
concern among scholars and engineers, including crucial
research topics such as flow regime, pressure drop, and
void fraction (Qiao et al., 2017; Kong et al., 2018).
Experimentation offers a direct means of observing flow
regimes and optimizing theoretical models (Zubir et al.,
2019; Fang et al., 2020). With advancements in computer
technology, computational fluid dynamics (CFD)
simulations have emerged as a useful and cost-effective

research tool (Atif & Senouci, 2019; Yayla et al., 2019;
Yang et al., 2022).

Existing research findings emphasize the significant
impact of elbows on void fraction distributions. Qiao and
Kim (2016, 2018), for example, found that the void
distribution exhibits a bimodal-to-bimodal or a bimodal-
to-single-peaked characteristic region when a bubbly
flow vertically flows upward through the elbow at
different superficial gas velocities. Ogunsesan et al.
(2021) found that a wvertical-upward churn flow
transforms into a wavy stratified flow in the horizontal
section after a 90° bend. The flow regime and slug
frequency of a slug flow did not change after passing
through the elbow, but the void fraction increased along
the pipe (Bressani & Mazza, 2018; Ogunsesan et al.,
2021). Liu et al. (2015) attributed changes in void
fractions and flow regimes to the floating and gathering
of bubbles in a 90° bend, resulting in an overall rotational
bubble due to uneven velocity distributions along the
cross-section perpendicular to the axis. Asymmetrical
secondary flows were observed in both horizontal and
vertical bends. Chen et al. (2019) observed a kidney-bean
shaped void distribution when the average void fraction
ranged from 15% to 30%, covering flow regimes from
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NOMENCLATURE

D pipe diameter

farag drag function

Gk turbulent kinetic energy due to mean velocity
gradients

Go turbulent kinetic energy due to mean
buoyancy

Li length of upstream straight pipe

Lo length of downstream straight pipe

Sec coalescence sink term

Sh breakage source term

o volume fraction of gas

ai Inlet void fraction

a, volume fraction of phase k

Aa maximum void fraction compared to the inlet

(Avh)as  flow velocity of lubricating oil between
Surface-4 and Surface-6 in horizontal elbow

(Av)as  increment in flow velocity of lubricating oil

between Surface-4 and Surface-6 in vertical
elbow

|AShlss  changes in slip ratio between Surface-4 and
Surface-6 in horizontal elbow

|ASi|as  changes in slip ratio between Surface-4 and
Surface-6 in vertical elbow

(AVh- difference between (Av)as and (AV,)a-6

AW)s6

(ASh- difference in slip ratio between two types

AS\)a-6 of pipes

Ap total pressure drop in elbow

APmax maximum pressure drop of mixture
flowing through elbow

(pv-pn)s  density difference between vertical elbow
and horizontal elbow at Surface-6

L viscosity of mixture

A mass-averaged velocity of mixture

yoR density of mixture

ok turbulent Prandtl numbers for k

A turbulent Prandtl numbers for ¢

Ty bubble relaxation time

Zo interfacial area concentration

dispersed to slug flows. The void fraction of a bubbly
flow increases downstream of a 90° bend, since the
bubble move in the opposing direction of the deflection-
inertia force caused by the bend, leading to bubble
breakage and coalescence (Dang et al., 2018; Pour et al.,
2018). Additionally, the intensity of eddies and the
superficial velocity of water and air both impact the void
fraction distribution downstream and upstream of an
elbow (Bowden et al., 2018; Zahedi et al., 2022).

Reducing head losses in pipes is a critical aspect of
designing lubrication systems for aviation engines.
Elbows, typical sources of local loss in pipes, contribute
significantly to this design challenge. For gas-liquid two-
phase flows, an increase in liquid or gas velocity causes
the local pressure loss in an elbow to increase (Qiao &
Kim, 2016). The classification of flow regimes in oil-gas
two-phase flows is similar to that of gas-water two-phase
flows (Debnath et al., 2015; Ban et al., 2018; Kim &
Kim, 2022). However, the higher viscosity of lubricating
oil renders the flow mechanisms and parameter change
laws from gas-water mixtures inapplicable to oil-air
mixtures (Al-Safran & Al-Qenae, 2018; Li et al., 2022).
To date, investigations into two-phase flow regimes and
pressure drop in oil-gas mixtures have mainly focused on
straight pipes. There have been few detailed
investigations on 90° elbows.

As aero-engine technologies continue to advance,
the demand for extensive flow data in pipes has
intensified. The temporal and cost advantages of CFD
simulations have thus grown increasingly prominent. To
the best of the author’s knowledge, this study represents
the first numerical analysis of the effects of inlet void
fraction on the flow characteristics of aviation lubricating

oil-air bubbly flow in a 90° elbow. The inlet void fraction
(ei) is defined as the volume fraction of gas at the inlet.

Three novel contributions of this study have been
summarized as follows. (1) A two-fluid Euler approach
was established with sufficient stability and resolution
that can describe the slip velocity between lubricating oil
and air. This approach was validated by comparison
against physical engine test results. (2) The inlet void
fraction and the velocity of lubricating oil were aligned
with the general operating conditions of aviation engines.
(3) The position of the maximum pressure drop was
observed, as well as the changes in pressure drop with
different inlet void fractions in a 90° elbow under the
coupling effect of gravity and oil-gas separation. This
analysis hinged on flow field, pressure field, and slip
ratio characteristics. The results of this work reveal
various characteristics of flow fields and local head
losses in oil-air two-phase flows, specific to elbows,
providing valuable insights for the design of pipes in
lubrication systems.

2. MODELLING METHODOLOGY

2.1 Basic Assumptions

Lubricating oil flows rapidly in pipes. The oil has a
slight temperature difference with its environment during
engine operation, and thus can be approximated as an
adiabatic flow. The conditions at inlet and outlet of the
pipe are basically stable, and the fluid inside the pipe
does not exchange heat or work with the environment.
Consequently, the fluid is a stable flow. In actual
working conditions, the gas doped in the lubricating oil
inside pipes is composed mostly of fine bubbles with
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relatively low gas content, so a homogeneous model is
applicable.

2.2 Governing Equations

A steady-state mixture model based on an assumed
homogeneous flow was adopted in this study. This model
includes a continuity equation, momentum equation,
energy equation, volume fraction equation, and slip
velocity equation for oil-gas mixtures. It is suitable for
bubbly flows with low gas volume fractions. The control
equation is as follows:

(1) Continuity equation
V-(p,V,)=0 )

where p, and V. are the density and mass-averaged
velocity of the mixture, respectively.

(2) Momentum equation
\ .(pmvmvm) = _Vp +V- |:/um (va + V\_/‘-mr )]
(2)
- 2
+p,0+F -V (Z A PVgr Ve i j
k=1

where 4 is the viscosity of the mixture; ¢,, p and
v, . are the volume fraction, density and drift velocity
of phase k, respectively and F is a body force.

(3) Volume fraction equation

V- (aypyVm) ==V - (atg PgVigr g ) + My 3)

where %sand s are the volume fraction and density of
the gas phase; m, is the mass transfer between the gas

and liquid.
(4) Slip velocity equation

The slip velocity is the velocity of the gas phase (g)
relative to the velocity of the liquid phase (I):

o % (P=pn)

(4)

gl
1:drag pg

where 7, is the bubble relaxation time, & is the bubble
acceleration, and fy,, is the drag function proposed by
Schiller and Naumann (1935):

f,..=00183Re  Re>1000 (5)

drag
(5) Interfacial area concentration equation

By using this equation, the interfacial area between
the gas and liquid can be calculated as follows:

_ 2m
V-(pgug;(g)=§a—g;(g+pg(SRC+ST,) ©)

9

where y, is the interfacial area concentration, m, is the
mass transfer rate into the gas phase per unit mixture
volume, Sgc is the coalescence sink term owing to
random collision, and Sy is the breakage source term
owing to turbulent impact.

(6) Turbulence model

The realizable k-¢ model with enhanced wall
treatment was used in this study. This model performs
well for analyzing swirling and boundary layer flows
under strong adverse pressure gradients, as well as
complex secondary flows. The transport equations for k
and ¢ in the realizable k-¢ model are:

0 i [, ) ok o
2-(pkay) axj[(wak)axj}ekmb pe—Yy  (7)

L )575]+pclsg

0 o O
ox, PEU) =5 [(‘”o—g ox]

and

(®)

_pC,— &1L EC,G
2k+\/‘z bk 3¢ b

where Cuemas{oa 1) =5 5- 35S , G

and Gy, denote the generation of turbulent kinetic energy
due to the mean velocity gradient and buoyancy,
respectively. Yu represents the effect of the fluctuating
dilatation in compressible turbulence on the overall
dissipation rate. Ci, =1.44, C; =1.9. ox (=1.0), and o,
(=1.2) are the turbulent Prandtl numbers for k and e,
respectively.

2.3 Computation Scheme and Conditions

A steady-state pressure-based solver in ANSYS
Fluent was utilized to solve the governing equations. The
pressure-velocity coupling method was SIMPLE, with
the least squares cell-based used to compute the gradient
terms. PRESTO! was used to discretize the pressure term
and a second-order upwind scheme was used to discretize
other control equations. The convergence criterion for all
equations was 1.0x10%. The primary phase and
secondary phase were 4010 lubricating oil and air,
respectively, with same reference temperature of 70°C.
The physical properties of oil and air are listed in Table

2.4 Model Validation

The model was validated against the results of an
experiment investigating two-phase flow pressure drop
across 90° elbows (Qiao & Kim, 2018). In the
experiment, a mixture was pumped into a vertical-
upward elbow with liquid velocity of 4 m/s and gas
velocity of 0.87 m/s. The experimental section can be
approximated as insulated tube without phase
transition. As shown in Fig. 1, the

Table 1 Physical properties of oil and air

Parameters Materials
4010 oil Air
Density / (kg/m®) 959.96 1.02
Viscosity / (Pa-s) 7.70x10° | 2.04x10°
Specific heat /
(J/kg/K) 1845.0 1008.5
Thermal conductivity
/ (WIm/k) 0.145 0.029
Surface tension
/(N/m) 0.021 /
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simulation results closely aligned with the experiment
data in terms of the pressure along the tube, and the error
does not exceed 1%.

3. GEOMETRIC MODEL AND MESH

A 90° elbow, which is commonly used in aviation-
engine oil systems, was adopted in this study. The
geometric dimensions of a horizontal elbow and vertical
elbow are similar. As shown in Fig. 2, the diameter of the
whole pipe is ¢D=20 mm; the elbow is connected to two
straight pipes with lengths of 180 mm (Li) and 80 mm
(Lo), respectively, to ensure the full development of
liquid flow upstream and downstream of the elbow. As
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Fig. 4 Comparison of pressure along pipe
calculated with three grid numbers

shown in Fig. 3, hexahedron grids and O-shaped layout
were adopted to divide the three-dimensional pipe. The
grids at the boundary layer were densified and the height
of the first-layer grid was set to 0.02 mm. The growth
rate of the grid is 1.2 and the maximum y-plus of the grid
is 2.03.

A horizontal elbow with inlet void fraction (i) of
0.10 and flow velocity of 3.03m/s was adopted to verify
the grid independence. The pressure along the pipe,
calculated using three different numbers of grids, is
depicted in Fig. 4. The L in this figure and throughout the
remainder of this paper denotes a dimensionless length
equal to that the true length divided by the diameter of
the pipe. As the grids increased from 8.0x10* to 1.2x105,
the pressure along the pipe decreased to varying extent.
As the grids increased further to 1.5x10°, there was no
apparent change in pressure. The number of grids used in
subsequent analyses was 1.2x105.

4. RESULTS AND DISCUSSION

4.1 Calculation Conditions

An oil-gas two-phase flow in an elbow was
simulated under different inlet void fraction conditions,
as discussed in detail in this section. The conditions of
the numerical simulation are described in Table 2. When
designing an engine lubrication system, ;=0.05-0.15 are
typical empirical values. A stable velocity inlet with
turbulence intensity of 5% was used as the upstream flow
of the elbow in this simulation. The pressure at the pipe
outlet was set to 101325 Pa for all cases. The tube wall
was a non-slip insulated wall, and the gravitational
acceleration was 9.81m/s? along the y-direction. Nine
surfaces for monitoring data were established
perpendicular to the central axis in the pipe, as marked
by the red straight line in Fig. 2.

Surface-4 and Surface-6 are the inlet and outlet of
the elbow, respectively. The distances between each
monitoring surface and the inlet are listed in Table 3. The
average value of each monitoring surface was employed
as the result at the corresponding surface.
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Table 2 Calculation conditions for each case

Case Pipe Inlet velocity Reference Inlet void Inlet pressure
direction (m/s) temperature (°C) fraction (Pa)
1 5%
2 Horizontal 3.03 70 10% 101325
3 15%
4 5%
5 Vertical 3.03 70 10% 101325
6 15%
Table 3 Location of monitoring surface
Order number 1 2 3 4 5 6 7 8 9
Distance | (mm) 0 80 160 180 196 211 231 261 291
Dimensionless
distance 0.00 | 400 | 8.00 | 9.00 | 9.79 | 10.58 | 11.57 | 13.07 | 1457
L(I/D)
a;=0.10 y p
= G
m I
1.00 E £
= o
0.90 ,{I A
080 ™ ypper side
1070 p 3
060 F [ @
5/ g
050 .E ‘Os
040 Y :
l 5-5 |f
030 ¥ ¢ .
020 8 2 |
0.10 E | g -
000 S all
Void fraction |

Fig. 5 Contour map of void fraction on longitudinal section (x-z plane) of horizontal elbows with different ai, on
surface-4, -5, and -6 at «i=0.10

4.2 Void Fractions in Pipes

Figure 5 and Fig. 6 show contour maps of void
fractions in horizontal and vertical elbows, respectively.
In the cross-section, the gas in the horizontal pipe rises to
the top wall before entering the elbow, while the oil and
gas in the vertical pipe remain generally well-mixed. A
vertical view revealed that, within the elbow, air
separates from the lubricating oil on the inner side of the
elbow in both pipe directions. The area of oil-gas
separation extends downstream and gradually expands in
volume. The key distinction between these two cases is
the symmetrical distribution of gas in the vertical elbow,
while the gas in the horizontal elbow is distributed more
above the pipe due to the influence of gravity.

Comparing these contour maps under different
conditions revealed that an increase in o; results in a
larger volume of air in both pipe layouts. When a; values
are equal, the volume of the area for oil-gas separation

inside horizontal elbow is larger, signifying more
pronounced oil-liquid separation. The underlying reason
for this observation can be analyzed according to the
flow field. Figure 7 provides a comparison of void
fractions along the path of two types of pipes. In both
cases, the void fraction slightly decreases before oil and
gas enter the elbow. After passing through the 45°
corner, the void fraction quickly increases, continually
increasing until downstream straight pipe section with a
length equal to the pipe diameter, at which point it
gradually decreases to restore to inlet void fraction. The
elevation in maximum void fraction compared to the
inlet (Aa) increases with ai in both cases. When the a;
value is constant, the void fraction downstream of the
horizontal elbow is higher than that downstream of the
vertical elbow, indicating that the separation between oil
and gas after flowing through a horizontal elbow is more

severe. This void fraction trend is consistent with that
displayed in the contour map.
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4.3 Flow Characteristics in Pipes

Figure 8 and Fig. 9 display velocity-vector maps
with three different o; values in horizontal and vertical
elbows, respectively, with the same coordinate systems
as those shown in Fig. 5 and Fig. 6. From the vertical
view, the oil-gas flow in both horizontal and vertical pipe
are stable before entering the elbow. In the elbow, the
axial flow velocity along the inner side is significantly
higher than that along the outer side under the influence
of deflection-inertia force.

As a result of fluid continuity, the flow velocity
along the outer side is greater than that along the inner
side of the pipe after the mixture passes though the 45°
corner. A vortex area extending to the vicinity of
Surface-7 forms on the inner side of the elbow due to the
separation of boundary layer. Surfaces-4, -5, and -6 show
a symmetrical secondary flow forming in the vertical
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elbow, while the secondary flow in the horizontal elbow
is more inclined towards the upper wall.

Changes in «; did not significantly impact the flow
field. Comparison with Fig. 5 and Fig. 6 reveals that the
distribution of the vortex area closely overlaps with that
of the high-void-fraction zone. In theory, the density and
inertia force of air are much smaller than that of
lubricating oil, and it is more susceptible to the influence
of gravity direction and flow disturbances. The
calculation results indicate that large-scale low-speed
vortices in the elbow are prone to oil-gas separation, and
that asymmetric and strong vortices caused by secondary
flow exacerbate this phenomenon. This is why the void
fraction in the horizontal elbow is higher than that in the
vertical elbow.

Figure 10 and Fig. 11 illustrate the flow velocities of
lubricating oil and air along both pipe paths. As shown in
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Fig. 10, the flow area of oil decreases due to a gradual
increase in void fraction after the mixture enters the two
types of elbows. Based on fluid continuity principles, the
velocity of lubricating oil gradually increases until
peaking at approximately 1D downstream from the
elbow (represented by uimax). Subsequently, due to the
gradual decrease in void fraction, the velocity of
lubricating oil gradually decreases along the pipe path.

As shown in Fig. 7, for both types of pipes, Aa
increases and the corresponding flow area of oil
decreases as o; increases, which lead to an increase in
Uimax- At the same time, as «; increases, the difference in
the velocity of lubricating oil between Surface-4 and
Surface-6 in the horizontal elbow (represented by (AVh)s-
6) increases from 0.058 to 0.168, while that in the vertical
elbow (represented by (Av,)ss) increases from 0.041 to
0.062. To this effect, increasing the inlet void fraction
intensifies the lubricating oil acceleration effect in the
elbow. This phenomenon is not obvious in a vertical
elbow but more pronounced in a horizontal elbow.

Under the same «;, the velocity of lubricating oil at
the outlet and the acceleration effect generated by the
flow through the horizontal elbow are greater than those
in the vertical elbow. This is because a mixture with
larger void fraction is generated in a horizontal elbow
compared to a vertical elbow.

With reference to Fig. 11 and Fig. 7, the air velocity
and the void fraction exhibit an inverse correlation with
changes in flow area. In both types of pipes, the mean
velocity of air increases slightly after the two-phase flow
enters the elbow and peaks at the 45° corner (represented
by ugmax). Subsequently, a vortex area dominated by air
forms on the inner side of the elbow with a significant
decrease in mean velocity of air. The air velocity
decreases to its minimum at about 1D downstream from
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the elbow (represented by ugmin), followed by gradual
acceleration along the pipe path. In the same type of
pipe, the mass flow rate of air increases with «;, while
Ug,max @nd Ug min also increase. Under the same «; and flow
velocity, the mean velocity and ugmin Of air are greater
after flowing out of the vertical elbow than the horizontal
elbow due to the smaller void fraction in the vertical
elbow.

4.4 Local Head Loss in Pipes

Figure 12 illustrates the slip ratio along the pipe path
for two types of elbows at different «; values. The slip
ratio represents the ratio of the air velocity to the
lubricating oil velocity. As shown in this figure, the slip
ratio of the two-phase flow reaches its maximum at the
45° corner in both types of pipes, then sharply decreases
toward its lowest value at approximately 1D downstream
from the elbow. From there, it gradually increases and
recovers to about 1.0 at three times the pipe diameter. It
seems that gas-liquid separation is most severe at the 45°
corner and the outlet, which is consistent with the gas-
liquid contour map.

The changes in slip ratio between Surface-4 and Surface-
6 in horizontal and vertical elbows are denoted by |ASh|s-
and |ASi|as, respectively. The |ASh|ss Value increases
from 0.285 to 0.321 and then decreases to 0.307 while
|ASy|a-6 decreases from 0.244 to 0.135 as ¢; increases. An
increase in the amplitude of change in slip ratio along a
pipe indicates an increase in frictional head loss
(Chisholm, 1980). Under the same o, the slip ratio at the
outlet of the horizontal elbow deviates significantly from
1.0 compared to the vertical elbow, which further
indicates that the acceleration effect of lubricating oil
flowing through a horizontal elbow is greater than that
through a vertical elbow.
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Figure 13 shows the changes in static pressure
(shortened here simply to “pressure”) inside the pipe.
The pressure within both types of pipes rapidly decreases
after the mixture enters the elbow and continues to
decrease until reaching its minimum at approximately 1D
downstream from the elbow, which is consistent with the
location exhibiting the lowest slip ratio and the highest
velocity of lubricating oil in previous analyses. After
passing through this position, the pressure slightly
increases due to a decline in the vortex, then gradually
decreases along the straight pipe. An increase in the oil
velocity significantly increases the turbulence degree and
flow resistance, and the influence of the velocity
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difference between the oil and gas on the frictional head
loss grows more significant as this difference increases.

As shown in Fig. 14, Ap (Ap=ps-ps) is the total
pressure drop in the elbow and Apmax (APmax= Pa-Pp7) is
the maximum pressure drop of the mixture flowing
through the elbow. For both types of elbows, when a;
increases from 0.05 to 0.1, Ap slightly increases; as a;
continues to rise to 0.15, the change in Ap is very small.
The Apmax Vvalue gradually increases with a;, but the
amplitude of the increase gradually decreases. Under the
conditions of ¢;=0.10 and ¢;=0.15, the Ap in the vertical
elbow is greater than that in the horizontal elbow. When
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0i=0.05, the Ap value is larger in the horizontal elbow.
Under the three working conditions tested, the Apmax
value is consistently greater in the horizontal elbow than
the vertical elbow.

The total pressure drop of gas-liquid two-phase flow
in a pipe includes three parts: gravity pressure drop,
acceleration pressure drop, and friction pressure drop
corresponding to frictional head loss. The simulation
results of this study indicate that the acceleration effects
of oil in both elbows increase with ai, which causes an
increase in acceleration pressure drop. Simultaneously,
the friction pressure drop in the horizontal elbow first
increases and then decreases as a; increases, while the
friction pressure drop in the vertical elbow decreases as
aiincreases. The increase in o; causes a decrease in the
density of the mixture. Accordingly, the magnitude of
the change in gravity pressure drop also decreases under
the same change in height. Under the combined effect of
these three types of pressure drops, the total and
maximum pressure drops within both types of elbows do
not increase infinitely with «;, but instead gradually tend
toward stability.

As shown in Table 4, an increase in a; causes several
distinct changes.

(1) The difference between (AVp)as and (AV,)ss
(represented by (Avh-Awy)a-s) continually increases, which
indicates that the acceleration pressure drop in the
horizontal elbow is higher than that in the vertical elbow.
This disparity gradually increases as «; increases.

(2) The difference in slip ratio between the two types
of pipes (represented by (ASh-ASy)se) continuously
increases and remains positive, indicating that the
frictional head loss in the horizontal elbow is greater than
that in the vertical elbow. It continues to increase as a;
increases.

(3) The density difference between vertical and
horizontal elbows at Surface-6 (represented by (py-pn)s)
increases with ai. When ¢;=0.05, (pv-pn)s is relatively
small and the weight of the acceleration pressure drop
and friction pressure drop in the total pressure drop
becomes greater, which results in a larger Ap in the
horizontal elbow with larger head loss due to oil-gas

Table 4 Parameters at inlet and outlet of elbow with

different ai
Parameters Inlet void fraction
ai=0.05 ai=0.10 ai=0.15
(Avi-Aw)ag 0.017 0.067 0.106
(m/s)

(ASh-ASy)4-6 0.041 0.138 0.171

(pv 'ﬂh)ﬁ

(kg/m?) 6.532 19.297 26.075

separation in comparison to the vertical elbow. The (pv-
pn)s value increases with «;, signifying that the influence
of gravity pressure drop is more significant than the other
two types of pressure drop. Therefore, the Ap value in a
vertical elbow is greater than that in a horizontal elbow
when ¢;=1.0-1.5.

In Apmax, the proportion of the gravity pressure drop
is smaller than that in Ap. The void fraction and oil
velocity in the straight section downstream are higher
than those in the elbow, so the impact of acceleration
pressure drop and friction pressure drop are more
significant than those in Ap. Therefore, the Apmax Of a
horizontal elbow is greater than that of a vertical elbow
under all a; values.

5. CONCLUSION

Numerical simulations were conducted in this study
to investigate oil-gas two-phase flows in vertical and
horizontal 90° elbows of an aero-engine lubrication
system. The influence of asymmetric secondary-flow
vortices on pressure drop were revealed by analyzing the
changes in void fraction, flow rate, slip ratio, and
pressure in the pipes, and then the following findings
were obtained.

(1) A steady-state Euler-Euler approach CFD model
was established based on the theory of homogeneous
flow. The algebraic relationship of gas-liquid relative
velocity is prescribed through slip velocity equation. It
was found after experiment verification that the model
can effectively describe the motion of lubricating oil-air
bubbly flow and predict its pressure drop across 90°
elbows.

(2) The phenomenon of oil-gas separation is
exacerbated by a large-scale and high-gas-content vortex
extending from the inside of 45° corner to the
downstream of the elbow, as well as the asymmetric
secondary-flow vortices caused by gravity, making the
air velocity lower than the lubricating oil velocity. The
separation of oil and gas caused by secondary-flow
vortices not only causes additional local head loss in an
elbow, but also leads to greater acceleration pressure
drop.

(3) For bubbly flow, the separation of oil and gas
caused by asymmetric secondary flow results in a lower
density of mixture at the outlet of a horizontal elbow
compared to a vertical elbow, thereby increasing the
weight of gravity pressure drop in total pressure drop.
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This phenomenon is further intensified with the increase
in void fraction of upstream flow.
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