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Abstract

Ground vortex formation beneath aeroengine intakes during near-ground operations rep-
resents an energy-related aerodynamic issue, as it degrades inlet flow quality, induces
pressure distortion, and reduces the effective utilization of incoming kinetic energy. This
study investigates the unsteady characteristics of ground vortex flow under headwind
conditions and its influence on foreign object ingestion (FOI) in an aeroengine intake. Three-
dimensional unsteady Reynolds-averaged Navier-Stokes (URANS) simulations coupled
with a Lagrangian Discrete Phase Model (DPM) are employed to resolve the interaction
between intake-induced vortices and dispersed particles near the ground. The results
indicate that the ground vortex rapidly develops into a quasi-periodic state, generating
significant unsteady total pressure distortion at the intake face, with peak fluctuations
reaching approximately 10% of the mean value. This flow non-uniformity reflects a de-
terioration of inlet energy distribution and is detrimental to downstream compression
efficiency. Particle ingestion behavior is strongly dependent on particle density and di-
ameter. Low-density and small particles are more readily entrained into the vortex core
and ingested, whereas particles with higher density or larger size exhibit increased inertia
and reduced sensitivity to vortex-induced energy transport. The ingestion region is biased
toward the lower portion of the intake, consistent with the vortex core location. These find-
ings provide insight into vortex-induced energy distortion and FOI mechanisms, offering
guidance for improving aeroengine intake design and energy-efficient operation during
near-ground conditions.

Keywords: ground vortex; FOIL; headwind condition; pressure distortion; inlet energy
distortion

1. Introduction

During the operation of an aircraft engine near the ground, the interaction between
the flow tube created by the engine’s suction and the ground results in the formation of a
strong vortex structure between the inlet of the engine and the ground. This phenomenon
is referred to as the ground vortex [1-3]. The presence of ground vortices not only affects
the quality of the engine’s airflow, leading to intake distortion, but it may also trigger
instability phenomena such as fan stall and surge, thereby jeopardizing the engine’s nor-
mal operation [4,5]. From an energy perspective, ground vortex-induced flow distortion
degrades the uniformity of inlet total pressure and velocity, leading to inefficient utiliza-
tion of incoming kinetic energy and potential deterioration of downstream compression
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performance. Furthermore, the powerful suction generated by ground vortices can draw
foreign objects, such as pebbles and sand, into the engine, causing structural damage and
compromising both the engine’s lifespan and flight safety [6,7].

The formation of ground vortices is closely related to vortex theory in fluid dynamics.
Colehour and Farquhar [8] suggested that the formation of ground vortices requires a
certain vortex circulation, which can be easily induced when airflow is disturbed near solid
boundaries at the intake. Siervi et al. [9] proposed that the formation of ground vortices
requires two vortex sources: one from the ground boundary layer and the other from a
vortex source induced by crosswind conditions in a non-rotational flow field. Zantopp
et al. [10], through experimental and computational fluid dynamics (CFD) simulations,
investigated the variation in ground vortex intensity under different wind speeds and
ground clearance conditions. Their study showed that, under crosswind conditions, the
intensity of the ground vortex gradually increases with wind speed. Conversely, under
headwind conditions, the vortex intensity initially increases to a local maximum and
then decreases as the wind speed continues to rise. Martin et al. [11] conducted CFD
studies, focusing on the impact of ground vortices on aircraft engines. Their research
combined experimental wind tunnel data with CFD simulations, employing advanced
vortex structure characterization techniques to assess the formation of ground vortices
under different crosswind conditions. Horvath [12] further investigated the formation
process of ground vortices under crosswind conditions. The results revealed that, under
crosswind conditions, multiple smaller vortices rapidly merge into a stronger ground
vortex, with significant changes in vortex intensity and size during the merging process,
which substantially impacts the flow field of the engine’s intake.

Murphy [13] utilized Particle Image Velocimetry (PIV) technology to measure the
flow field in a short-cabin intake and further examined the effects of ground clearance,
ambient inflow speed, and boundary layer on the intensity of ground vortices. Murphy
and MacManus [14-16], through experimental studies, quantitatively analyzed the impact
of ground vortices on total pressure distortion at the intake and total pressure changes at
the fan face. Their research demonstrated that the formation of ground vortices distorts
the airflow at the fan face, affecting engine thrust output and performance. Ho et al. [17]
explored the ground vortex flow and its effects on fluid dynamics under low Reynolds
number conditions through experiments and numerical simulations. Their findings sug-
gested that vortex formation is relatively independent of Reynolds number, with vortex
phenomena observable even at low Reynolds numbers. In addition, Guimaraes et al. [18]
investigated vortical flow development in round ducts across multiple geometric scales for
engine inlet applications using detailed experimental measurements. Their study provided
valuable insight into vortex structure evolution, scaling behavior, and distortion character-
istics within inlet ducts, further highlighting the importance of accurately capturing vortex
dynamics in engine intake flow analyses.

Additionally, Rodert and Garrett [19] conducted early studies on the issue of foreign
object ingestion caused by ground vortices. They demonstrated that the vortex formed
between the engine intake and the ground can draw debris, such as gravel, into the engine.
MacManus and Slaby [20] employed CFD and particle tracking methods to analyze vortex
characteristics under different ground clearance and intake speed ratios and examined the
effects of particle size and material density on foreign object ingestion. They identified the
critical sizes and characteristics of foreign objects under different operational conditions.
Their results showed that the intensity of ground vortices, particle characteristics, and
the presence of crosswinds significantly influenced the ingestion process. Glenny [21]
emphasized that ground vortices not only draw debris into the intake but also that the
size of the debris is closely related to the vortex intensity, intake height, and wind speed,
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highlighting the impact of intake height on vortex strength. Experimental findings showed
that vortices could lift large debris, including concrete, and suggested a method of gradual
acceleration during takeoff to reduce the risk of ingestion. Hua et al. [22] investigated
through numerical simulations and experiments how geometric factors, engine thrust, and
boundary layer height affected the vortex formation threshold. Their research indicated
that intake design and the intensity of surrounding vortices play a critical role in foreign
object ingestion, especially under high wind speed conditions. Chennuru’s [23] numerical
simulations under crosswind conditions found that the periodic motion of the vortex
significantly influenced foreign object ingestion under crosswind conditions. Berthelon
et al. [24] analyzed the effects of ground vortex flow on fan blade vibration, concluding
that the flow distortion caused by ground vortices could not only lead to foreign object
ingestion but also exacerbate blade vibration, impacting engine stability.

Despite extensive efforts to investigate the ground vortex phenomena and their impli-
cations for intake flow distortion and FOI, several critical gaps remain. Prior studies have
largely focused on crosswind conditions, with limited exploration of ground vortex dynam-
ics under headwind inflow—a scenario commonly encountered during taxiing, takeoff, or
landing. Moreover, the coupling between vortex-induced flow distortion and particulate
ingestion has also not been sufficiently addressed, particularly in terms of quantifying the
effects of particle inertia and density on particle tracking under the dynamically evolving
vortex conditions.

To address these deficiencies, the present study employs three-dimensional unsteady
RANS simulations coupled with a Lagrangian DPM to investigate ground vortex dynamics
and foreign object ingestion under headwind conditions. By resolving vortex-induced flow
distortion and particle transport characteristics, this work elucidates their combined effects
on inlet energy distribution and provides insights relevant to improving aeroengine intake
efficiency and operational energy performance.

2. Methods

This section outlines the methodologies used to simulate and analyze the flow field
and FOI characteristics of ground vortex. The physical model, including the geometry
and boundary conditions, is described first. The grid and grid independence verification
are discussed, and the numerical method is validated against experimental data to ensure
accurate representation of flow features. The DPM is then introduced to simulate particle
ingestion. Finally, the key parameters are defined to quantitively assess the characteristics
of ground vortex.

2.1. Physical Model

This paper focuses on the inlet of a certain type of aeroengine, the geometric configu-
ration of which is illustrated in Figure 1. The inner diameter of the inlet is D = 800 mm, the
outer diameter is Dy = 1300 mm, and the median diameter is D; = 1050 mm. The length of
the inlet is L = 3100 mm, and the ground clearance (the distance from the central axis of the
inlet to the ground) is H = 1.5 D = 1200 mm. The lip contour of the inlet is hyperbolic, and
the relationship between the coordinates and the angle is determined by Equation (1):

r = /3802c0s2(45° — 0)

x = rcosf ,0<6 <45° 1)
y = rsinf
where the vector angle 60 ranges from

0° to 45°, and the vector radius r ranges from 0-380 mm, with the origin of the vector radius
r located at point O in Figure 1.
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Figure 1. Inlet geometric modeling diagram.

It should be noted that, in the present study, the downstream rotating machinery (e.g.,
fan or compressor) is not explicitly modeled. Instead, the aerodynamic influence of the
downstream system is represented by prescribing a constant mass-flow rate at the intake
outlet (further discussed in Section 2.5). This treatment provides a controlled and physically
consistent representation of the suction effect imposed by the downstream components,
while enabling isolation of the ground vortex formation and particle ingestion mechanisms
under headwind conditions.

As illustrated in Figure 2, a rectangular computational domain was constructed to
investigate the flow field structure. To minimize the influence of far-field boundary con-
ditions on the development and strength of the ground vortex, the inner diameter (D) of
the inlet was adopted as the characteristic length scale. Accordingly, the computational
domain dimensions were defined as 18 D x 24 D x 24 D in the streamwise (x), lateral
(v), and vertical (z) directions, respectively. This configuration ensures sufficient spatial
extent for natural vortex formation and evolution while preventing artificial confinement
or reflection effects from the domain boundaries. In particular, the lateral and vertical
boundaries are located 12 D away from the intake centerline, providing adequate clearance
for vortex development under headwind conditions. The outlet of the inlet is flush with
the downstream wall to maintain a consistent mass-flow boundary condition and stable
numerical implementation.

24D

18D

Right

Bottom Intake Outlet

Figure 2. Schematic diagram of calculation domain.
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The boundaries of the computational domain were designated based on their rel-
ative positions to the intake. Specifically, the inner and outer walls of the intake were
labeled as “intake”, while the exit of the intake was termed “outlet”. A rectangular region
(6740 mm x 7550 mm) for particle placement, situated directly beneath the intake, was
defined as the “Particle area”.

2.2. Definition of Parameters
2.2.1. Circulation I’

To quantitatively analyze the strength of the ground vortex, the circulation I' of
the characteristic cross-section needs to be calculated. The definition of I' is given by
Equation (2) [12]:

—

r=[[(vxv)ds = fvar )

— —

where V is the velocity vector along the closed curve, [ is the closed curve enclosing the
—

ground vortex, and s is the surface bounded by the closed curve. For data processing, the

circulation is normalized, and the dimensionless circulation I'* is defined as Equation (3):

" =T/(DVi) )

where D is the inner diameter of the intake, and V; is the axial average velocity at the
measurement cross-section of the intake entrance.

2.2.2. Pressure Distortion Coefficient DCg

The pressure distortion at the intake entrance is quantitatively characterized by the
pressure distortion coefficient DCgq, defined as Equation (4) [12]:

DC6O — va B p;(nin60 (4)

av

where p*;, is the average total pressure at the measurement cross-section of the intake,
Gav is the average dynamic pressure of the airflow at the measurement cross-section, and
Piinco is the minimum average total pressure within a 60° sector. Following the approach
of Murphy et al. [14], the measurement cross-section in this study is located at a distance of
0.7 D from the intake entrance.

2.2.3. Feature Plane

Since the ground is a no-slip boundary, the vorticity is zero. Therefore, to analyze and
process the strength of the ground vortex, a new feature plane near the ground must be
established to calculate the circulation of the ground vortex. As shown in Figure 3, this
plane is parallel to the lower surface of the computational domain and remains fixed in
position. Based on the findings of Murphy et al. [13], the flow field information of the
ground vortex can be effectively captured when the height HL of the feature plane above
the ground satisfies Equation (5):

Hy/D; = 0.083 ®)

where D; = 1050 mm is the mid-diameter of the intake, yielding Hy, = 87.2 mm.
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Feature Plane

Figure 3. Feature plane diagram.

A circular domain encompassing the ground vortex is created on the feature plane.
To determine the radius of this disk zone, nine radii ranging from 600 mm to 760 mm
are selected at equal intervals. A validation case is conducted with a ground clearance of
1.5 D, an incoming flow velocity of 10 m/s, and an engine flow rate of 60 kg/s. Under
these conditions, the total circulation I" and the circulation variation rate ¢ within circular
domains of different radii are calculated. The circulation variation rate ¢ is defined as
Equation (6):
¢ = (Tni1 —Tn)/Ta x100%, (n=1, 2, ...8) (6)

where 7 is the index of the test case.

The calculation results are presented in Table 1. As the radius of the circular domain
increases, the circulation variation rate gradually decreases. When r = 740 mm, the circula-
tion variation rate falls below 1%. Therefore, a radius of 740 mm is adopted for the circular
domain in subsequent calculations of ground vortex circulation integration.

Table 1. Circular radius sensitivity test.

Test Radius r/mm Clrculgtlon Difference &/(%)
I'/(m?/s)

1 600 17.781 -

2 620 18.334 1.52
3 640 18.879 1.46
4 660 19.415 1.39
5 680 19.938 1.32
6 700 20.435 1.21
7 720 20.9 1.10
8 740 21.328 0.99
9 760 21.726 0.92

2.3. Mesh and Verification

The computational domain depicted in Figure 2 was meshed using ICEM-CFD, em-
ploying a hexahedral structured grid. The height of the first layer of grid at the wall
boundaries was set to 0.001 mm, with a total of 15 layers within the boundary layer. To
accurately capture the flow field characteristics of the ground vortex, the grid was refined
below the intake and at the intake entrance. The meshing results are shown in Figure 4.
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Figure 4. Computational grids.

To assess the influence of grid density on the accuracy of the computational results,
the circulation I' of the ground vortex was used as a validation parameter. The variation
in I' with grid size was compared across five different grid densities, as illustrated in
Figure 5. The results demonstrate that when the number of grid cells reaches approximately
5.5 million, the circulation I" remains essentially unchanged. Consequently, a grid size of
5.5 million cells was adopted for subsequent simulations.

22

21

r (nl\l)z/s)
7

19

18 1 1 1 1 1 1 1
2 3 4 5 6 7 8 9 10

Number of grids (million)

Figure 5. Verification of grid independence.
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While the intake geometry investigated herein is relatively simple and could, in
principle, be reproduced experimentally, a dedicated test facility would require simul-
taneous control of headwind inflow conditions, precise suction (mass-flow) regulation,
time-resolved distortion measurements at the intake plane, and repeatable particle seed-
ing and tracking for foreign object ingestion (FOI) assessment. Therefore, no dedicated
experimental campaign was conducted for the specific intake configuration shown in
Figure 1. To verify the credibility of the numerical methodology adopted in this study, the
computational results were validated against the scaled intake experimental data reported
by Murphy [13]. The comparison focused on engine intake operation under crosswind
conditions, where well-documented measurements of vortex strength and distortion char-
acteristics are available. The dimensionless circulation (vortex strength) I'* and the pressure
distortion coefficient DCgy under different incoming flow velocities were compared with
the corresponding experimental results, as shown in Figure 6. The predicted I'* and DCgg
values at the monitoring locations exhibit close agreement with the experimental data.
Although the deviation in vortex strength I'* is noticeable at low velocity ratios U* (where
the ratio of intake velocity to incoming flow velocity is less than 7), the deviation de-
creases to less than 3% when U* exceeds 7. In the present study, where U* is greater than
10, the numerical approach is therefore demonstrated to accurately capture the essential
characteristics of ground vortex formation and associated inlet distortion.

0.6 0.5
—=- Exp. —=— Exp.
0.5} A CFD 0.4} A CFD
, 0.4+ 203
- (@)
0.3+ R 02t
0.2} 0.1t
b
0.1l e ool
4 10 12 14 16 18 20 4 6 8 10 12 14 16 18 20
U,/U, U,/ U,

(a) (b)

Figure 6. Verification of numerical method: (a) Vortex strength I’ *; (b) Pressure distortion coefficient
DCegg [13].

2.4. Discrete-Term Governing Equations

In this study, the solid volume fraction is relatively small, and inter-particle collisions
are negligible. Therefore, the Euler-Lagrange DPM is employed to simulate the process of
particle ingestion into the intake by tracking the trajectory of each individual particle [25].
In this model, the gas phase is treated as a continuous medium and described using the
Eulerian approach, while the solid particles are treated as a discrete phase and described
using the Lagrangian approach [26]. When solving for particle trajectories using the
Lagrangian method the partlcles are primarily influenced by the resultant force of grav1ty

and buoyancy (F 1), drag force (F 4), pressure gradient force (F ), virtual mass force ( F om),
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N
and Safran lift force (Fs) [27,28]. According to Newton’s second law, the force balance
equation for a particle is given by Equation (7):

dﬁp — — — —

_
mPF:Fh"i‘Pd"i'Fp“'va“‘Fls (7)

where mp is the mass of the particle, and u p is the velocity of the particle.

N
The resultant force of gravity and buoyancy (F},) can be calculated as Equation (8):
%
- 8 (PP —Pf )

F:mi 8
h P op 8)

where ¢ is the gravitational acceleration, and pp and p are the densities of the particle and
the continuous phase, respectively.
—

The drag force (F ;), which acts on the particle due to its relative motion with respect
to the fluid, is given by Equation (9):

Fa= 5Cappav[ity — ip| (i~ i) )

where u rand u p denote the velocity vectors of the fluid and the particles, respectively,
while Ap represents the projected area of the particles in the direction of motion. The
Schiller-Naumann correlation [29], as expressed Equation (10), which is suitable for spheri-
cal solid particles, is used to calculate the drag coefficient Cy:

24 0.687 3
c, = {Rep (1+0.15Re%587), Rep < 10 o)

0.44, Rep > 10°

where Rep is the particle Reynolds number which can be obtained through Equation (11):
—
Rep:pf‘ulep/y (11)

where 11 is the slip velocity of particles which can be calculated through Equation (12). u
is the dynamic viscosity of the fluid and Dp is the particle diameter.
— — —

uf—up:us (12)

=
The pressure gradient force (F ), which arises due to the pressure gradient in the fluid,
is expressed as Equation (13):

—

Fp :szlApzfvzf (13)
P

%
The virtual mass force (F ), which represents the additional resistance encountered
by a particle accelerating through the fluid, is given by Equation (14):

. —
Fom = CvmmPpi (szz - dup) (14)
ep dt

where C,,;; = 0.5 is the virtual mass coefficient.
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H
The Saffman lift force (Fj;) [30], which occurs when there is a velocity difference
between the particle and the surrounding fluid and the velocity gradient of the fluid is
perpendicular to the particle’s motion direction, is expressed as Equation (15):

Fo— 4}'{1?"”51)?, (45 x (v x )] (15)

where V x 1/ =  is the curl of the fluid velocity, and Reg is the shear flow Reynolds
number, defined as Equation (16):

_ PfD%m

RES
K

(16)

In addition to force balance, the rotation of the particles also significantly influences
their trajectory in the fluid. Therefore, the discrete phase model also accounts for the effect
of particle rotation by solving the angular momentum of ordinary differential equation, as

pdwp _pr (Dp),
LT 2\ 2 w

shown in Equation (17):
—

5’ a (17)

where Ip is the moment of inertia, c—Jp is the particle angular velocity, Cy, is the rotational
—

drag coefficient, and () is given by Equation (18), which represents the relative angular

velocity between the particle and the fluid:

Q—>:%Vx7—3p (18)

2.5. Boundary Conditions

The simulations were performed using ANSYS Fluent 2021 R1. To improve com-
putational convergence, a steady-state approach was initially employed to simulate the
ground vortex flow field without particles. Once the flow characteristics of the ground
vortex (including vortex strength, pressure at monitoring points, and velocity) reached a
statistically steady equilibrium, this state was utilized as the initial condition for unsteady
calculations. The Euler-Lagrange method was applied with a time step of 0.01 s and a total
computation time of 10 s. Turbulence was modeled using the SST k-w model, with the
working fluid treated as an ideal gas and the particles as solids [31].

The outlet of the intake was configured as a mass flow outlet with a flow rate of
90 kg/s. The “Headwind” was defined as a velocity inlet with a speed of 10 m/s. The
bottom surface beneath the intake and the inner and outer walls of the intake were set as
adiabatic walls. The “Particle area” is designated as both an adiabatic wall and an inflow
boundary for particles, with a total particle count of 5.0887 x 10”. The prescribed particle
population ensures a statistically representative dilute particulate field while remaining
consistent with the one-way coupling assumption of the Euler-Lagrange DPM framework.
For the investigation of particle size effects on FOI characteristics, three different diameters
(20 pm, 30 pm, and 40 um) of sand particles are employed. These particle sizes fall within
the representative range of fine sand-scale debris typically reported in near-ground inges-
tion studies and have been widely considered in experimental and numerical investigations
of vortex-induced foreign object ingestion [19,20]. In the study of particle density effects
on FOI, particles with a uniform diameter of 10 pm—comprising sand (o = 2.64 g/cm?),
titanium alloy (o = 4.85 g/cm?), and structural steel (o = 7.85 g/cm3)—are utilized to isolate
the influence of inertia while maintaining geometric consistency. All remaining bound-
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aries are assigned far-field conditions with a relative pressure of 101,325 Pa and a static
temperature of 288 K. Detailed boundary condition settings are summarized in Table 2.

Table 2. Boundary conditions.

Name Boundary Type Conditions
Outlet Mass flow outlet m=90kg/s
. L. Vi=0m/s
Headwind Velocity inlet V, =0m/s
V;=10m/s
Tailwind /U
ile‘f/:c’}rll{iéhtp Pressure-far-field 101325 [Pa]/288.15 [K]
Particle area No-slip adiabatic wall -
Intake/Bottom No-slip adiabatic wall -

3. Results and Discussions

This section investigates the aerodynamic behavior of ground vortices and their role
in FOI under headwind conditions. Unsteady vortex formation, pressure distortions, and
vorticity structures are analyzed. The study also explores how particle density and diameter
affect ingestion dynamics. Through visualizations and statistical analyses, it reveals the
interaction between vortex structures and particle responses, enhancing understanding of
FOI mechanisms near the ground.

3.1. Aerodynamic Characteristics of Ground Vortex

Figure 7 illustrates the ground vortex streamline at different times. Under the suction
effect of the inlet, the surrounding streamlines converge beneath the inlet lip and form a
vortex structure with clockwise rotation. This vortex structure subsequently lifts under
continuous suction and is eventually ingested into the inlet, culminating in the formation
of a ground vortex. Additionally, due to the blocking effect of the inlet lip, a trailing vortex
structure emerges below the inlet. Over time, both the size and position of the ground
vortex and trailing vortex exhibit noticeable variations, indicating the highly unsteady
nature of the ground vortex.

Figure 8 presents the vorticity contours on feature plane at different times. The
contours reveal that a ground vortex with clockwise rotation consistently forms below
the inlet, with its core size and position varying temporally. The vortex core maintains
a relatively fixed position in the z-direction, situated directly beneath the inlet lip on the
ground, while its y-position fluctuates significantly.

Figure 9 displays the pressure distribution contours at the inlet cross-section. Under
fixed flow conditions, the pressure distortion predominantly occurs below the inlet—the
ingestion region of the ground vortex—with its location remaining relatively stable over
time. However, the severity of the pressure distortion varies considerably. By comparing
with Figure 7, this variation can be attributed to the unsteady characteristics of the ground
vortex, which lead to fluctuations in its size and intensity.

Furthermore, Figure 10 depicts the temporal evolution of the ground vortex strength
(I'*) and pressure distortion coefficient (DCgg) over a 10 s period. Both parameters exhibit
periodic oscillations, suggesting that despite the ground vortex’s strong unsteadiness, its
strength achieves a dynamic equilibrium under constant aerodynamic conditions (incoming
flow velocity, wind direction, and outlet mass flow rate). The vortex strength I'* fluctuates
slightly around its mean value (0.189). Meanwhile, for the DCg( coefficient, the oscillation
amplitude remains relatively small in the first 5 s but increases in the latter half. This
behavior may be associated with the transition from steady to unsteady state in the initial
phase. The time-averaged DCg) value over the 10 s interval is 0.009.
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Figure 7. Ground vortex streamlines at different times.
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Figure 8. Vorticity contours on feature plane at different times.
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Figure 9. Inlet section pressure contours at different times.
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Figure 10. The variation in I'* and DCg( with time.

3.2. The Influence of Particle Density and Diameter on FOI Characteristics

Figure 11 presents the distribution characteristics of particle numbers being drawn
into the intake duct under the influence of ground vortex for particles with different
densities. As shown in Figure 11a, with decreasing particle density, the number of particles
drawn into the intake duct increases significantly. The sand particles (with the lowest
density) exhibit the highest intake, reaching 34,274 particles, followed by titanium alloy
particles (7719 particles) and structural steel particles (4805 particles). Given that the particle
diameters are identical for all three types, particles with higher density possess a larger
mass mp. According to Equation (7), under identical flow conditions, the acceleration of
such particles is smaller, which results in a diminished capacity to respond to changes
in the flow field. Consequently, these particles are less likely to be carried by the airflow,
leading to a substantial reduction in the number of particles drawn into the intake duct.
Figure 11b further illustrates the temporal distribution of particles being drawn into the
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intake. The results show that particles of all three densities are drawn into the intake within
the first second, with the highest intake occurring during the 2nd second, followed by
a gradual decrease. In contrast, particles with higher densities, such as titanium alloy
and structural steel particles, exhibit stronger inertia, causing them to detach more easily
from the primary vortex path during the early stages of motion. This makes it difficult
for them to be continuously drawn into the intake, resulting in a near-zero intake at later
time intervals.
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Figure 11. Effect of particle density on the number of particles drawn into the intake: (a) Total number
of particles drawn into the intake; (b) Number of particles drawn in different time intervals.

Figure 12 presents the ingestion of particles with varying densities. Under the influence
of the ground vortex, all three types of particles gradually migrate away from the “Particle
area” and are ingested into the intake duct. For all three particle types, more than 80% of
the particles are located to the right of the central axis of the intake duct. This is attributed
to the ingestion point of the ground vortex being positioned at the lower right corner of the
intake cross-section. Furthermore, the center of the pressure distortion zone remains almost
devoid of particles, with the ingested particles being distributed around the outer edge of
this region. It is also evident that, with increasing particle density and mass, inertia grows,
leading to a gradual reduction in the particles’ responsiveness to the flow field, resulting in
a more irregular distribution. In contrast, particles with lower densities (sand) are more
readily entrained by the ground vortex, resulting in a more concentrated distribution.

Figure 13 demonstrates the effect of particle diameter on the number of particles
being drawn into the intake duct. As seen in Figure 13a, with increasing particle diameter,
the number of particles drawn into the intake duct by the ground vortices significantly
decreases. Under identical flow conditions, particles with a diameter of 20 um dominate
the intake, with 12,886 particles being drawn in, followed by 6249 particles of 30 pm
and 353 particles of 40 um. Since all particles are of the sand type, the larger the diam-
eter (and thus the greater the mass), the more pronounced the inertia, as evidenced by
Equation (7). Larger particles, with their increased mass, experience a reduced acceleration
in the flow field and are less responsive to changes in the flow, making them less likely to
be drawn into the intake. In contrast, smaller particles are more susceptible to the airflow,
allowing them to follow the flow path more readily and thus be drawn into the intake
duct in greater numbers. Further analysis of Figure 13b reveals that most particles are
drawn into the intake duct within the first 8 s. Smaller particles are drawn in earlier and
in greater numbers. This trend is closely related to the particles’ inertia and the dynamic
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properties of the fluid. Smaller particles have a shorter response time and can quickly
adapt to changes in the flow field, allowing them to be rapidly drawn into the intake by
the ground vortex. Larger particles, on the other hand, exhibit stronger inertia and require
more time to accelerate, resulting in a delayed intake, with only a small number of particles

being drawn in around t =4-5s.
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Figure 12. Effect of particle density on the distribution of particles drawn into the intake: (a) Sand;
(b) Titanium alloy; (c) Structural steel.
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Figure 13. Effect of particle diameter on the number of particles drawn into the intake: (a) Total
number of particles drawn into the intake; (b) Number of particles drawn in different time intervals.

Figure 14 illustrates the ingestion behavior of particles with varying diameters. As
observed, despite the identical initial positions and arrangements of the three particle types,
their responses to the ground vortex exhibit significant differences. The smallest particles,
with a diameter of 20 um, possess the least mass and, consequently, the lowest inertia.
As a result, they exhibit heightened sensitivity to flow disturbances and are more readily
entrained by the ground vortex, leading to a more concentrated distribution. Moreover,
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due to their lower inertia, smaller particles are more easily lifted to greater heights above
the ground by the vortex-induced flow. As the particle diameter increases, so does the

mass,

resulting in decreased sensitivity to aerodynamic forces and an increased dominance

of inertia. These larger particles are less likely to be drawn off the ground by the vortex,
causing a more dispersed distribution. Additionally, the center of the pressure distortion
zone remains devoid of ingested particles, with the particles being distributed around the

periphery of this region.
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Figure 14. Effect of particle diameter on the distribution of particles drawn into the intake: (a) 20 um;
(b) 30 um; (c) 40 pm.

4. Conclusions

This study presents a numerical investigation into the unsteady behavior of ground

vortex flows and their influence on particle ingestion into aeroengine intakes under head-

wind conditions. The main conclusions are summarized as follows:

1.

The ground vortex generated beneath the intake lip exhibits strong temporal vari-
ability in both strength and position, characterized by clockwise rotation and the for-
mation of trailing vortices. Despite this unsteady behavior, a quasi-equilibrium state
is achieved under constant inflow and suction conditions, with the vortex strength
and pressure distortion coefficient oscillating periodically around a mean value. Such
unsteady pressure distortion reflects a degradation of inlet energy uniformity, which
is unfavorable for stable and efficient downstream compression.

Particle density has a significant influence on ingestion behavior. For particles with
identical diameters (10 pm), the total number of ingested particles decreases markedly
as density increases. Under identical flow conditions, sand particles (o = 2.64 g/cm?)
exhibit the highest ingestion count (34,274 particles), whereas titanium alloy and struc-
tural steel particles are reduced by approximately 77% and 86% compared with sand
particles. The underlying mechanism is the increased particle inertia associated with
higher density, which reduces particle responsiveness to vortex-induced aerodynamic
forces and limits their ability to follow the unsteady vortex core trajectory.
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3. Particle diameter exerts an even stronger influence on ingestion characteristics. For
sand particles, increasing the diameter from 20 pm to 40 pm reduces the ingestion
count from 12,886 to only 353 particles, corresponding to a reduction of more than
97%. Larger particles exhibit greater inertia and longer aerodynamic response times,
preventing effective entrainment by the vortex-induced upward flow. In contrast,
smaller particles are rapidly accelerated and preferentially transported along the
vortex core, resulting in concentrated ingestion in the lower region of the intake
cross-section.

Overall, the present results demonstrate that ground vortex-induced flow distor-
tion and foreign object ingestion are closely coupled with inlet energy degradation. The
findings provide practical guidance for mitigating energy losses, enhancing intake ef-
ficiency, and improving the energy-efficient operation of aeroengine systems during
near-ground conditions.
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