
European Journal of Mechanics / B Fluids 97 (2023) 28–39

a

b

U
c

d

e

t
s
e
t
a
w
t
i
a

t
e
a
c

(
J

h
0

Contents lists available at ScienceDirect

European Journal ofMechanics / B Fluids

journal homepage: www.elsevier.com/locate/ejmflu

Numerical simulations of complexwater spray flows around aircraft
landing tire
Xiangshan Guan a, Weiwen Zhao b, Decheng Wan b,d,∗, Fei Xu c, Jie Liu e

School of Ocean Engineering and Technology, Sun Yat-sen University, Zhuhai 519082, China
Computational Marine Hydrodynamics Lab (CMHL), School of Naval Architecture, Ocean and Civil Engineering, Shanghai Jiao Tong
niversity, Shanghai 200240, China
School of Astronautics, Northwestern Polytechnical University, Xi’an 710072, China
Ocean College, Zhejiang University, Zhoushan, 316021, China
Commercial Aircraft Corporation of China, Ltd., Shanghai 200126, China

a r t i c l e i n f o

Article history:
Available online 13 September 2022

Keywords:
Tire water spray
SPH–FE coupling method
Engine flow field
Splashing trajectory
Water inflow of engine

a b s t r a c t

When an aircraft passes through the contaminated runway, the water spray generated by the landing
gear may enter the inlet of the engine and affect the operation of the engine. In this paper, the
formation of tire spray and the complete splashing trajectory under a complex flow field are calculated
by numerical simulations. Firstly, the initial patterns of tire water spray are simulated by the Smoothed
Particle Hydrodynamics (SPH)-Finite Element (FE) coupling method in LS-DYNA software package,
and the engine flow field is simulated in CFX software package. Secondly, the water spray particles
information and engine flow field information are imported into a program to calculate the splashing
trajectory under the influence of the complex flow field. In the process, the particles inhaled by the
engine are counted, so the engine water inflow can be obtained under different working conditions
and tire configurations, which can verify the suppression effect of the tire chine on the engine water
inflow. Lastly, the complete splashing trajectory of the complex flow field simulated by the program
is consistent with the result of the aircraft splash test, which proves the feasibility of the numerical
simulation method for the complete splashing trajectory simulation.

© 2022 ElsevierMasson SAS. All rights reserved.
1. Introduction

When an aircraft passes through the contaminated runway, its
ire water spray may affect the safety of the aircraft. The water
pray generated by the landing gear may enter the inlet of the
ngine and affect the operation of the engine [1]. Therefore,
he aircraft need to carry out the complete splash test in the
irworthiness identification to ensure that there is no excessive
ater in the engine. If the engine water inflow does not meet
he airworthiness standards, the tire configuration needs to be
mproved to suppress the water inflow of the engine, such as
dding the chine or baffle to suppress water spray [2–4].
Considering the research cycle and the splash test cost of

he whole aircraft, it is generally necessary to make an accurate
stimate of the water spray patterns in the aircraft design stage,
nd the aircraft layout needs to be properly designed to avoid
ritical parts such as the engine affecting by tire water spray.
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iao Tong University, Shanghai 200240, China.

E-mail address: dcwan@sjtu.edu.cn (D. Wan).
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Therefore, many groups studied the numerical simulations of tire
splash trajectory and the estimation of engine water inflow. In
1966, Langley Research Center studied the influence of tire load,
aircraft speed and water accumulation depth on tire spray by
using an array of tubes mounted behind the test tire [5–7]. At
the same time, Barrett from Bristol University established a model
test facility to study the tire spray. The process of the test method
was to run the model wheel on an endless belt onto the surface,
and a water film was ejected tangentially at the speed of the belt.
In this way, the forward motion of a wheel on a fluid-covered
runway was simulated [8–10].

In 1998, Engineering Sciences Data Unit (ESDU) proposed an
engineering method to calculate the patterns of the side spray
according to a large number of test results. According to the
basic parameters such as tire parameters, depth of water accu-
mulation and aircraft speed, the method calculated and described
the parameters of side spray patterns, such as spray height,
sputter angle, etc. However, the spray position was only roughly
predicted, and the accuracy of this empirical model strongly
depended upon the test data. If the selected parameters deviated
from the value range of the formula, the error was large [11].
Besides, the method cannot predict the influence of spray sup-

pression devices such as the spray deflector and the chine tire. In
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003, Trapp and Oliveira simulated the effect of spattering on the
MB-170 aircraft thrust reversal device and got a spray pattern
round the fuselage that fits well with the experimental pho-
ographs. However, they did not give specific numerical methods
nd quantitative results [12]. In 2013, the CR-SPRAY method
sing the Monte Carlo method was proposed by Gooden. Accord-
ng to the initial patterns of tire spray obtained by the ESDU
ethod, the particle trajectory algorithm was used to calculate

he complete splashing trajectory. This method could consider the
nfluence of wind direction. At the same time, it also can calculate
he wading resistance of tire spray, spray patterns and engine
ater inflow. However, the initial patterns were based on the
mpirical formulas from the ESDU, so the prediction results were
till unreliable [13,14]. In 2012, ARJ21-700 first conducted the
ircraft splash test, mainly studying the influence of tire water
pray on the engine inlet. After that, Liu et al. used the Smoothed
article Hydrodynamics (SPH) method to simulate the tire spray
nd the Discrete Phase Model (DPM) method to simulate the
plashing trajectory in the software. They obtained the water
pray patterns of the nose gear, which were in good agreement
ith the test results of ARJ21 [15–17]. Because of the limitation
f software computing efficiency, the particle spacing was set too
arge (10 mm), which was not accurate for calculating the initial
pray patterns of a tire. Accurate spatial distribution of water
articles was also not available. Moreover, the determination of
he droplet diameter was only based on a statistical result, and
he influence of the droplet diameter was not analyzed. In the
eantime, Xu et al. studied the water spray of an elastic large
eformation tire by the SPH–FE coupling method and studied
he phenomenon of tire hydroplaning [18–20]. They analyzed the
nfluence of particle spacing to get accurate spray patterns and
ompared them with experimental results. They found that below
mm, the particle spacing had little effect on the spray patterns.
owever, they only got the initial spray patterns and the spatial
istribution of water particles, not the complete splashing trajec-
ory. Both of Liu and Xu used the FE method to simulate tires
nd the SPH method to simulate water films. The SPH method
as been applied in much commercial software and has shown
romising prospects in aircraft tire spray [21,22].
The main focus of the above study was the initial tire spray

atterns and the subsequent splashing trajectory under the effect
f the air flow field. In fact, the ground environment is complex
n the process of aircraft take-off and landing. In addition to
he influence of the crosswind and air flow field, the engine
ill produce a strong flow field disturbance near its inlet. Some
plashing droplets will be inhaled by the engine, causing hidden
angers to the regular operation of the engine. However, since
he calculation time of the complete splashing trajectory was too
ong, the influence of the engine flow field on the spray patterns
nd the engine water inflow was less studied.
Tire spray belongs to Fluid–structure Interaction (FSI) prob-

em, and many violent FSI problems involve some non-negligible
oupling effects due to the presence of strong reciprocal in-
eractions. The finite element method (FEM) is classically used
or structure modeling [17,18], but the grid method does not
ominate in the numerical simulation of water films. Although
he grid method has successfully solved many flow problems,
here are still many difficulties in the simulation of tire spray
roblems. In the tire splashing process, the tire impacts the water
ilm in a short time. The water film will quickly deform, break,
nd then spray out. The traditional mesh method has difficulties
n calculating the free surface boundary, deformation of boundary
nd moving interface flow of the liquid. Because the traditional
rid method usually needs to use dynamic grid technology or
ested grid technology to control the change of the grid, when

he boundary deformation is large, the grid distortion problem

29
is often encountered. The distorted mesh seriously reduces the
calculation accuracy and even causes the calculation divergence.
Although the finite volume method (FVM) with a volume-of-fluid
(VOF) can deal with the flow of liquid, the free-surface capture of
water breaking is difficult due to the sharp change of liquid in a
short period [23].

The meshless method obtains accurate and stable numerical
solutions using a series of arbitrarily distributed nodes (or parti-
cles) to solve integral equations or partial differential equations
(PDEs) with different boundary conditions [24,25]. These nodes
(or particles) do not require mesh connections, which can easily
solve the large deformation, moving interface and free surface
problems encountered during numerical simulation [26,27]. SPH
method is one of the popular meshless methods. The SPH method
could avoid the precision damage caused by mesh distortion
when extremely large deformation appears, and it would be
flexible by using the SPH method in dealing with the large de-
formation and breaking of liquid. The SPH method has been
widely used in many practical problems [28,29], such as incom-
pressible flow, explosion shock, high-speed compressible flow,
underwater explosion, free surface flow, fluid–structure interac-
tions, etc. Though entirely Lagrangian meshfree computational
methods for hydroelastic fluid–structure interactions have made
a lot of progress [30,31], the simulation of elastic structures
is limited to simple geometric structures. If the elastic struc-
ture is complex, the SPH method is generally coupled with the
FE method to deal with fluid–structure interactions. Since both
the SPH method and the FEM are methods with a Lagrangian
viewpoint, the coupling of the SPH method and the FEM can
easily simulate the free surface liquid flow interacting with the
deformed structure. In addition to Liu and Xu’s study, Li used the
SPH–FEM method to simulate transient FSI problems even in the
presence of large interface motion, which ensured a zero algorith-
mic interface energy and synchronized time integration of each
sub-domain. Finally, a 3-D tire hydroplaning example showed
the feasibility of the proposed method for more industrial multi-
dimensional problems with complicated interface geometry [32].
Oger also used the SPH–FE coupling method to simulate the hy-
droplaning phenomenon of a car tire. A new algorithm dedicated
to such SPH–FE coupling strategy was proposed to optimize the
computational efficiency through the use of differed time steps
between fluid and solid solvers [33]. The spacing of the particles
was fine (0.25 mm), so the simulation of the tire hydroplaning
phenomenon was accurate. However, they did not study the tire
spray patterns. Their study demonstrated the effectiveness of the
SPH–FE coupling method in simulating the tire spray problem.
Based on the previous research, we decided to use the SPH–FE
coupling method to simulate the tire water spray.

Both Xu and Liu [15,18] established a tire spray model and
carried out a numerical simulation of tire spray in LS-DYNA
software package. Because LS-DYNA enables coupling the SPH
method with the finite element method (FEM), having mutual
advantages in structural dynamics and large deformation. The nu-
merical simulations of fluid–structure interaction (FSI) are carried
out with fluid modeled with smoothed particles. The conver-
gence verification of the SPH–FE coupling strategy in LS-DYNA
was also studied. Pelfrene (2011) studied the dam break case,
using the SPH in LS-DYNA to validate the conservative proper-
ties of mass and volume. It was found that the SPH solver in
LS-DYNA was able to simulate laminar free surface flow and
to capture the main features of plunging breaking waves. The
results indicated that weakly compressible SPH (WCSPH) of LS-
DYNA was characterized by the preservation of linear/angular
momenta similar to other WCSPH schemes [34]. Lee and Hong
studied the optimal parameters for the fluid–structure interaction

analysis using the SPH particles for fluids and finite elements
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Fig. 1. The sketches of tire water spray.
∏
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or structures in LS-DYNA. The effectiveness of the simulations
ith those parameters was validated by solving a dam-break
roblem and an elastic plate deflection problem, which proved
he SPH–FE coupled simulation was very effective in calculating
he fluid–structure interaction [35]. Meanwhile, Lee used the
PH–FE coupling method to build a numerical wave tank model.
he numerical wave parameters were in good agreement with the
xperimental results, and the study verified the accuracy of the
PH–FE coupling method in LS-DYNA [36].
This paper proposes a more efficient and accurate calculation

ethod for simulating the complete splashing trajectory in the
omplex flow field. Compared with the previous methods, this
ethod can significantly reduce the calculation time, and the cal-
ulation accuracy is guaranteed. Firstly, the initial spray patterns
f an elastic pneumatic tire are first obtained by the SPH–FE cou-
ling method in LS-DYNA software package [18], and the position
nd velocity information of the splashing particles is exported.
econdly, the flow field of the aircraft engine when operating on
he ground is simulated in CFX, and the flow field information
round the engine is exported. Finally, a program is written in
ATLAB to simulate the subsequent splashing trajectory under

he engine flow field. The feasibility of the method is verified by
omparing the simulated splashing trajectory with the result of
he aircraft splash test. At the same time, the engine water inflow
nder different working conditions and tire configurations is also
btained.

. Simulation of initial spray patterns

.1. The model of tire spray

The phenomenon of tire spray belongs to a typical shallow
ater impact problem. The tire squeezes the water film during
he wading process, and the water film is deformed under pres-
ure, which leads to the water film breaking and liquid droplets
plashing. The tire spray is formed after a series of complex
rocesses such as droplet collision and convergence. The tire
pray is mainly divided into three parts: bow wave, side spray
nd tail wave. The bow wave is splashed from the front of tires,
nd the side spray is splashed from the sides of tires. The viscosity
orce makes a small amount of water adhere to the tread as the
ire turns back for a time, forming the tail wave. The sketches of
ire spray are shown in Fig. 1.

In this paper, the finite element model of a tire is established
n Hypermesh based on the data of a specific type of aircraft
ire and imported into LS-DYNA. The actual tire configuration is
ery complex, composed of tread, belt layer, side wall, wire coil,
nner tube, tire curtain layer and tire hub. The tire spray patterns
re only related to the shape and deformation of the tire, so the
ire model is simplified, only including the tread, side wall, inner
ire, rim (a simplified version of the hub) and chine, as shown
n Fig. 2. The chine is only added to one side of the tire. The
read, sidewall and chine are made of Mooney–Rivlin material.
30
Mooney–Rivlin material is a kind of hyperelastic material, which
is usually used to simulate rubber. The inner tube is made of
elastic material, and the rim is made of rigid material. A force
(22 kN) is applied to the rim to simulate the load on the tire, and
the velocity boundary condition is set according to the working
condition. A uniformly distributed pressure of 0.62 MPa is applied
to the normal direction of the inner tire surface to simulate the
tire pressure of a pneumatic tire. The tire is the front wheel of
ARJ21, and the data of the tire is provided by the Commercial
Aircraft Corporation of China Ltd.

2.2. Numerical method

The SPH method is an N-body integration scheme, which
avoids the limitations of mesh tangling encountered in large
deformation problems with the FEM. The main difference be-
tween the SPH method and traditional mesh methods is the
absence of the grid. Therefore, the particles are the computational
framework on which the governing equations are resolved. We
quoted the relevant SPH formulas as they are implemented in
LS-DYNA [37].

The particle approximation of a function is written as:
h

f (xi) =

N∑
j=1

wjf (xj)W
(
xi − xj, h

)
(2.1)

here W is the kernel function, subscripts i and j are particle
abels, N is the number of particles in the influence domain of
article i, wj =

mj
ρj

is the volume of the particle, x is the coordinate

of particle, h is the smoothing length,m is the mass of the particle,
and ρ is the density.

The most common smoothing kernel used by the SPH commu-
nity is the cubic B-spline, which is defined as [37]:

W
(
xi − xj, h

)
= C

⎧⎪⎪⎪⎨⎪⎪⎪⎩
1 −

3
2
u2

+
3
4
u3 u ≤ 1

1
4

(2 − u)3 1 < u ≤ 2

0 u > 2

(2.2)

where u =
∥xi−xj∥

h , C is a constant of normalization that depends
on the number of space dimensions. If the number of space
dimensions is 3, C is 1

πh3
.

The continuity equation, moment equation, and energy equa-
tion are:
dρ
dt

= −ρ
∂vβ

∂xβ
(2.3)

dvα

dt
=

1
ρ

∂σ αβ

∂xβ
+ Fα (2.4)

de
dt

−
σ αβ

ρ

∂vα

∂xβ
= 0 (2.5)
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where the superscripts α and β are the space indices({x, y, z}), xβ

re the coordinates, vα are the velocities, Fα is the body force, e is
the internal energy, σ αβ are the total stresses, and t is the time.

The discrete forms of momentum conservation equation and
energy conservation equation in the SPH method are:

dρi

dt
=

N∑
j=1

mj(vi
β

− vj
β )

∂Wij

∂xiβ
(2.6)

dvi
α

dt
=

N∑
j=1

mj

(
σi

αβ

ρi
2 +

σj
αβ

ρj
2

)
∂Wij

∂xiβ
+ Fiα (2.7)

dei
dt

= −
1
2

N∑
j=1

mj

(
σi

αβ

ρi
2 +

σj
αβ

ρj
2

)
(vi

β
− vj

β )
∂Wij

∂xiβ
(2.8)

σ αβ
= −pδαβ

+ τ αβ (2.9)

For Newtonian fluids, deviatoric stress can be defined as:
αβ

= 2µε̇αβ (2.10)

where τ αβ are the viscous stresses, ε̇αβ are the shear strain rates,
p is the isotropic pressure, and µ is the shear viscosity of the fluid.

If we add the artificial viscosity, Eq. (2.7) can lead to the
following equation.

dvi
α

dt
=

N∑
j=1

mj

⎛⎝σi
αβ

ρi
2 +

σj
αβ

ρj
2 +

∏
ij

⎞⎠ ∂Wij

∂xiβ
+ Fiα (2.11)

To take into account the artificial viscosity, an artificial viscous
pressure term

∏
ij is added such that [38]:∏

ij

=
1
ρ ij

(−Aµijc ij + Dµij
2) (2.12)

µij =

⎧⎨⎩
hij

vij · rij⏐⏐rij⏐⏐2 + η2
if vij · rij < 0

0 otherwise
(2.13)

where vij = (vi −vj), rij = (ri − rj), η2
= 0.01hij, ρ ij = 0.5(ρi +ρj),

hij = 0.5(hi + hj), c ij = 0.5(ci + cj), A and D are the constants, A is
0.06, D is 1.5, and c is the adiabatic sound speed.

We use a classical and straightforward first-order scheme for
integration. The time step is determined by the expression:

δt = CCFLMini(
hi

ci + vi
) (2.14)

here the factor CCFL (Courant–Friedrichs–Lewy) is a numerical
onstant. The C in the paper is 0.5.
CFL

31
Table 1
State equation parameters and material parameters of water.
GRUNISEN function C (m/s) S1 S2 S3 γ0 a

1480 2.16 −1.985 0.2268 0.5 2.67

Null ρ0 (kg/m3) Mu (kg/(m s))

1000 0.00768

The material property of water is simulated by combining a
NULL material with a Gruneisen equation of state, which uses a
cubic shock velocity and fluid particle velocity to determine the
pressure of compressed and expanded water [18]. The parame-
ters are shown in Table 1

The Gruneisen equation of state with cubic shock velocity–
particle velocity defines pressure for water as [18,35,39]:

p =
ρ0B2k

[
1 +

(
1 −

γ0
2

)
k −

a
2k

2
]

1 − (S1 − 1) k − S2 k2
k+1 − S3 k3

(k+1)2

+ (γ0 + ak) E (2.15)

here ρ0 is the initial density, B is the intercept of the shock
elocity-particle velocity curve, S1, S2 and S3 are the coefficients

of the slope of the shock velocity-particle velocity curve, γ0 is the
runeisen gamma, and a is the first order volume correction to
0. The compression k is defined in terms of the relative volume
as: k =

1
V − 1. The relative volume V is ρ0

ρ
.

The particle spacing of the water model is set to 2 mm, then
the convergence of the particle spacing and the accuracy of the
tire spray model was verified [18,20]. The geometric parame-
ters of the water film are as follows: 400 mm width (in the
X direction), 800 mm length (in the Y direction length), and
16 mm depth (in the Z direction). The total number of particles is
640000. The tire spray model is shown in Fig. 3. The total number
of the tire grids is 124,320.

The SPH–FE coupling strategy is partitioned coupling. The SPH
particles are designated as a slave part and finite element as
a master part using the node-to-surface contact algorithm. A
reactive force proportional to the penetration force is applied,
which uses the penalty-based contact algorithm to prevent the
penetration phenomenon and form a contact interface between
the structure and the particle. The calculation time steps for finite
element and smoothed particles are determined based on the CFL
condition, and the constant time step scale factor β is multiplied
to the minimum time step for stable calculation. The scale factor
β is set to a default value of 0.9 [36].

2.3. Initial tire spray patterns

After the numerical simulation of the tire spray is completed,
the calculation results are obtained. Since the aircraft fuselage
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Fig. 3. The model of tire water spray.
Fig. 4. Schematic of hydroplaning phenomenon.
Fig. 5. Initial tire spray patterns.
ill block the bow and tail waves, the tire water spray is com-
osed of side spray. The position and velocity information of the
ide spray particles is exported.
When the tire slides through the water film, it will receive the

ynamic pressure generated by water. The dynamic pressure of
ater is positively correlated with the speed square. When the
ynamic pressure and the tire pressure are balanced, the tire is
ompletely detached from the ground. The tire will slide over the
ater film, which is called the hydroplaning phenomenon of the
ire, as shown in Fig. 4. The sliding speed is the hydroplaning
peed of the tire, which is positively related to the tire pressure.
he relationship is V = 108.5p0.5 knots (The unit of pressure
s Mpa, and the unit of velocity is knot), so the hydroplaning
peed of the tire in this calculation is 89 knots. The tire will slide
ver the water film when the sliding speed exceeds hydroplaning
peed. The tire will be raised, and the tire wading depth will be
educed.

Due to the limitation of calculation ability and the requirement
f calculation accuracy, the length of the water film in the forward
irection is only 200 mm, and the wading time of the tire is only
ms. Therefore, the tire spray cannot form a spray pattern with a
table elevation angle at the same time in the numerical simula-
ion. According to the relationship between the tire speed and the
32
time interval, the particles at different times are superimposed to
form a relatively stable pattern of spray, which is the initial water
spray pattern. The parameters of spray patterns are front view
angle (θf ) and elevation angle (θe), which are shown in Fig. 5. The
parameters of spray patterns under different working conditions
are shown in Fig. 6.

According to Fig. 6, we can obtain that the front view angle
and elevation angle increase first and then decrease with the tire
speed. The elevation angle is maximum at 90 knots, and the front
view angle is maximum at 110 knots. After the water particles
splash, the X-axis velocity is consistent with the direction of the
tire sliding velocity and slightly smaller than tire sliding speed,
so the elevation angle is mainly determined by the velocity of the
vertical direction of the splashing particles (in the Z direction).

The tire will slide over the water film when the sliding speed
exceeds hydroplaning speed. The tire will be raised, and the
tire wading depth will be reduced. As a result, the Z-direction
velocity of splashing particles decreases accordingly, resulting
in the elevation angle and the front view angle decreasing. At
the same time, due to the hydroplaning phenomenon, the tire’s
height will also be correspondingly improved, which results in a
reduced suppression of the chine on tire spray. Therefore, when
the tire sliding speed exceeds 90 knots, the difference between
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Fig. 6. The angles of tire spray under different conditions.
Fig. 7. Schematic diagram of the engine model.
he spray angle of the tire with chine and that of the tire without
hine is smaller.

. Simulation of splashing trajectory under complex flow field

.1. Simulation of engine flow field

The engine model is built in ICEM CFD, whose geometric
arameters are according to the size of the ARJ21 engine. ICEM-
FD is used to generate the mesh of the computational domain.
he computed domain range is 20 m ∗ 20 m. In order to calculate
he flow field near the engine accurately, the grids around the
ngine wall, the engine inlet and the culvert outlet are more
ntensive. The total number of grids is 5.61 million, and the model
s shown in Fig. 7.

The established engine model is imported into CFX, where the
luid domain parameters and boundary conditions are set. CFX
s a computational fluid dynamics software that uses the finite
olume method. The medium of the flow field domain is set to
he ideal gas, the heat transfer calculation is set to the Total
nergy mode, the calculation of turbulence is set to the Shear
tress transport mode, and the velocity of the flow field is set to
he aircraft velocity. The boundary conditions mainly include flow
ield inlet, fan inlet, fan outlet, nozzle outlet and flow field outlet.
y consulting the relevant information, the boundary conditions
f the engine in the take-off state are shown in Table 2.
The simulation results of the engine flow field are shown

n Fig. 8. Regardless of the flow field near the engine outlet, if

he distance from the engine center exceeds 5 m, the velocity

33
Table 2
Boundary parameters of engine and fluid domain.
Fan inlet Boundary Pressure(relative)

Outlet −23543 Pa

Boundary Pressure(relative) Temperature

Fan outlet Inlet 58687 Pa 348 K
Nozzle outlet Inlet 42641 Pa 865 K
Flow field inlet Inlet 0 Pa 298 K
Flow field outlet Outlet 0 Pa 298 K

and pressure of this position are unchanged, which is similar
to the air flow field. Therefore, the center of the engine inlet
is first determined as the sphere center, then the sphere region
with a radius of 5 m is selected. Finally, the information of flow
field position, velocity and pressure gradient within this region is
exported.

3.2. Calculation method of droplet trajectory under complex flow
field

Fig. 9 is the velocity curve of the splashing particles in LS-
DYNA, and the calculation of the particles is not affected by
air. The SPH particles can simulate the deformation, fragmenta-
tion, and fusion of liquid droplets, which connect each other by
force determined by the kernel function. If the distance between
particles is beyond the scope, the force between particles can
be ignored. It can be seen from Fig. 9 that the velocity of the
particles remains relatively stable after the particles form a side
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Fig. 8. Simulation results of the engine flow field.
Fig. 9. Velocity curve of the splashing particles.

pray pattern. That shows that once the particles are dispersed,
he force between the particles is negligible, and the motion of
plashing particles will be affected by flow field and gravity.
The air resistance of the water particles in the engine flow field

s:

=
1
2
ρv2ACd (3.1)

here A is the cross-sectional area of the droplets, A =
πd2
4 , d is

he diameter of the droplet, and Cd is the air resistance coefficient.
The Reynolds number Re and the resistance coefficient Cd are

alculated as follows [40]

e =
ρvd
µ

(3.2)

d =

⎧⎨⎩
24
Re

(1 + 0.15Re0.681) +
0.407

1 + 8710Re−1 Re ≤ 1000

0.44 Re > 1000
(3.3)

The droplets are much smaller than the spatial scale of the
pressure gradient field, so they can be treated as particles.

The acceleration of the particle is calculated as follows:

dvα

dt
= −

3
4

ρa

ρw

Cd

d
|v| vα

−
1
ρw

∂p
∂xα

+ gα (3.4)

here the superscript α still represents the space indices ({x, y,
}), gα is the gravity, ρa is the air density, ρw is the water density,
nd p is the flow field pressure.
34
A program is written in MATLAB to calculate the subsequent
trajectory of the tire spray under the influence of the engine flow
field.

In the paper, the splashing trajectory of the nose gear is cal-
culated, and the coordinates of the initial spray position relative
to the engine are (−18 m, 2.5 m, 2.8 m). In order to eliminate
the influence of high-pressure and high-speed flow fields at the
engine outlet, the engine flow field is modified. The flow field be-
hind the engine outlet is deleted and replaced by an air flow field.
As shown in Fig. 10, the front view angle of the spray exceeds 60
degrees before the spray hits the fuselage. According to the calcu-
lated initial spray patterns, the front view angles under different
working conditions are less than 60 degrees, so the fuselage will
not block the spray. Therefore, the boundary condition of the
fuselage is not added in MATLAB. Only the boundary condition
of the wing and engine are added. The splashing particles below
the wing will be blocked by the wing and deleted.

As shown in Fig. 10(b), the angle between the nose gear and
the engine upper edge is 12.5 degrees. The angle between the
nose gear and the engine center is 11.7 degree. The angle between
the nose gear and the wing upper edge is 10.8 degrees. These
angles will be mentioned in the following discussion on elevation
angle.

The specific calculation processes are as follows:

(1) The information of the initial water spray, engine flow field
and boundary conditions are imported into the program.

(2) Calculation time is determined according to the sliding
speed of the aircraft. At each time step, loops are estab-
lished based on the number of particles.

(3) Each particle is regarded as a droplet, and the physical
quantity of the droplet is imported. Each droplet’s position
information is first read, and then its corresponding flow
field information is determined. If the distance between the
droplet position and the center of the engine flow field is
more than 5 m, the flow field is considered the air flow
field. The velocity is the crosswind velocity, the pressure
gradient is 0, and the density is 1.29 kg/m3. If the distance
is less than 5 m, the search domain gradually increases. If
the engine flow field information is present in the search
domain, the acquired flow field information is averaged,
and the search is stopped.

(4) The velocity of the droplet relative to the flow field is de-
termined. The droplet’s Reynolds number and air resistance
coefficient are determined based on the velocity. According
to the equation, the external forces on the droplet are
calculated, including air resistance, pressure gradient force
and gravity. Then the acceleration of the droplet can be
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Fig. 10. Aircraft geometry diagrams.
Fig. 11. Flow chart of the droplet’s trajectory calculation.
obtained, which makes the velocity and position informa-
tion of the droplet updated. If the droplet is blocked by the
wing, it will be deleted.

(5) According to the droplet’s position, the droplet’s ID at the
engine inlet is counted, and the water inflow of the engine
is obtained.

(6) After each step is completed, the engine flow field, en-
gine position and wing position information are updated
according to the aircraft speed. Meanwhile, the droplet
position information at this step is retained (see Fig. 11).

.3. Determination of droplet diameter

The size of SPH particles in LS-DYNA is 2 mm, which is de-
ermined according to the convergence and efficiency of calcu-
ation. It represents the spacing of SPH particles, not the radius
f droplets. The information of the initial spray only includes
35
the velocity and position of droplets, not the size of droplets.
The droplets have different sizes in the flow field, and the drag
coefficient of droplets in the complex flow field also depends on
the size, so the average size of droplets should be determined
first. NASA gives the distribution of droplet diameter based on
experiments [13]. As shown in Fig. 12, four positions at differ-
ent distances from the nose gear are selected for the test. The
splashing water at these positions is collected, which is analyzed
to obtain the droplets size distribution at these four different
positions. The distance between the engine and the nose gear is
about 16 m. According to Fig. 12, when the distance is 12.8 m, the
diameter of the most concentrated splashing droplets is 2 mm.
Therefore, the diameter of droplets is assumed to be 2 mm in the
subsequent splashing trajectory simulation. In addition to the re-
sults of NASA, the comparison between the experimental results
and the simulation results can also determine the droplet size.
The same initial spray pattern is selected, and then the splashing
trajectories under different droplet sizes (droplet diameters are
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Fig. 12. Distribution of the splashing droplets diameter.
Fig. 13. Comparison between simulation results and test result.
1 mm, 2 mm and 3 mm) are simulated and calculated in the
engine flow field. The splashing trajectories are shown in Fig. 13.

The result of the tire splash test under the same condition is
shown in Fig. 13(d). The splashing height of the splash test is
4.22 m, which is very consistent with the simulated splashing
trajectory under 2 mm droplet diameter. Therefore, the 2 mm
droplet diameter is uniformly used for the calculation of the
splashing trajectory. At the same time, the size of particles in LS-
DYNA is also 2 mm, which is just consistent with the diameter of
droplets.

4. Discussion of simulation results

4.1. Tire spray patterns under the influence of engine

Under the condition of 90 knots and 16 mm water depth, the
splashing trajectory of the tire without chine under the influence
of the complex flow field is shown in Fig. 14. The splashing trajec-
tory in Fig. 14(a) only considers the influence of air flow field and
36
gravity. The splashing trajectory in Fig. 14(b) also considers the
influence of the engine flow field. Considering that the elevation
angle of the splashing trajectory gradually decreases under the
influence of air and gravity, the angle between the splashing
trajectory above the wing and the initial point of spray is selected
as the elevation angle of the spray pattern, as shown in Fig. 14.

The marked part in Fig. 14(b) is the area obviously affected by
the engine flow field. Therefore, it can be seen that the splashing
trajectory near this position is obviously sucked in. Under this
working condition, the elevation angle of spray is reduced due to
the engine flow field. The influence of engine flow field on spray
patterns under different working conditions is shown in Table 3.
The parameters of Table 3 are front view angle (θf ) and elevation
angle (θe). The results on the left side of the table are the results
without considering the engine flow field, and the results on the
right side are the results considering the engine flow field.

It can be seen from Table 3 that the engine flow field has
a little influence on the elevation angle of spray but has little
influence on the front view angle. The axial velocity (X direction)
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Table 3
Patterns of tire spray under different conditions.
Conditions θe(without chine) θe(with chine) θf (without chine) θf (with chine)

50 kn 12.7/12.1 10.8/11.3 45/45.1 39.8/39.8
70 kn 14.3/14.2 12.5/12.3 49.6/49.6 40.1/40.1
90 kn 14.6/14.5 13.8/13.7 51.5/51.6 42.6/42.6
110 kn 13.7/13.5 13.4/13.2 52/51.9 45/45
130 kn 12.3/11.7 11.7/11.9 50.8/50.8 43.3/43.3
Fig. 14. Splashing trajectory of tire spray.
Fig. 15. Comparison between simulation result and experimental result.
f the engine flow field greatly influences the droplet’s trajectory
n the X direction, so the elevation angle of the spray changes.
ccording to Fig. 10(b), the angle between the nose gear and the
ngine upper edge is 12.5 degrees. The angle between the nose
ear and the engine center is 11.7degree. The angle between the
ose gear and the wing upper edge is 10.8 degrees.
(1) When the elevation angle of spray exceeds 11.7 degrees,

he effect of the engine flow field on the splashing droplets is
ownward suction, which will reduce the elevation angle.
(2) When the elevation angle of spray exceeds 12.5 degrees,

he upper edge of the splashing trajectory exceeds the upper edge
f the engine, which is far away from the axial direction of the
ngine. Therefore, the splashing droplets are less affected by the
ngine suction, and the reduction of elevation angle is limited.
(3) When the elevation angle of spray is between 10.8 degrees

nd 11.7 degrees, the engine flow field has an upward suction on
he splashing droplets, which will increase the elevation angle.

.2. Comparison with splash test

In addition to the engine flow field, the influence of crosswind
hould be considered in the test conditions. One of the test
onditions is the aircraft speed of 90 knots, the crosswind of
m/s and the crosswind direction of 30 degrees. The splashing

rajectory under this condition is calculated. The information of
omplete splashing trajectory is imported into Paraview, and a
elocity cloud of the spray pattern is obtained by interpolation in
araview, as shown in Fig. 15.
The simulated spray patterns are in good agreement with the

xperimental splashing trajectory, which proves the effectiveness
37
of the calculation method in this paper. Compared with calculat-
ing the complete splashing trajectory in LS-DYNA, the calculation
time of the method in this paper is greatly reduced. In LS-DYNA,
when the spray is formed, the smooth length changes due to the
dispersion of SPH particles, and the calculation time increases
rapidly. The calculation time of each time step reaches two hours,
and it is difficult to consider the influence of air and engine flow
field. This method proposed in this paper can not only greatly
shorten the calculation time, which takes only 8 h to calculate
the complete splashing trajectory on the personal computer, but
also can consider the influence of air flow field, engine flow field
and crosswind.

The splashing trajectory at the speed of 90 knots without the
influence of crosswind is calculated. The influence of crosswind
on the spray patterns is analyzed according to the calculation
results, and the calculation results are shown in Fig. 16. It can be
seen from Fig. 16 that the crosswind has a significant influence on
the spray patterns. The crosswind perpendicular to the aircraft
motion direction has an obvious influence on the front view
angle, and the crosswind that is collinear with the aircraft motion
direction will lead to the limited change of the elevation angle.

4.3. Calculation of water inflow of engine

Whether a splashing particle enters the engine is mainly de-
termined according to the position of the splashing particle. The
boundary condition of the engine inlet is imported into the calcu-
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Fig. 16. Comparison of simulated splashing trajectory under different working conditions.
Fig. 17. The statistics of water inflow of engine.
ation program. If the particle’s position is within the range of the
ngine inlet, it is considered that the engine inhales the particle,
nd the particle ID is counted. Since the particles entering the
ngine inlet will be counted repeatedly in different time steps, the
epeatedly calculated splashing particles are deleted to obtain the
umber curve of water inflow sucked by the engine at different
imes, as shown in Fig. 17(a) instant curve. Then, the water inflow
t each time is accumulated to obtain the continuous water
nflow, as shown in Fig. 17(a) persistent. It can be seen from
ig. 17(a) that after the tire spray is formed for some time, the
ater inflow of the engine remains stable. The water inflow of
he engine under different working conditions is obtained in the
ame way, as shown in Fig. 17(b).
As shown from Fig. 17(b), when the sliding speed is lower

han 90 knots, the chine has an obvious inhibition effect on the
ater inflow of the engine, but the inhibition effect decreases
ignificantly when the sliding speed exceeds 110 knots. When
he speed exceeds 110 kn, the tire has entered the hydroplaning
tate. When the water film completely lifts the tire, the chine
eight also increases, which will weaken the inhibition effect of

ire spray.

38
5. Conclusions

(1) The SPH–FEM coupling method is used to establish the water
spray model of unilateral chine tire. The tire spray under differ-
ent working conditions is simulated, and the influence law of
different working conditions on the spray patterns is obtained.
The elevation angle and front view angle first increase and then
decrease with the increase of sliding speed, and the inflection
point appears at the sliding speed. After the tire enters the hy-
droplaning state, the suppression effect of chine on water spray
will be significantly weakened.
(2) A more efficient and accurate calculation method for simulat-
ing the complete splashing trajectory in the complex flow field
is proposed. In LS-DYNA, the SPH method is used to obtain the
information of initial tire spray patterns, and the engine flow field
is simulated in CFX. Then, the splashing particles are regarded as
droplets, and the complete splashing trajectory of a tire under
the influence of engine flow field and crosswind is obtained.
The results are in good agreement with those of the splash test,
which proves the effectiveness of this calculation method. The
calculation method can consider the influence of a complex flow
field, and the calculation time is greatly reduced.
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3) Finally, this method can also obtain the engine water inflow
nder different working conditions. The tire chine obviously sup-
resses the engine water inflow when the sliding speed is lower
han hydroplaning speed. When the sliding speed exceeds hy-
roplaning speed, tire chine’s effect of suppressing engine water
nflow is not obvious.
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