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Abstract 

Modern aircraft is required to have the ability to take off and land safely under complex weather conditions. 

During the taxiing process of the aircraft on contaminated runways, the impact and extrusion of the tire on the 

water film would generate a large water displacement drag, which would have a significant influence on the 

take-off and landing performance of the aircraft. In this study, the Smoothed Particle Hydrodynamics (SPH) 

and the Finite Element Method (FEM) are applied to numerically simulate the fluid-structure interaction 

between the tire and water. On the solid side, the FEM is used to deal with elastic deformation of taxiing tire 

and tire-ground contact. On the fluid side, the SPH method is used for the numerical simulation of water spray 

generated by aircraft tire. A contact-impact algorithm based on the penalty method is used for the coupling 

interface between fluid and structure. The reliability and accuracy of the numerical methods are validated by 

the comparison of tire-generated water spray between the SPH simulation and the experiment test. According 

to the results, the characteristics of water displacement drag and water spray generated by elastic tire during 

the taxiing process depend heavily on the translational speed. It is found that, under the conditions of the same 

forward speed, vertical deflection and water film thickness, the pavement roughness will have a significant 

influence on the water displacement drag. The blocking effect of the rough pavement on the water flow leads 

to the increase of the additional drag. Additionally, the effect of tire speed on the spray patterns are analyzed. 
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1. Introduction 

A runway is considered contaminated by water when more than 25% of its used surface is covered 

by standing water more than 3 millimeters (1/8 inch) deep[1-2]. As the moving tire contacts and 

displaces the stationary runway fluid when an aircraft takes off and lands, the resulting change in 

momentum of the fluid creates hydrodynamic pressures that react on the runway and tire surfaces. 

The retardation forces due to hydrodynamic pressures increases the take-off distance required by the 

airplane and under certain conditions would prevent the airplane from obtaining the required take-off 

velocity[3]. Furthermore, the deformation and fragmentation of the free surface, under the 

hydrodynamic pressure, form the forward and lateral spray which will impact the aircraft. The 

additional drag composed of water displacement drag due to hydrodynamic pressure and 

impingement drag due to water spray will have a significant influence on the take-off performance of 

the aircraft. Therefore, it is necessary to study the characteristics of the additional drag. 

In the early studies, several flight tests and laboratory experiments were carried out to measure the 

hydrodynamic forces on aircraft tires and observe the manifestations of tire hydroplaning. Horne et 

al.[3] conducted a series of unbraked taxi tests at the NASA Langley Research Center to measure 

the tire retardation forces developed during rolling in both slush and water. The results indicated that 

with the increase of forward velocity, the water displacement drag increases parabolically, and 

increases approximately linearly with the increase of water depth. Based on the experimental results, 

they proposed the estimation equation of the water displacement drag on the unbraked tire. The 

estimation method of water displacement drag and impingement drag in aircraft airworthiness   
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assessments is illustrated detailly in ESDU[4] and EASA AMC 25.1591[5]. Giesberts et al.[6-7] 

conducted the flight tests with a Cessna aircraft on the water-contaminated runway. They calculated 

the drag caused by the standing water based on the difference in acceleration of the aircraft on the 

dry and wet runways. The experimental results showed that the measured additional drags for the 

complete aircraft and the main gear only were significantly higher than the estimated values. Similarly, 

the test results of Van et al.[8] also had a large deviation from that obtained by the estimation methods. 

It can be seen that the estimation of additional drag by the empirical formula is not accurate enough. 

Moreover, it is difficult to accurately distinguish the friction and water displacement drag by 

experimental method when the tire-pavement contact area changes. Therefore, it is necessary to 

employ a reliable numerical method to study the dynamics of water displacement drag generated by 

the tire. 

The dynamics of an elastic tire rolling on the water-contaminated runway is a complex problem of 

fluid-structure interaction. In recent decades, several coupling numerical methods have been 

developed for simulating the process of the tire impacting water film, such as the Finite Element 

Method (FEM) with the arbitrary Lagrangian-Eulerian algorithm and coupled Eulerian-Lagrangian 

algorithm, coupling of FEM and Finite Volume Method (FVM) and coupling of FEM and Smoothed 

Particle Hydrodynamics method (SPH). The majority of numerical studies are concerned about 

hydroplaning of tires and variation of tire-pavement friction. That is, the calculation of the vertical 

forces is the main objective, including the hydrodynamic lift force and the pavement-tire supporting 

force.  Based on the hydrodynamic lift force obtained by simulation, the critical hydroplaning speed 

can be predicted[9]. The influence of several types of tire patterns[10-13] on hydroplaning behavior 

also can be analyzed. Furthermore, some researchers studied the skid resistance of the braking tires 

based on the variation of tire-pavement friction and fluid drag with the tire velocity[14-16]. However, 

there is still a lack of systematic analysis on the mechanics of water displacement drag generated by 

the freely rolling tire at various speeds. 

The effect of pavement roughness on tire hydroplaning was investigated by several experiments[17] 

and numerical simulations[18-19]. It is found that the pavement roughness leads to an increase of the 

fluid loading which are responsible for a loss of contact between the tire and the ground. As the 

horizontal component of hydrodynamic force, water displacement drag is also affected by the 

pavement roughness. Therefore, it is necessary to carry out numerical study on the characteristics of 

water displacement drag under different pavement roughness. 

In this paper, the coupling method of SPH and FEM is employed to simulate the process of elastic tire 

freely rolling on the water-contaminated runway. The hydrodynamic forces generated by the fluid-

structure interaction are obtained. Subsequently, the influence of tire forward speed and pavement 

roughness on water displacement drag is quantitatively analyzed. Furthermore, there are 

comparisons of spray patterns and water contents at different speeds. 

2. Numerical method and physical model 

2.1 Coupling method of SPH and FEM 

The process of an elastic pneumatic tire moving on the water-contaminated runway is complicated, 

which involves the large deformation and breakup of water film, the elastic deformation of tire structure, 

and fluid-structure interaction. In this paper, the SPH method[20-22] is employed to simulate the flow 

and breakup of water film, whilst FEM[23] is employed for the simulation of elastic tire deformation. A 

contact-impact algorithm is used in the coupling interface of the fluid and tire structure. All simulations 

are performed using the LS-DYNA software. 

The simulation of large deformation and breakup of the free surface flow will significantly increase the 

algorithmic complexity and the computational costs of the mesh-based approaches. SPH, as a 

meshless method, shows obvious advantages in simulating the flow of the water film and the spray 

generated by a rolling tire on the water-contaminated runway[24-27]. 

The particles are the computational framework on which the governing equations are resolved. The 

discrete forms of the continuity equation, momentum conservation equation and energy conservation 

equation in SPH method based on the particle approximation can be written as: 
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where subscripts i  and j  are particle identifiers. Superscripts   and   are the space indexes. N  

is the number of particles in the influence domain of particle i . m , x ,  , v  and E  are the mass, 

location, density, velocity and energy of the particle, respectively.   is the total stress tensor including 

the isotropic pressure p  and viscous stress tensor  ,   is the viscosity coefficient and   is the 

strain tensor. W  is the kernel function. 

The classical Finite Element Method is employed for simulating the deformation of elastic tires. In 

FEM, the consecutive object is divided into a set of units. By solving a set of linear equations, which 

is achieved from equilibrium conditions, the displacement and stress of each unit and node can be 

obtained. The common form of basic equations in FEM can be written as: 

 + + =MU CU KU F   (4) 

where M  is the mass matrix, C  is a damping matrix and K  is the stiffness matrix. U  is the 

displacement vector of the nodes and F   is the load vector. U  and U   denote the nodal accelerations 

and velocities, respectively. 

Furthermore, a contact-impact algorithm based on the standard penalty formulation is employed to 

resolve the fluid-structure interaction. Interfaces can be defined in three dimensions by listing in 

arbitrary order all segments that comprise each side of the interface. One side of the interface is 

designated as the slave side, and the other is designated as the master side. The penalty method 

consists of placing normal interface springs between all penetrating nodes and the contact surface[28]. 

 
Figure 1 - Location of contact point when the slave node lies above a master segment. 

Assume that a master segment has been located for slave node 
sn . Then the point nearest to 

sn on 

the master segment is defined as the contact point c , as shown in Figure 1. r  and t  are the position 

vectors of c  and 
sn , respectively.   and   are the coordinate system on the master segment. If 

slave node 
sn  has penetrated through master segment is , an interface force vector fs  will be added 

which is written as: 

 f ns i ilk= −   (5) 

where l  is the penetration length of the slave node, ni  is the unit normal vector of the master segment 

at the contact point. The stiffness factor ik  for master segment is  is given in terms of the bulk 

modulus iK , the volume iV  and the face area iA  of the brick element that contains is  as: 
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where 
sif  is a scale factor for the interface stiffness. 

2.2 Physical model 

In this paper, the elastic pneumatic tire of a certain type of aircraft is used for the simulation. Under 

uninflated and unloaded conditions, this type of tire has a diameter of 0.511m, a width of 0.1795m, 

and four longitudinal grooves with a width and depth of approximately 10mm and 8mm, respectively. 

The inflation pressure is 150psi (1034kPa) and is treated as distributed load applied to the inner 

surface of the tire. Figure 2 represents the three-dimensional finite element model of the tire. 

 
Figure 2 - Finite element model of the elastic pneumatic tire. 

 
Figure 3 - The profile of finite element tire model. 

The elastic tire has a complex structure composed of several materials, as shown in Figure 3. In the 

numerical simulation, the rubber components are modeled with solid elements. While the 

reinforcements are modeled with orthotropic shell elements. A layer of rigid shell elements is placed 

on the outer surface of the hub to be applied the vertical load. The tire mesh contains 736,440 solid 

elements and 73,800 shell elements, where the minimum cell size is 2.5mm. 

The standing water film on the contaminated runway is discretized by SPH particles. As shown in 

Figure 4, the length and width of the entire water film area are 2.25m and 1m, respectively. The free 

surface of the water film is defined as the x-y plane in the global coordinate system, and the symmetry 

plane is defined as the x-z plane. In order to reduce the number of particles involved in the simulation 

while concentrating the accuracy in the tire-water contact area, the computational domain is divided 

into three areas. The finest spatial resolution is applied to the Zone I with a length of 1.6m and a width 

of 0.4m where the tire-water contact occurs. The fluid spatial resolution SPHx  in Zone I is set to 2mm. 

While in the Zone II and Zone III where no tire-water contact occurs in the simulation, SPHx  is set to 

3mm and 5mm, respectively.  
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Figure 4 - Computational model of an elastic tire freely rolling on the water-contaminated runway. 

The same material properties as water, the density of SPH particles is 31000kg m  and the viscosity 

coefficient is 0.001kg m s . The Gruneisen equation of state is used, with the parameters shown in 

Table 1. 
Table 1 - Parameters in the Gruneisen equation of state for water 

Parameter ( )C m s   
1S   

2S  
3S  

0      

Value 1480 2.56 -1.986 0.2268 0.5 2.67 

The runway is considered as a rigid wall since the deformation of the pavement is negligible under 

the vertical load of the tire. As shown in Figure 4, the runway is modeled by rigid shell elements with 

no thickness. When the aircraft is taxiing during take-off, the unbraked wheels roll freely under the 

no-slip contact condition between tire and pavement. Furthermore, it can be basically simulated that 

the macroscopic influence of pavement roughness on hydrodynamic characteristics, by setting the 

friction coefficient between pavement elements and SPH particles.  

Based on the methods and models presented above, several cases with different tire speeds 
0V  and 

water-pavement friction coefficients f  are simulated. It should be noted that the main objective of 

this paper is to analyze the effect of tire speed and pavement roughness on water displacement drag. 

Therefore, all cases are carried out under the conditions of the same water film thickness h  and tire 

vertical deflection  . The parameters of the simulation cases are shown in Table 2. 

Table 2 - Parameters of the simulation cases 

Case ( )0V m s   
f   h mm   mm   

1 20 0.1 12 30 

2 25 0.1 12 30 

3 30 0.1 12 30 

4 35 0.1 12 30 

5 40 0.1 12 30 

6 45 0.1 12 30 

7 50 0.1 12 30 

8 30 0.05 12 30 

9 30 0.15 12 30 

10 30 0.2 12 30 

11 30 0.25 12 30 

12 30 0.3 12 30 

13 30 0.5 12 30 

14 30 0.7 12 30 
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3. Validation of numerical methods 

In our previous studies[24-27], the ability of the SPH method to predict the formation of tire water 

spray is assessed by simulating the NASA experimental test case[29]. The 6.00 × 6, TT, 8-ply, type 

III aircraft tire with the initial radius of 0.234r m=  and the width of 0.1524w m= is used in the 

validation. The tire load is 11,120N (2,500lb.), and the inflation pressure is 241,325Pa (35psi). The 

water depth is 0.0653r , and the test speed is 24.384m s . In the test, an array of water collection 

tubes was used to catch the water for flow rate measurements. Figure 5 presents the comparison of 

SPH simulation and NASA measurement results. For the major spray region near the tire, the spray 

angle from the SPH simulation results is very close to that of the NASA test. The effect of airflow on 

the major spray region is weak where the jet does not completely break up into tiny droplets. However, 

the airflow, which is neglected in SPH simulation, has a significant effect on the trajectories of the 

droplets in the region far away from the tire. Thus, there is some discrepancy in the spray angle 

between the simulation and measurement results in that region.  

As aforementioned, this paper focuses primarily on the hydrodynamic force in the main interaction 

area between the tire and water film, which the influence of airflow can be ignored. Therefore, SPH 

method is effective and reliable for the simulation of tire-water interaction. 

  
                                           a) SPH result                     b) NASA measurement 

Figure 5 - Comparison of the spray mass density contours between the SPH simulation and the NASA 
measurement.[27] 

4. Results and discussion 

4.1 Water displacement drag characteristics under the influence of tire speed 

In the process of the tire rolling freely on the water-contaminated runway, the impact and squeezing 

of the tire on the water film will generate a great hydrodynamic force. By employing the SPH-FEM 

coupling method, combined with the contact-impact algorithm based on the penalty formulation, the 

force of SPH particles on the tire elements can be calculated. The horizontal component of the 

interaction force between SPH particles and elements is the water displacement drag on the rolling 

tire. Figure 6 presents the time histories of water displacement drag wF  at different tire speeds 
0V . 

The initial contact time between the tire and water film is defined as 0t = . Obviously, in the process 

of the tire entering the water film area at a constant speed, the water displacement drag gradually 

increases. The drag is basically stable when the tire is in full contact with water. Since the 

hydrodynamic force is obtained by integrating the interface force vectors between slave nodes and 

master segments in a certain time step t , the calculation results are affected by the spatial resolution 

of SPH particles. In Figure 6, wF  fluctuates within a small range when the tire moves steadily. 

However, the focus is on the time-averaged results at different tire speeds in evaluating the effect of 

wF  on the take-off performance of an aircraft. The small fluctuations in the simulation results are 
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tolerable. 
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Figure 6 - Variation of water displacement drag with time at different tire speeds. 
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Figure 7 - Comparison of time-averaged wF  obtained by SPH (red dots) with the estimation formula proposed by 

NASA (dash line)[3]. 

The time-averaged wF  can be calculated by the formula as followed: 

 
2

1
2 1

1 t

w w
t

F F dt
t t

=
−    (7) 

where 1t  and 2t  are the start time and end time of time-averaged sampling, respectively. According 

to Figure 6, it can be set as 1 0.005t s=  and 2 0.030t s= . The red dots in Figure 7 represents the time-

averaged wF  at different tire speeds. Under the condition of constant water film thickness and tire 

vertical deflection, the water displacement drag increases significantly with the increase of speed. 

Horne et al. [3] proposed an estimation formula for wF  based on their experimental results. The water 

displacement drag is modelled using the analogy with aerodynamic drag and is expressed as: 

 2

0

1

2
w DF C V S=   (8) 

where   is the density of water, S  is the frontal area of the tire. S  is defined as S bh=  where h  is 

the water film thickness and b  is the effective tire width can be written as: 
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where W  is the maximum width of the tire and   is the tire vertical deflection. The value of DC  is 

usually taken as 0.75 below the hydroplaning speed. 

The simulation results for wF  by SPH method are in good agreement with the estimation formula 

shown by the dash line in Figure 7. It is illustrated that the SPH-FEM coupling method used in this 

paper is effective and accurate for calculating the hydrodynamic force. Furthermore, this method can 

be employed for the quantitative analysis of water displacement drag under different tire models and 

various factors. 

4.2 Water spray characteristics at different speeds 

A large mass of splashing will be generated in the process of the tire moving on the water-

contaminated runway. As the tire moves at a constant speed to a steady state, the spray angle is 

basically stable. Additionally, the spray patterns are similar at different times, as shown in Figure 8. It 

can be seen that the water content in the lateral spray accounts for a large part of the total tire-

generated spray. Compared with lateral spray, the forward spray caused by bow wave in front of the 

tire has less water content. According to the formation mechanism, Zhang et al. [27] divided the lateral 

spray into two separate areas, namely impact-generated side plume near the tire and wave-generated 

side plume away from the tire. Bow wave and impact-generated side plume are generated by the 

rolling tire squeezing and impacting the undisturbed water film. Subsequently, the bow wave forms a 

forward spray with a high horizontal velocity.  

 

 

 
Figure 8 - Water spray generated by the tire moving on water-contaminated runway in Case3. 

 
Figure 9 - The distribution of particle horizontal velocity in water spray (Case3). 

As shown in Figure 9, the horizontal velocities of SPH particles in bow wave are much higher than 

that of lateral spray. The horizontal momentum increase of bow wave reacts to the tire and causes a 
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considerable part of water displacement drag. Bow wave is an accompanying phenomenon in the 

formation process of water displacement drag. The characteristics of water content and spray angle 

in bow wave is strongly related to the tire speed.  

 
Figure 10 - Distribution of water spray generated in the time period of 5t ms =  . 
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Figure 11 - Spray mass rate of bow wave at different tire speeds. 

By counting the number of SPH particles moving into the area above the unperturbed surface level of 

film, the mass of water spray can be obtained. Figure 10 presents the distribution of water spray 

generated in the time period of 5t ms = . Bow wave concentrates in front of the tire and contributes 

to the formation of water displacement drag. While the impact-generated lateral spray mainly 

contributes to the hydrodynamic lift force. Wave-generated lateral spray has no effect on 

hydrodynamic force as there is no interaction with the tire. As shown in Figure 11, the spray mass 

rate of bow wave increases linearly with the tire speed.  

 
Figure 12 - Angle   between the bow wave and unperturbed free surface. 
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Figure 13 - Variation of forward spray angle   with the tire speed. 

In the simulations, the forward spray angle   is obtained by fitting the coordinates of SPH particles in 

the x-z plane with the least square method. As shown in Figure 13, the forward spray angle   

between the bow wave and the unperturbed free surface tends to reduce progressively as the tire 

speed increases, which is similar to the experimental results of Horne et al. [3]. The horizontal velocity 

of bow wave increases with the tire speed, while the vertical velocity changes little, resulting in the 

reduction of forward spray angle. 

By using SPH method, the characteristics of water content and spray angle at different speeds can 

be quantitatively analyzed, which provides a support for the safety assessment of aircraft take-off and 

landing on the water-contaminated runway. 

4.3 The influence of pavement friction on hydrodynamic force 
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Figure 14 - Variation of water displacement drag wF  (red line) and hydrodynamic lift force lF  (blue line) with the 

pavement friction coefficient fC . 

In the experiment conducted by Hermange et al. [17], it is illustrated that the pavement roughness 

leads to an increase of the fluid loading which resulting in a loss of the tire-pavement contact area. 

By setting different friction coefficients between pavement and water film, the influence of pavement 

roughness on hydrodynamic force is quantitatively analyzed.  

The movement of the SPH particles at the bottom layer in contact with the pavement will be retarded 

by friction. This can simulate the blocking effect of rough road on water flow. Under the action of 

friction, the water drainage rate between the tire and pavement decreases, resulting in the increase 
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of hydrodynamic pressure. The red line and blue line in Figure 14 represent water displacement drag 

and hydrodynamic lift force, respectively. It is indicated that both the horizontal and vertical 

components of the hydrodynamic force increase with the friction coefficient. According to the curves 

in Figure 14, the derivative of hydrodynamic force with respect to friction coefficient, including 

w fF C   and l fF C  , decreases with the increase of fC . That is, when the friction coefficient is 

small, the hydrodynamic force is significantly affected by friction. However, when the friction coefficient 

is large, the hydrodynamic force converges to a certain constant. It is necessary to introduce the 

influence of pavement roughness when evaluating the hydrodynamic characteristics of the tire rolling 

on water-contaminated runway. 

5. Conclusions 

The coupling method of SPH and FEM is employed for simulating the process of elastic tire freely 

rolling on the water-contaminated runway. The hydrodynamic forces generated by the fluid-structure 

are obtained. Under the condition of constant water film thickness and tire vertical deflection, the water 

displacement drag increases significantly with the increase of speed. By comparing the simulation 

results and estimation formula, the SPH-FEM coupling method used in this paper shows good 

effectiveness and accuracy in calculating hydrodynamic forces. 

The characteristics of water content and spray angle in bow wave is strongly related to the tire speed. 

Bow wave concentrates in front of the tire and contributes to the formation of water displacement drag. 

As the tire speed increases, the spray mass rate of bow wave increases linearly. While the forward 

spray angle between the bow wave and the unperturbed free surface tends to reduce progressively 

as the tire speed increases. 

The influence of pavement roughness on hydrodynamic forces is quantitatively analyzed. Due to the 

blocking effect of rough pavement on water flow, both the horizontal and vertical components of the 

hydrodynamic force increase with the friction coefficient. Furthermore, the hydrodynamic force is 

significantly affected by the pavement roughness when the friction coefficient is small. 
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