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Prediction of Hydroplaning
Potential Using Fully Coupled
Finite Element-Computational
Fluid Dynamics Tire Models
Hydroplaning is a phenomenon that occurs when a layer of water between the tire and
pavement pushes the tire upward. The tire detaches from the pavement, preventing it
from providing sufficient forces and moments for the vehicle to respond to driver control
inputs such as breaking, accelerating, and steering. This work is mainly focused on the
tire and its interaction with the pavement to address hydroplaning. Using a tire model
that is validated based on results found in the literature, fluid–structure interaction (FSI)
between the tire-water-road surfaces is investigated through two approaches. In the first
approach, the coupled Eulerian–Lagrangian (CEL) formulation was used. The drawback
associated with the CEL method is the laminar assumption and that the behavior of the
fluid at length scales smaller than the smallest element size is not captured. To improve
the simulation results, in the second approach, an FSI model incorporating finite element
methods (FEMs) and the Navier–Stokes equations for a two-phase flow of water and air,
and the shear stress transport k–x turbulence model, was developed and validated,
improving the prediction of real hydroplaning scenarios. With large computational and
processing requirements, a grid dependence study was conducted for the tire simulations
to minimize the mesh size yet retain numerical accuracy. The improved FSI model was
applied to hydroplaning speed and cornering force scenarios. [DOI: 10.1115/1.4047393]
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1 Introduction

Hydroplaning is a key issue for safe driving on wet roadways,
and depends on vehicle velocity, water film thickness (WFT), tire
construction, tread pattern, etc. Hydroplaning is more probable
when the volume of the water in contact with the tire is more than
the ability of the tire to expel the water. When the tire velocity
reaches the hydroplaning speed, the force caused by the fluid pres-
sure at the water–tire interface lifts the tire from the pavement.
The risk of a vehicle accident when the pavement is wet is much
more considerable than for dry conditions. Statistics from differ-
ent regions of the world show that nearly 20% of traffic accidents
happen on wet roads [1]. Detailed information regarding the exact
reasons for accidents during wet road conditions is not available.

However, hydroplaning and low skid resistance are considered as
the main factors leading to traffic accidents [2]. Accordingly,
hydroplaning has become an important field of study in the auto-
motive and tire industries as they try to address the factors affect-
ing vehicle hydroplaning. Since it is expensive and difficult to
create conditions in a laboratory environment that induce hydro-
planing, multiphysics modeling and computer simulations are
used to study the onset of hydroplaning.

Albert [3] discussed the effects of tire design parameters on
hydroplaning and showed that the most important factor is geo-
metric design of the tread pattern. Using a three-region concept,
Albert concluded that as the vehicle speed increased, the dynamic
water pressure increased at the front edge of the tire and com-
pletely lifted the tire, leading to hydroplaning. Initial studies on
hydroplaning have been mostly focused on physical experiments
and empirical methods. Recently, improvements with computer
resources have provided opportunities to solve complex problems
and there have been efforts devoted to developing computer codes
to study hydroplaning.
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Hydroplaning involves the reactions when a layer of water
impedes perfect contact between the tire and the road.
Fluid–structure interaction (FSI) is the interaction of a moving
deformed structure with fluid flow, and can be used to model
hydroplaning. FSI is an important and interesting phenomenon,
but because it poses challenges for numerical modeling, several
methods are utilized to solve FSI problems, such as the finite ele-
ment method (FEM) and the explicit finite volume method.
Matthies and Steindorf [4] presented a theoretical study of FSI in
which the strengths and weaknesses of coupling FSI solvers were
discussed. The displacement responses of weak and strong cou-
plings were compared, and based on a numerical evaluation of the
Jacobian for the complete system of equations obtained using sep-
arate solvers, a strong coupling approach was proposed. In the
work by Walhorn et al. [5], a strong coupling method was pre-
sented for an FEM solver developed by the authors. In their
approach, weak coupling problems due to time-marching schemes
and exchanging information were formulated and solved simulta-
neously at each time-step. The approach considered a nonlinear
Lagrangian motion for the structure and a mixed
Lagrangian–Eulerian formulation for the fluid. Kim and Jeong [6]
applied a combination of finite differencing and an finite element
(FE) tire model to iteratively predict the onset of hydroplaning.
They compared approaches for a full-iteration method, a one-
iteration method, and no-iteration method, and determined that
the hydroplaning speeds of a straight-grooved tire predicted using
the one-iteration method was almost the same as that obtained
from the full-iteration method.

In a study that incorporated fluid motion, Vincent et al. [7] used
a generalized formulation of the Navier–Stokes equations for a
two-phase flow to simulate the interaction between the air–water
flow and the tire. However, it is known that the flow experienced
during hydroplaning is largely turbulent in nature and should be
considered. Ong and Fwa [8] indicated that the k–e turbulence
model can be used for flows at high- or near-hydroplaning speeds.
The k–e turbulence model is the simplest turbulence model but
may not properly predict complex flows involving severe pressure
gradients, separation, and strong streamline curvature [9,10]. Guo
et al. [11] selected the renormalization group k–e model since it
can successfully predict high strain-rate flows and large bending
fluid streamlines. Zhou et al. [12] chose the shear stress transport
(SST) k–x model because it has advantages for a range of Reyn-
olds number (Re) flows by combining features of two turbulence
models. The standard k–x model is used in the inner boundary
layer providing the ability as a low-Re turbulence model near
surfaces, and the k–e model is used in the outer boundary layer,
thus improving the predictive capabilities [10,13]. The hydroplan-
ing flow also involves two or more immiscible fluids, such as air,
water, and water vapor. Most researchers [2,12,14–19] presented
computational fluid dynamics (CFD) results using the volume of
fraction (VOF) multiphase flow model by solving a single set of
momentum equations and tracking the volume fraction of each
fluid throughout the domain.

Several studies used commercial finite element codes to predict
hydroplaning for different conditions, employing approaches such
as the arbitrary Lagrangian–Eulerian and coupled Eulerian–
Lagrangian (CEL) methods [20–25]. However, these studies only
solved the single-phase fluid as an Eulerian fluid element assum-
ing inviscid, laminar flow. The assumption of inviscid flow
ignores the effect of shear stress and the laminar assumption sim-
plifies hydroplaning behavior, thus neglecting the presence of tur-
bulence. In addition, modeling fluids as an Eulerian element is not
computationally practical since the fluid solution is dependent on
the mesh size and requires the element size to be extremely small
to resolve the fluid length scale. However, using CFD can better
capture the free surface flow with moving boundaries to build and
track the amount of water as well as the volume fraction of other
fluids with the VOF model. The overarching technical challenge
is to accurately simulate hydroplaning using FSI techniques with-
out restrictive assumptions such as inviscid, laminar flow.

In this work, hydroplaning is investigated using two FSI meth-
ods. The first method solves both structure and fluid using the
structural solver within ABAQUS with the CEL formulation. The sec-
ond method uses STAR-CCMþ to model the two-phase turbulent
flow of water and air, and the solutions are coupled with ABAQUS

to model the tire deformation. First, the ABAQUS-CEL hydroplaning
model is verified using empirical relations developed by NASA
[26]. Second, the CFD approach is validated and numerical accu-
racy is determined to ensure grid-independent solutions. Next, the
effect of hydrodynamic forces at different speeds is lower than the
critical hydroplaning speed, and the corresponding cornering
forces at different slip angles are presented for both FSI
approaches and compared with experimental data in the literature.
It is shown that the proposed hydroplaning modeling approaches
are able to capture the effect of water on the net force as well as
tire concerning force. A significant contribution of this work is
that the authors demonstrate the importance of including CFD
models for turbulence and two-phase flow with finite element
analysis (FEA) models to capture the hydrodynamics of water and the
tire. Besides the agreement, this work also shows the differences
between the two FSI approaches using ABAQUS-CEL and ABAQUS-STAR-
CCMþ coupling due to different assumptions of viscous flow and free
water surface tracking through tire splash interaction.

2 Numerical Methodology

The main models considered for the theoretical foundations of
the hydroplaning simulations include the tire model, the fluid flow
model, and the coupling between the two.

2.1 Tire Modeling. There are three methods that can be used
to model a rolling tire: implicit dynamic, arbitrary Lagrangian–
Eulerian, and dynamic explicit models [27]. For tire modeling at
dry and wet condition, different physics based and numerical
models are introduced to predict the tire force [28–30]. As shown
in Fig. 1, first the two-dimensional (2D) cross section of the tire
including the reinforcements is modeled. Next, the single pitch
tread is added and the rim is mounted. In the next step, using the
symmetric model generation capability in ABAQUS, the three-
dimensional (3D) full tire model is generated in which a tread
pitch is periodically repeated to create 360 deg of a full tire model.
At this step, all of the loads, including inflating the tire and the
normal load, are applied. Finally, the contact between the tire
tread and pavement is defined, and using a steady-state transport
analysis, the overall rolling analysis is completed. The results
from steady-state rolling step are exported into a transient rolling
step to evaluate the effect of the force due to WFT on the tire
through cosimulation with CFD code. Equation (1) shows the tire
deformation for displacement field u

rrðuÞ þ b ¼ q€u (1)

q is the mass density, b is the body force, and r is the Cauchy
stress.

2.2 Tire Materials Modeling. The composite materials used
to create a tire structure are very complex making it difficult to
predict the material behavior. The tire components that are made
of rubber include the tread, sidewall, apex, and inner liner. There-
fore, large elastic deformation theory is implemented into the
model [31–33] to ensure good predictions. With regard to the
importance of the materials modeling, the neo-Hookean hyper-
elastic model is utilized for its ability to reasonably represent the
hyper-elastic characteristics of rubber. A list of the equations used
for the hyper-elastic materials model and the corresponding prop-
erties are presented in Tables 1 and 2.

In this work, a 180/65R 15 steel belted radial tire is used for
hydroplaning analysis. For the tire components, different element
types are used to reflect the real characteristics of the tire
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components. The belt and ply in 2D use the ABAQUS embedded ele-
ment SFMGAX1, and in 3D the ABAQUS element SFM3D4R is
used. For all other tire components such as the carcass, sidewall,
and tread, in 2D, the ABAQUS element CGAX4R and in 3D, the
ABAQUS element C3D8R are employed. In addition, for both road
surface and rim, an analytical surface is utilized.

2.3 Fluids Modeling Using Computational Fluid Dynam-
ics. The commercial software STAR-CCMþ is employed for the
CFD work and provides the advantage for FSI with the capability
to couple with ABAQUS for the FE modeling. For the fluid flow, the
Navier–Stokes equations are applied coupled with turbulence and
multiphase flow models. The fundamental equations of fluid
dynamics are based on conservation of mass (continuity), momen-
tum, and energy, shown as

@q
@t

þr � q v
�*

� �
¼ 0 (2)

@

@t
q v

�*
� �

þr � q v
�*

v
�*

� �
¼ �rpþ qgþr � %s (3)

@

@t
q Eð Þ þ r � v

�* qEþ pð Þ
h i

¼ r � keffrT þr � %seff � v�*
� �

(4)

where p is the pressure, g is the gravitational field, %s is the fluid
stress tensor, v

�*
is the fluid velocity vector, E is the total energy,

and keff and %seff are the effective thermal conductivity and effec-
tive stress tensor, respectively. The mean density q corresponds to
the volume-fraction-averaged density used in the multiphase flow
model, which is described in Sec. 2.3.1.

2.3.1 Two-Phase Flow Modeling. The VOF is used to model
water and air, and their flow surrounding the tire, such as splash,
spray, and wind effects, by tracking the volume fraction of each
fluid throughout the domain. The volume fraction of all phases
must sum to unity, which means that the variables and properties
in a given cell are purely a representation of one of the phases, or
representative of a mixture, depending on the volume fraction. If
the volume fraction /¼ 1, the cell is full of the primary fluid
(e.g., water) while if the value is 0, the cell is full of the secondary
fluid (e.g., air). For volume fractions between 0 and 1, the cell
contains an interface between the primary and secondary fluids.
The tracking of the interface between the phases can be accom-
plished by solving the conservation of mass equation for the vol-
ume fraction of one or more phases. To track sharp interfaces, the
convective terms of the volume fraction transport equation are
discretized using a high resolution interface capturing scheme
[34]. For the primary phase, the equation is

@/
@t

þ v � r/ ¼ 0 (5)

where / represents the space occupied by each phase (water and
air) and mass and momentum conservations are specified by each
phase individually, where the water and air volume fractions sum
to one

/w þ /a ¼ 1 (6)

The fluid density in Eqs. (2)–(4) is solved as the volume-
fraction-averaged density, which in each cell is given by

q ¼ /wqw þ 1� /wð Þqa (7)

where qw is the water density and qa is the air density.

2.3.2 Shear Stress Transport k–x Turbulence Model. The
SST k–x model has been coupled in the CFD model for its ability
to predict the onset and flow separation from surfaces [13]. The
SST k–x model combines the advantages of both the k–x turbu-
lence model the k–e turbulence model to predict the boundary
layer and the freestream flow. The SST k–x model gradually tran-
sitions from the standard k–x model in the inner region of the
boundary layer to a high-Reynolds-number version of the k–e
model in the outer part of the boundary layer [13].

The advantage is that other k–e turbulence models do not
account for the transport of the turbulent shear stress, thus over-
predicting the eddy-viscosity. The proper transport behavior can
be obtained by using a limiter to the formulation of the eddy-
viscosity

Fig. 1 Tire modeling procedure in ABAQUS: (a) cross section
and reinforcements modeling, (b) rim mounting and tread
implementation, (c) load applying and foot print analysis, and
(d) steady-state rolling analysis

Table 1 The equations used for neo-Hookean model

Equation

W ¼ f ðI1; I2; I3Þ
I1 ¼ k21 þ k22 þ k23

I2 ¼ k21k
2
2 þ k22k

2
3 þ k23 k

2
1

I3 ¼ k21k
2
2k

2
3

W ¼ C10 I1 � 3
� �

þ 1
D1

Je1 � 3
� �2

Table 2 Material properties of the tire components

Element C10 (MPa) D1 (2/MPa)

Carcass 0.446 0.045
Sidewall 0.318 0.063
Rim strip 0.930 0.021
Belt 1.022 0.019
Tread 0.685 0.029
Apex 3.512 0.006
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lt ¼
qk
x

1

max
1

a
;
SF2

ax

� � (8)

where S is the strain rate magnitude and a is the damping coeffi-
cient for turbulent viscosity causing low-Reynolds number correc-
tion. The turbulence kinetic energy k and the specific dissipation
rate x are solved numerically from the following transport equa-
tions using the SST k–x model:

@

@t
q kð Þ þ r � q k v

�*
� �

¼ r � Ckrkð Þ þ Gk � Yk (9)

@

@t
q xð Þ þ r � q x v

�*
� �

¼ r � Cxrxð Þ þ Gx � Yx (10)

where Gk represents the generation of turbulence kinetic energy
due to mean velocity gradients, Gx is the generation of specific
dissipation rate x, C is the effective diffusive, Yk and Yx represent
the dissipation of k and x due to turbulence.

2.3.3 Computational Domain and Boundary Conditions. To
analyze the water flow field in the tire grooves during tire–ground
contact, the shape of the deformed tire must be known. The
assumption of the tire deformation was simplified according to
theoretical and experimental work (see, e.g., Refs. [35–41]). How-
ever, other researchers [12] used the extraction of a deformed
tread shape in the tire deformation FE model [12] and acquired
the deformation with the wheel load. In the work herein, the com-
putational mesh size was determined by balancing the accuracy
for representing the hydrodynamics and tire dynamics with rea-
sonable computational processing demands.

Figure 2 illustrates the computational domain and boundary
conditions with deformed tire geometry extracted from FEM to
capture the fluid dynamics, aerodynamics, and interactions with
the moving tire. The domain is 2m long in the direction of the
moving tire, 80 cm tall and 60 cm wide. The 180/65R 15
steel belted radial tire has a diameter Dtire¼ 61.5 cm and width
Wtire¼ 18 cm. The initial wheel spindle position was located at
30 cm to account for the tire deformation using an average vehicle
weight of 1633 kg (3600 lb). The spindle position was used as the
reference point such that the tire rotates with angular velocity xY,
equal to the ratio between the vehicle speed Vtire and tire radius
Rtire. The Reynolds number (Re) for hydroplaning can be calcu-
lated using the vehicle speed and tire width by defining Re¼qw
Vtire Wtire/lw, where lw is the water dynamic viscosity. A typical
Reynolds number for the inception of hydroplaning (assuming a
vehicle speed of 15m/s) is 2.4� 106. Therefore, the work herein
has been modeled assuming turbulent flow.

The boundary conditions have been specified to represent, as
closely as possible, a realistic hydroplaning scenario. A layer of
water that represents the water film thickness enters at the front

plane of the computational domain (labeled “inflow” ‹) in Fig. 2.
The air and water are defined with the relative velocity magnitude,
which is the same as the vehicle speed but in the opposite direc-
tion of the moving tire. The pavement is also specified with the
same relative velocity magnitude in the z-direction. Water enters
an area defined by the water level height (WFT¼ 5mm) and the
width of surface ‹ with a uniform velocity corresponding to the
vehicle speed Vtire. Above the water film, air enters the remaining
area of surface ‹ with a uniform velocity Vtire. The pavement
(surface �) is defined as a no-slip wall boundary condition with
the same relative velocity. The rear computational plane
(“outflow” fi) specifies atmospheric pressure equal to 0 gauge
pressure. The tire is modeled as a no-slip surface with no axial
velocity but a constant angular velocity, corresponding to the
rotating speed in the FE model. To reduce the effects of ambient
boundaries that define the flow field, the two side surfaces (› and
fl) and the top surface (–) of the computational domain are speci-
fied as a free-slip boundaries with zero shear stress.

The geometry of the tire is imported from the FE tire model
(see Secs. 2.1 and 2.2) and then remeshed in STAR-CCMþ with the
fluid domain included. The tire mesh and contact patch is shown
in Fig. 3(a) and the overall mesh of the fluid model is shown in
Fig. 3(b). Polyhedral cells were created to ensure sufficient grid
resolution to capture the fine details of the tire tread and capture
the fluid impact on the tire. The “advancing layer mesher” has
been employed to generate layers of prismatic cells around the
tire structure and fill the remaining voids with polyhedral cells.
The advantage of this surface mesh method is that each side of the
interface can be mapped/matched conformally. To save computa-
tional time, along the pavement, the mesh gets coarser with the
cell size increase by a ratio of 1.3.

2.4 Fluid–Structure Coupling. Fluid–structure interaction is
achieved by coupling the FEM and the explicit finite volume
method, which provides stable convergence, while other
approaches can generate oscillations and can even produce unsta-
ble behaviors. Arbitrary thin structures can be handled by the
model, including nonlinear effects such as the contact between
rigid and flexible walls [42]. The coupling between the CFD
model and ABAQUS model in STAR-CCMþ transfers information
between the fluid model and tire model. An outline of the algo-
rithm and coupling approach are shown in Fig. 4. The coupling
exchanges time-dependent data such as pressure and nodal coordi-
nates during tire deformation between the CFD and FE solvers.
Using direct cosimulation coupling results in more efficient data
transfer compared to the use of an external “MIDDLEWARE”
software.

2.5 Coupled Eulerian–Lagrangian Method in ABAQUS. The
cosimulation approach using STAR-CCMþ (Sec. 2.4) will be com-
pared with the conventional CEL method, which utilizes both
Eulerian and Lagrangian approaches. The CEL method has been
shown to be highly efficient compared to the physics-based mod-
els when the interaction between tire and water or soil is studied
[43]. The Eulerian domain is shaped to capture the fluid motion,
whereas the Lagrangian approach tracks the movement of the
structure as well represents the interface between the fluid and
structure. At each time increment, the Eulerian domain is
recreated and new boundaries are shaped. To do so, computed vol-
ume fractions from the Eulerian elements are used [44]. In the
ABAQUS CEL approach, the tire displacement is solved instead of the
velocity. To prevent the elements from dramatically deforming,
the Lagrangian mesh is remapped using the original Eulerian
mesh through interpolation. Although the method assumes that
the fluid is compressible in the Navier–Stokes equations, a very
high bulk module is used to approximate an incompressible fluid.
The governing conservation equations for mass and momentum
solved in CEL are

Fig. 2 Schematic of the computation domain (2m380cm
3 60cm) used in STAR-CCM1
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Dq
Dt

þ qr:
Dd

Dt
¼ 0 (11)

q
D2d

Dt2
� qg�r:r ¼ 0 (12)

where g is the gravity, d is the displacement, and r is the Cauchy
stress tensor that is related to the equation of state (EOS). As
shown in Eqs. (11) and (12), the displacement will be solved
instead of velocity. Also, the Mie–Gruneisen form of EOS is used
in ABAQUS defining the relation between pressure and density

p� pH ¼ Cqðe� EHÞ (13)

where pH; EH , and e are the Hugoniot pressure, Hugoniot-specific
energy per unit mass, and energy density, respectively, which are
functions of density only. U
sing Eq. (13) decouples the energy equation from the continuity
and momentum equations whereby pressure is only function of
density p ¼ p qð Þ and not a function of the energy density. For the
case of hydroplaning, the EOS for water is simplified

p ¼ p0c
2
0 1� q0

q

� �
(14)

where constants c0 and q0 are obtained from experimental data.
The aforementioned assumptions can be the origin of errors

associated with the conventional CEL method for which the

cosimulation approach correctly models. For further details
regarding the CEL method, readers are referred to Refs. [44–47].

3 Results and Discussion

3.1 Grid Convergence Study. A grid resolution study is con-
ducted for a bald tire in both FSI approaches, in terms of the over-
all lift force. The lift forces calculated on the tire surface are
computed as

f ¼
X

f p
�*

þ f s
�*

� 	
� nf�*

(15)

where f is the vertical component of the tire force, superscripts p
and s are the pressure and shear force, respectively, acting on the
tire surface, and nf is the vertical unit vector. The pressure force
and the shear force on the tire surface are computed as

f p
�*

¼ P
�*

� Pref

�*
� 	

At

�*
(16)

f s
�*

¼ �Tf
�*

At

�*
(17)

where Pref is the reference pressure, At is the tire face area, and
the Tf is the stress tensor exerted on the tire surface area by the
fluid combination of air and water.

The grid convergence index (GCI) methodology [22] is used to
determine the numerical accuracy of the solutions for each grid

Fig. 3 Mesh profile of the CFD computational domain: (a) mesh detail of the CFD tire model
and (b) mesh detail of the whole fluid domain
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resolution and quantify errors that are caused from discretization
or truncation in the CFD simulations [48]. The bald tire is studied
under a 2100N weight load with high tire pressure. The tire speed
is 17.9m/s with 5mm water film thickness. Three mesh densities
are selected with the base sizes of h1, h2, and h3 for the fine,
medium, and coarse meshes, respectively, shown in Table 3. The
base size is the core characteristic dimension of the grid cell. The
meshing refinement function has been kept the same for the three
tested cases. The total cell numbers for three mesh densities in
STAR-CCMþ are 1.58� 106, 5.10� 105, and 1.48� 105. Also, the
total cell numbers for the three mesh densities in ABAQUS CFD are
1.575� 106, 4.70� 105, and 1.39� 105.

Figure 5 compares the pressure on the bald tire for the coarse,
medium and fine grid resolutions in STAR-CCMþ. It is evident that
with increasing grid resolution, the effects of the pressure are
more resolved. Further details related to the pressure distribution
will be discussed with Fig. 6. To quantify the GCI, the total lift
forces have been calculated at a quasi-steady condition with phys-
ical time of 0.04 s, in Table 3. The comparison of the total lift
forces for the three grid resolutions reveals that the lift forces
share similar magnitudes in both methods. The global apparent
order of accuracy, P, in the GCI method in STAR-CCMþ and ABAQUS

CFD is 4.54 and 3.21, respectively. The GCI values for the pre-
dicted total lift forces from the cosimulation of STAR-CCMþ and
ABAQUS are 8.4% and 1.4% for the coarse-medium and medium-
fine grids, respectively. Also, the GCI values for the predicted
total lift forces in ABAQUS-CEL are 6.3% and 1.6% for the coarse-
medium and medium-fine grids, respectively (the full GCI results
are given in Table 3). Based on the GCI values, it is obvious that
the refinement of the mesh improves the numerical accuracy sig-
nificantly. To maintain consistent accuracy and to ensure suffi-
cient mesh density to capture the details of the tire tread for the
cosimulation in START-CCMþ, the fine base size 0.02m was used
for the remainder of the study for the tread and half tread tire sim-
ulations. Applying the same meshing refinement function, the
tread tire simulations use 2.73� 106 grid cells. It is noteworthy to
mention that since the fluid Eulerian domain in ABAQUS Explicit of
CEL method can move with the tire in the longitudinal direction,
it is possible to utilize a smaller CFD domain around the tire com-
pared to computational domain in STAR-CCMþ.

3.2 Model Verification. The critical hydroplaning speed vcr
can be used to verify the computational predictions of the CFD-
FE cosimulation (Sec. 2.4) and the CEL model (Sec. 2.5) with

empirical relations and published experiments. The NASA empiri-
cal equation [26] and the modified equation [49], respectively, are

vcr ¼ 51:80� 17:15ðARÞ þ 0:72pi (18)

vcr ¼ pi
0:5Fy

0:2 0:82

WFT0:06
þ 0:49

� �
(19)

In order to use Eqs. (18) and (19), assumptions are required.
For the NASA equation (Eq. (18)), the normal load on the wheel
is considered to be 4000N. Also, Horne et al. [26] provided a new
equation for a 0.3m passenger car tire based on 7.6mm WFT on
the road. Since Eqs. (18) and (19) are applicable for conditions in
which the WFT is more than the depth of the tire tread, the half
tread tire is used to validate both computer simulations. The criti-
cal speeds found by applying Eqs. (18) and (19) are 25.4m/s and
24.0m/s, respectively. Using the same condition with the FSI
model for coupling the FE tire model with ABAQUS CFD, the critical
speed is 23.3m/s yielding 5.6% error with the empirical equation.
Likewise, the FE tire model with STAR-CCMþ predicts a critical
speed of 24.5m/s with 2.7% error. The computational results from
both FSI approaches show good agreement with the empirical
equations.

Having verified the FSI models from both approaches by com-
paring the critical hydroplaning speed with empirical equations,
the lift forces and cornering forces are examined. Different speeds
and slip angles on the pavement with 5mm WFT are examined
for the lift and cornering forces. In addition to the treaded tire that
is the main focus of this work, a bald tire is studied.

Figure 6 shows the tire pressure distribution, water splash, and
transient development of the total lift force acting on the tire.
Figure 6(a) presents the pressure of the fluid acting on the tire and

Table 3 Discretization error calculation using the grid conver-
gence index [22]

Variable STAR-CCMþ ABAQUS CFD

h1, h2, h3 0.02, 0.03, 0.045m 1.67,2.5,3.75mm

Nfine, Nmed, Ncoarse 1.58 m, 510 k, 148 k, 1.575 m, 470 k, 139 k

r21, r32 1.5 1.5

P 4.54 3.21

GCI23 8.4% 6.3%

GCI12 1.4% 1.6%

Fig. 4 FSI two-way coupling scheme

101202-6 / Vol. 142, OCTOBER 2020 Transactions of the ASME

D
ow

nloaded from
 http://asm

edigitalcollection.asm
e.org/fluidsengineering/article-pdf/142/10/101202/6546021/fe_142_10_101202.pdf by Virginia Polytechnic Institute and State U

niversity user on 26 February 2021



the contact patch (marked as black edges). Most notable is that
the contact patch is the region of the highest pressures and result-
ing when the water strikes the tire surface during the tire rotation.
Pressure is also very high at the edges of the tire tread contacting
the pavement. This could be because the tread pattern creates nar-
row channels for water to pass, which greatly increases the turbu-
lence level of the fluid flow and increases the corresponding fluid
pressure on the tire. Figures 6(c)–6(e) illustrates the time-
dependent interaction between the water and the tire using an

isosurface of water volume fraction equal to 0.3 or larger. Water
channels form at the front of the tire through the treads and is
redirected to the sides of the tire as the tire rotates, which is repre-
sented as water splash. Figure 6(e) shows the lift force acting on
the tire with time, where after 0.02 s, the lift force asymptotes to a
constant force. The negative value corresponds to the direction of
the forces, which is acting to the opposite direction of the gravity
force based on the coordinates defined in Fig. 2. The lift force
shows a spike increase from 0 s to 0.005 s as water starts to build

Fig. 5 Pressure and lift forces for bald tire with (a) coarse mesh, (b) medium mesh, and (c) fine mesh

Fig. 6 Tread tire pressure results and water splash with two-way coupled model: (a) fluid pressure acting on the tread tire;
(b)–(d) water splash along time at t50.01, 0.015, and 0.02s; and (e) total lift force profile along time
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up at the front edge of the contact area and below the tread. It then
decreases since water gets discharged from the tread to the lateral
sides.

As shown in Fig. 7 for a bald tire and treaded tire, the lift forces
predicted using the FE tire model with ABAQUS-CEL and STAR-CCMþ
cosimulations increase with vehicle speed. Also, the lift force for
bald tire reaches the saturated value at lower speeds, as expected.
Generally, the results obtained from ABAQUS-CEL and integration of
FE tire model with STAR-CCMþ are similar. The improvement with
the STAR-CCMþ predictions can be associated with the more accu-
rate turbulence model used to capture the behavior of the fluid at
length scales smaller than the smallest element length in the CEL
method.

As the lift force caused by the hydrodynamic pressure in the
fluid domain changes, the cornering force of the tire also changes.
In vehicle dynamics, the slip angle is the angle between the direc-
tion that the wheel is traveling and the direction that it is pointing.
The net lateral force on each tire is generated by the lateral defor-
mation of the tire surface, which is nominally zero at the leading
edge and linearly increases until localized slip begins to occur.
The location along the tire contact patch at which localized slip
begins is dependent on the friction and the localized vertical force
[50]. The capability to generate lateral forces is closely coupled
with the ability to generate longitudinal forces (the total tractive
force available being approximately equal to the vector sum of the
two). Thus, as the lateral force increases, less longitudinal force is
available for braking and thereby can significantly increase the
hydroplaning risk. A schematic demonstrating slip is shown in
Fig. 8.

In Figs. 9 and 10, the lateral force versus slip angle for 5mm
WFT at 17.8 and 22.4m/s are presented, respectively. As shown
in Fig. 9, the lateral force increases with slip angle up to a satura-
tion limit at which the maximum available tractive force is
reached. Wet conditions can have at least three detrimental effects
on the ability to generate tractive forces. Specifically, at the
tire–road contact patch, three things are reduced: the lift force cre-
ated by the water film reduces the vertical force at the tire–road
contact patch (reduced by the lift force exerted at the tire–water
interface), the effective friction, and the size of the tire–road con-
tact patch. Since the tire–road interface supports a shear force, but
the tire–water interface does not, it is clear that the available lat-
eral force saturates at lower slip angles as caused by the hydro-
planing effect. These effects are exacerbated at higher speeds
because both the size of the tire–road contact patch and its effec-
tive vertical force are reduced due to the increased size and lift
force of the tire–water interface. For lateral forces obtained from
the STAR-CCMþ cosimulation, the lateral force saturates at higher

slip angles as compared to the ABAQUS-CEL model. This is due to
slightly lower lift force captured through the cosimulation method
using STAR-CCMþ, which also incorporates a model for two-phase
flow. For the dry condition, since there is no need to have the
CFD code running in STAR CCMþ, only the tire model in the ABA-

QUS Implicit is used.
The cornering force for treaded and bald tires using ABAQUS-CEL

at 22.4m/s is presented in Fig. 10 It is obvious that the effect of
the lift force from hydroplaning is more significant at higher
speeds. Accordingly, the tire reaches its cornering saturation at
lower slip angles with lower corresponding lateral force. As
expected, a lower lateral force for the bald tire as compared to the
treaded tire is obtained, which is due to higher lift force caused by
lack of presence of grooves for the bald tire. When a vehicle
moves on wet pavement, the friction coefficient between tire and
pavement is less than for dry conditions. In addition, as the

Fig. 7 Lift force obtained for treaded and bald tire, using differ-
ent cosimulation methods

Fig. 8 Schematic of bald tire with slip angle

Fig. 9 Cornering force obtained for treaded and bald tire,
using different cosimulation methods at 40
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vehicle speed increases on wet pavement, the dynamic pressure
induced by the water pushes the tire upward and increases the pro-
pensity to hydroplane.

The results from the simulations are compared with the experi-
mental data provided by CALSPAN Tire Research Facility
(TIRF) [51] shown in Fig. 11. Although the tire size tested by
CALSPAN is different from that of this study, the experimental
tests can be utilized to draw a comparison between the trend of
lateral forces generated on wet and dry conditions. Based on the
result provided in Ref. [51], the experimental results reveal that
the peak lateral force at each slip angle in wet conditions is less
than that of dry conditions. In addition, the difference between the
lateral forces at dry and wet condition increase with slip angle,
which has agreement with the simulation results in this work.

Figure 12 summarizes the water–tire interaction with the bald
tire and the treaded tire under 0 deg and 2 deg slip angles and
shows the water splash and spray. The fluid free surface is cap-
tured with the isosurface specified with a water volume fraction of
0.3. Comparing Figs. 12(a) and 12(b) of the water distribution
between the bald tire and the treaded tire at 0 deg slip angle, both
cases demonstrate that water splashes along the sides of the tire.
However, the water distributions for the bald tire and treaded tire
are very different. For the tread tire, it is clear that water separates

into streams and is displaced with the tire grooves, which is not
observed with the bald tire. When roads are wet, tire grooves
channel water away, which helps prevent tires from hydroplaning,
unlike the bald tire scenario where the traction is reduced and
hydroplaning occurs more readily.

The effect of slip angle on water splash is demonstrated in
Fig. 12(c), whereby the water splash is more significant along the
side of the tire, whereby the lateral force increases, as shown in
Figs. 9 and 10. More streams of water have been squeezed out of
the tire to ensure a good contact between tire and ground because
of the tire tread. Comparing between Figs. 12(b) and 12(c) with
different slip angles, the addition of slip angle has greatly
increased the water splash on the tire side. Since the force along
the lateral direction caused by such water splash is only a small
portion of the force generated laterally due to the tire–pavement
interaction and slip angle, the cornering forces because of the slip
angle are mainly studied from the output in the tire–pavement FE
model.

Fig. 10 Cornering force obtained for treaded and bald tire,
using different cosimulation methods at 50mph

Fig. 11 Experimental data of the cornering forces for wet and
dry conditions at different weight loads

Fig. 12 Isosurface of water volume fraction of 0.3 showing
water splash in (a) bald tire with 0deg slip angle, (b) tread tire
with 0 slip angle, and (c) tread tire with 2deg slip angle

Journal of Fluids Engineering OCTOBER 2020, Vol. 142 / 101202-9

D
ow

nloaded from
 http://asm

edigitalcollection.asm
e.org/fluidsengineering/article-pdf/142/10/101202/6546021/fe_142_10_101202.pdf by Virginia Polytechnic Institute and State U

niversity user on 26 February 2021



4 Conclusions

In this work, two different approaches were developed to study
the effect of hydroplaning on lift and cornering forces for a pas-
senger car tire. Both approaches were verified with empirical
equations and compared well overall. It was shown that the new
approach using ABAQUS and STAR-CCMþ cosimulation had slightly
better agreement with the empirical models showing a 2.9%
improvement. Also, the lateral forces obtained from simulation
show a good agreement with the experiment data reported in the
literature. It is noteworthy to mention that the new approach using
STAR-CCMþ needs more computation time and memory; however,
with the advent of supercomputers, it can be more applicable for
future hydroplaning simulations. In addition, in the new hydro-
planing modeling approach, free surface flow with moving boun-
daries to build and track the amount of water as well as the
volume fraction of other fluids can be captured, which can be used
to study tire tread design and its relationship to water splashing
and aerodynamics [52].
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Nomenclature

At ¼ tire face area
AR ¼ contact patch aspect ratio
b ¼ body force

C10 ¼ constant describing the shear modulus G¼G/2
d ¼ displacement

D1 ¼¼ constant describing the bulk modulus K¼ 2/j
e ¼ energy density
E ¼ total energy
EH ¼ specific energy per unit mass
f ¼ vertical component of tire force

Fy ¼ vertical load of vehicle on the tire
g ¼ gravity

Gk ¼ turbulence kinetic energy generation
Gx ¼ specific dissipation rate generation
h ¼ grid size
I ¼ the invariant of the deviatoric strain tensor

Je1 ¼ the elastic volume ratio
k ¼ turbulence kinetic energy

keff ¼ ¼ effective thermal conductivity
N ¼ total number of grid cells
nf ¼ vertical unit vector
p ¼ fluid pressure
P ¼ apparent order of accuracy
pH ¼ Hugoniot pressure
pi ¼ inflation pressure
r ¼ grid refinement factor

Re ¼ Reynolds number
S ¼ strain rate magnitude
Tf ¼ stress tensor exerted on the tire surface area
v
�* ¼ fluid velocity
vcr ¼ hydroplaning critical speed

Vtire ¼ vehicle speed
W ¼ strain energy potential (density) or stored energy

function defined per unit volume
Wtire ¼ tire width
Yk ¼ dissipation of turbulence kinetic energy
Yx ¼ dissipation of specific rate

Greek Symbols

a ¼ damping coefficient for turbulent viscosity
C ¼ effective diffusive rate
lt ¼ turbulent eddy-viscosity
q ¼ fluid density
r ¼ Cauchy stress
%s ¼ fluid stress tensor
/ ¼ volume fraction
x ¼ specific dissipation rate

Subscripts/Superscripts

a ¼ air
p ¼ pressure force
s ¼ shear force
w ¼ water
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