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a b s t r a c t

With the increase in crude oil rail transportation, accurate modelling of non-Newtonian
crude oil rheological properties and the corresponding nonlinear sloshing effects be-
comes necessary in order to establish safety and operation guidelines. In this investigation,
nonlinear continuum-based crude oil constitutive models are used in a total Lagrangian
formulation to study the effect of the sloshing on railroad vehicle dynamics and stability. In
particular, the Oldroyd constitutive model is employed to capture the non-Newtonian
characteristics of three different crude oil types; classified as light, medium, and heavy.
The crude oil complex deformation shapes are captured using the finite element (FE)
absolute nodal coordinate formulation (ANCF). The FE continuum-based liquid sloshing
formulation is systematically integrated with a fully nonlinear multibody system (MBS)
railroad vehicle algorithm that allows for wheel/rail separation. A general penalty contact
approach is developed to allow for studying the effect of sloshing suppression devices such
as bulkheads. Different braking scenarios, including electronically controlled pneumatic
(ECP) braking are considered to study the effect of crude oil sloshing on the train longi-
tudinal stability. The ECP braking computer simulations show that increasing the crude oil
viscosity can lead to approximately 30% reduction in the maximum coupler force
compared to the light oil case. It is observed that the coupler force response to the sloshing
excitations as the result of ECP braking reaches steady state faster as the viscosity in-
creases. Furthermore, installing the bulkheads in tank cars can lead to a 70% reduction in
the maximum coupler force and more uniform distribution of the normal contact forces to
the front and rear wheels. The effect of crude oil rheological properties on the centrifugal
forces during curve negotiation is also evaluated. The curve negotiation results show that
the increase in crude oil density is responsible for exacerbating train lateral instability
effects, thus the risk of vehicle roll over, especially when the train travels at a speed higher
than the balance speed.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

While the derailments of trains transporting hazardous materials (HAZMAT) have been reduced in the past few years, the
economic and environmental damage resulting from the HAZMAT rail transportation remains a serious daily threat,
particularly with the increasing demand for crude oil transportation. In order to reduce such a damage, more credible safety
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and operation guidelines as well as design standards must be developed based on accurate and scientifically convincing
physics-based modeling techniques. Minimizing HAZMAT-transportation accidents can be achieved by developing computer
simulation approaches that accurately account for the continuum-based crude oil rheological material properties, allow
optimizing the tank car designs, test rail equipment durability, and examine new braking system concepts. The Federal
Railroad Administration (FRA) reported that the safety of HAZMAT rail transportation in the United States has significantly
improved over the past fifty years [1]. However, the increasing demand of crude oil and other HAZMAT transportation has
resulted in several deadly and environmentally damaging rail accidents. Several derailment accidents during the past two
decades involved the release of hazardous materials; examples of which are the train derailments in North Dakota [2] and
Ontario [3], and the train collisions in Texas [4] and South Carolina [5]. Among the most recent accidents, a train carrying
crude oil derailed in the Chicago area with an estimated leak of 45,000 gallons in the summer of 2017 [6]. In order to avoid
accidents involving HAZMAT transportation, the railroad industry is actively conducting multiple research projects to
improve railroad vehicle designs. The Volpe National Transportation System Center is performing studies on the structural
integrity of railroad tank cars transporting hazardous materials [7]. A new project called the Next Generation Rail Tank Car
(NGRTC) is a collaborative research and development effort sponsored bymultiple companies with the aim of improving tank
car design [8]. Nonetheless, understanding the liquid sloshing phenomenon is necessary in order to better identify the cause
of and potentially prevent future HAZMAT transportation derailments.

2. Background and scope of the investigation

This investigation is focused on integrating continuum-based crude oil rheological constitutive laws, such as the Oldroyd
constitutive model, with computational MBS algorithms for the study of the sloshing effect on railroad vehicle dynamics. Using
the physics-based modeling approach developed in this study, one can distinguish between different crude oil viscosity
properties and their effect on the rail vehicle motion and stability. The development of such continuum-based sloshing
models is necessary in order to have alternatives for the simplified non-physics-based discrete mass-spring system models
often used in the analysis of liquid sloshing, as will be discussed in this section. This section also provides background
materials that explain the motivation for this study and defines the scope and specific contributions of this investigation.

2.1. Liquid sloshing and classical vibration problems

Sloshing is not a typical mechanical vibration problem because the motion of fluids is not influenced by the restoring
forces that produce and sustain solid oscillations. A typical vibration problem requires the existence of two basic elements;
inertia and restoring force elements. While damping can significantly influence mechanical vibrations, damping is not a
necessary element for discrete-mass vibrations to exist. The restoring elastic force element does not enter into the definition
of the liquid sloshing phenomenon or its mathematical description. Fluids do not have restoring forces; the fluid motion is
mainly influenced by the viscous forces often defined using the Navier-Stokes equations. Because stiffness coefficients cannot
be determined from viscosity coefficients using any parameter identification method, discrete mass-spring system sloshing
models are not physics-based. A fluid can flow out of a container or a tank car, as in the case with deadly, costly, and envi-
ronmentally damaging accidents, because of the lack of restoring forces that can be mathematically defined using a strain
energy function.

The fluid/container interaction is often modeled using a penalty force approach to enforce unilateral constraints. Such
unilateral constraint forces cannot be derived from a fluid strain-energy function, which cannot be justified using physics
principles. Because fluid forces are viscous forces defined using dissipation functions and not strain energy functions, the use
of costly experiments to validate non-physics-based discrete mass-spring sloshing models needs to be justified. For this
reason, the focus of this paper will be on the development of new continuum- and physics-based crude oil sloshing models
that allow for using appropriate and realistic viscosity coefficients to study the effect of the oil motion on the rail vehicle
dynamics and stability.

2.2. Experimental testing and simulation models

To better understand the dynamic loads applied to railroad tank cars, wheels, and couplers; it is important to develop
liquid sloshing formulations, which account for the nonlinear fluid/structure interaction effects, which occur during the
complex railroad operating conditions. The liquid oscillations resulting from the interaction with the tank walls result in
uneven loading even in normal service conditions and represent a potential source of instability, derailment, and structural
failure. In order to reduce the severe sloshing oscillations of viscous fluids, tank cars can be fully loaded. This solution,
however, may lead to a significant increase of the axle load and normal wheel/rail contact forces, especially when high-
density fluids like crude oils are transported. Many railroad accident investigations are mainly focused on fatigue analysis,
collision dynamics, and structural response. In order to conduct these investigations successfully and produce reliable results,
an accurate load spectrum must be defined. The load spectrum can be produced experimentally by means of advanced
microprocessors and sensors mounted on the rail car equipment. Nonetheless, experimental testing is extremely expensive,
prone to human error, highly sensitive to weather conditions, and often show large data variations within the same set of
measurements. Reliance on experimental data can be reduced only if complex high-fidelity MBS railroad vehicle models with
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significant details including liquid sloshing effects are developed. Furthermore, as previously mentioned, costly experiments
designed to validate non-physics-based models must have a strong justification.
2.3. Crude oil sloshing

Several liquid sloshing formulations have been developed in the literature to account for the effect of fluid/structure
interaction. One approach approximates the liquid sloshing behavior using equivalent mechanical models, such as spring-
mass-damper and pendulum systems [9e12]. These models are based on a simple implementation, consider the effects of
static and dynamic pressure of the fluid, and can be used to obtain real-time simulations. However, the reduction in simu-
lation time comes at the expense of a significant decrease in numerical accuracy and the generality of the approach. Discrete
inertia models cannot be used to model the fluid free surface and cannot capture the change in fluid inertia resulting from
large deformations, which is critical in the study of liquid sloshing oscillations. The introduction of springs in discrete inertia
models is equivalent to assuming elastic restoring forces in the fluid, which contradicts the basic fluid dynamic principles, as
previously explained. The definition of the stiffness and damping coefficients of a fluid-like discrete inertia model is a trial-
and-error process rather than directly using the known fluid viscous properties. Furthermore, the discrete inertia models
cannot capture correctly the tank geometry or the highly nonlinear dynamic effects of non-Newtonian fluids, whosemotion is
governed by constitutive relationships, which are more general.

Other continuum-based techniques can be mainly categorized under the Lagrangian or Eulerian approaches. Lagrangian
methods accurately predict the fluid free surface but tend to be less numerically accurate in the case of largemesh distortions.
On the other hand, Eulerian schemes are best suited for investigating turbulent flows but require additional efforts to capture
the free surface shape. In the past decades, mesh-free Lagrangian techniques have also been introduced, such as smoothed
particle hydrodynamics (SPH). Mesh-free methods can describe complex multi-phase flows including turbulence, but are
computationally very expensive [13,14]. A continuum-based total Lagrangian non-incremental liquid sloshing formulation
based on the finite element (FE) absolute nodal coordinate formulation (ANCF) was proposed by Wei et al. [15]. This
formulation can be systematically integrated with complex MBS vehicle models such as tanker truck and railroad vehicle
models [16,17]. The main advantages, limitations, and range of applicability of this method are discussed in detail in Ref. [67].

The analysis of sloshing phenomena using the ANCF total Lagrangian formulation has been limited until now to the case of
simple Newtonian fluids. The increasing demand of crude oil transportation by rail makes the analysis of crude oil sloshing an
important safety and environmental issue that must be addressed in order to improve railroad design standards and safety
and operation guidelines. Most crude oils exhibit non-Newtonian behavior including thixotropy, pseudoplasticity, and waxing
at low temperatures. A common misconception is that these phenomena occur only at Artic temperatures; in reality, even
crude oils produced in warm regions like Australia and central Africa present very high non-Newtonian transition temper-
atures [18].Waxy crude oils are among the most complex non-Newtonian crude oils produced around the world. These types
of oil represent around 20% of the world petroleum reserves and 80% of crude oil production in China [19]. Below the wax
appearance temperature (WAT), thewax content in the oil solidifies and imparts strong nonlinear rheological characteristics to
the fluid dynamics, including a yield stress [20]. The complex rheological behavior of crude oil necessitates the development
of algorithms that allow for investigating the sloshing effects of highly viscous non-Newtonian fluids on railroad vehicle
dynamics and stability.
2.4. Scope and contributions of this investigation

In this paper, the continuum-based total Lagrangian FE/ANCF liquid sloshing formulation is generalized to the analysis of
non-Newtonian fluids and is systematically integrated with complex MBS railroad-vehicle models. The analysis of both free
and constrained crude oil sloshing oscillations inside railroad tank cars is considered. The study of less restricted fluid os-
cillations is important because many tank cars in various countries still lack bulkheads and baffles. However, in order to
address the most recent technological developments in the area of sloshing suppression devices, a robust MBS algorithm
must be designed to allow for capturing the effect of the relative motion and interaction between the fluids and anti-sloshing
devices. This paper makes the following specific contributions:

1) Four non-Newtonian constitutive models that allow for investigating nonlinear crude oil sloshing effects are presented
and the corresponding ANCF generalized viscous forces are derived. The development of different non-Newtonian ANCF
fluid constitutive models allows for extending the use of existing ANCF continuum-based total Lagrangian liquid sloshing
formulation to the analysis of most crude oils currently transported by rail and highway.

2) The effect of installing liquid sloshing suppression devices on railroad vehicle dynamics are examined using the newly
developed continuum-based fluid models. A penalty contact algorithm is developed to model the interaction between the
ANCF continuum-based fluid mesh and a tank with bulkheads. The ability to install sloshing suppression devices in MBS
tanker train virtual models is necessary in order to allow for realistic simulation of detailed railroad vehicle models, most
of which include bulkheads or baffles.

3) The ANCF fluid model is systematically integrated with two complex MBS railroad-vehicle models. Numerical simulations
are performed using the general-purpose MBS software SIGMA/SAMS (Systematic Integration of GeometricModeling and
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Analysis for the Simulation of Articulated Mechanical Systems) to study the effect of crude oil rheological properties on
railroad vehicle dynamics. Three different crude oil types; classified as light,medium, and heavy, are analyzed. The sloshing
effects generated by different crude oil types on the train coupler force are investigated in the case of braking scenarios,
including ECP braking, and in the case of curve negotiations.

This paper is organized as follows. In Section 3, the most popular crude oil constitutive models used in the petroleum
industry are described. In Section 4, the ANCF non-Newtonian generalized viscous forces are derived for four different crude
oil constitutive models and the formulation of the ANCF inertia and centrifugal forces is explained. Sections 5 and 6 present
the formulation of the bulkhead penalty-contactmodel and theMBS governing equations of motion, respectively. In Section 7,
the three-dimensional wheel/rail contact model used in this investigation is briefly discussed; this contact formulation allows
for the wheel/rail separation. Section 8 presents analysis of the numerical results obtained in this study.

3. ANCF fluid constitutive models

In this section, the general Newtonian and non-Newtonian ANCF constitutive models applicable to both low- and high-
viscous fluids are described. The use of absolute position and gradient vectors as nodal coordinates allows the ANCF
displacement field to describe accurately arbitrarily large displacements and rotations, as well as complex fluid geometry [21].
The fluid is assumed incompressible and the effect of temperature is neglected. The kinetic and kinematic ANCF equations can
describe the fluid behavior in three different configurations, namely the straight, stress-free curved reference, and current
configurations, shown in Fig. 1. The use of these configurations allows for describing systematically the initially curved fluid
geometry defined by the tank surface. Let V, V0, and v be the fluid volumes in the straight, curved reference, and current
configurations, respectively, and x, X, and r be the corresponding position vectors of an arbitrary point on the fluid. The
position vector of an arbitrary point on an ANCF element j can be defined in the curved reference and current configurations,

respectively, as Xj ¼ �
Xj Yj Zj

�T ¼ Sjej0 and rj ¼ Sjej, where Sj is the ANCF shape function matrix, ej0 and ej are the element
nodal coordinates in the curved reference and current configurations, respectively [21]. The volumes in the curved reference

and current configurations are related by the determinant of the matrix of position vector gradients Jj as dvj ¼ JjdVj
0, where

Jj ¼ vrj=vXj. The integration over the initially curved reference configuration can be simplified by introducing a straight

reference configuration, which can be related to the curved reference configuration using the relationship dVj
0 ¼ Jj0dV

j, where

Jj0 ¼ vXj=vxj is a constant Jacobian matrix. The current and straight configurations are related by dvj ¼ JjedVj, where Jje is the

determinant of thematrix Jje ¼ vrj=vxj. Therefore, thematrix of position vector gradients that enter into the formulation of the

Green-Lagrange strain tensor can be written as Jj ¼ vrj=vXj ¼ ðvrj=vxjÞðvxj=vXjÞ ¼ JjeJ
j�1

0 .

3.1. Non-Newtonian crude oil constitutive models

The rheological behavior of fluids is classified depending on the relationship between the shear stress and shear rate; a
fluid is defined as Newtonian if the relationship is linear. The Cauchy stress tensor for an isotropic Newtonian fluid can be

expressed as s ¼ ½� pþ ltrðDÞ�Iþ 2mD, where p is the fluid hydrostatic pressure defined as p ¼ � ð1=3ÞtrðsÞ, D ¼ ð1=2Þ½vv=
vrþ ðvv=vrÞT � is the rate of deformation tensor, l is Lame's constant, m is the coefficient of dynamic viscosity, v is the velocity
vector, vv=vr ¼ L is the matrix of velocity gradients, and tr is the trace of a matrix. If the relationship between shear stress and
shear rate is not linear, then the fluid is defined as non-Newtonian. Above room temperature, most crude oils behave as
Newtonian fluids with low viscosity and a single phase. However, most crude oils that contain high molecular weight
compounds such as paraffin crystals undergo significant changes in their rheological properties as the temperature decreases
Fig. 1. Straight, reference, and current configurations.
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[22]. The formation of interlocking structures and crystallization mechanisms inside the fluid are typical phenomena that
occur inwaxy crude oils, a class of crude oils whose production and transportation has significantly increased over the last 20
years, and which currently represent 80% of petroleum reserves in China [23]. As the temperature drops below the wax
appearance temperature (WAT), the fluid viscosity increases sharply and a gel-like structure forms, which presents an initial
elastic response until the shear stress exceeds the yield stress, leading to the structure breakdown and reappearance of a
shear flow [20]. The fluid yield stress is reached due to the particular spatial orientation of the solid crystals formed below the
WAT. The yield stress represents the transition from the elastic solid to the viscous liquid states [24].

The effect of thermal and shear history, the temperature- and shear-dependence of yield stress and viscosity, and the
existence of WATmake the analysis of Non-Newtonian crude oils a challenging task. Significant work has been devoted in the
literature to develop constitutivemodels that describe the complex rheological behavior of waxy crude oils. The development
of the first visco-plastic constitutive models with yield stress started in the beginning of the twentieth century with the work
of Schwedoff [25], followed by the work of Bingham in 1922 [26], who proposed a one-dimensional version of the Maxwell
viscoelastic model assuming a rigid fluid behavior below the yield stress. In 1926, Herschel and Bulkley [27] proposed a visco-
plastic constitutive model, where the dynamic viscosity coefficient is defined as a power-law function of the shear rate. The
Bingham constitutive laws have been formulated in the three-dimensional case by Hohenemser and Prager in 1932 [28]. In
1947, Oldroyd proposed three-dimensional constitutive equations for a Bingham solid assuming a linear Hookean elastic
behavior in the elastic state [29]. Among the more recent studies, Saramito developed in 2007 a fluid constitutive equation
that considers the fluid as a Kelvin-Vogit viscoelastic solid before yielding and as an Oldroyd viscoelastic fluid after yielding
[30]. In 2009, Saramito combined the Oldroyd viscoelastic model and the Herschel-Bulkley visco-plastic model in a new
three-dimensional form that satisfies the second law of thermodynamics [31]. Constitutive models such as Bingham, Casson,
Herschel-Bulkley, and Oldroyd are not appropriate to describe fluid transient regimes and are referred to in the literature as
time-independent models. Several authors attempted to describe the thixotropic transient behavior of crude oils by adding to
the fluid constitutive equations the time derivative of a scalar parameter lf ðtÞ, which accounts for the fluid microstructure
[32e37]. Other authors further coupled the fluid thixotropic behavior with time-dependent yield stress effects [38e41].
Despite the several assumptions and limitations, the most common rheological constitutive models of yield stress fluids used
in the petroleum industry until today are the ones developed by Bingham, Oldroyd, Herschel and Bulkley, and Casson. The
fluid constitutive models for the four cases are briefly presented in their three-dimensional form in the following sub-
sections.

3.2. Bingham constitutive model

The Bingham constitutive model can be written in a tensor form as:

s ¼ 2mDþ t0D=kDk if ksk � t0
D ¼ 0 if ksk< t0

�
(1)

where t0 is the yield stress, m is the dynamic viscosity, D is the rate of deformation tensor, and ksk ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffið1=2Þðs : sÞp
is the

Euclidian norm of the Cauchy stress tensor [23]. If the norm of the stress tensor ksk is greater than t0, the crude oil behaves
like an incompressible, isotropic, visco-plastic fluid. However, if the yield stress is not exceeded, the rate of deformation
tensor D is the null matrix and the fluid behaves as a solid-like rigid body. This model can be extended to the non-isothermal
case by allowing m and t0 to be functions of temperature [23]. Frigaard et al. [18] introduced a Bingham model to study the
isothermal weakly-compressible visco-plastic flow of waxy crude oils.

3.3. Herschel-Bulkley constitutive model

In contrast to the constant viscosity assumption of the Bingham constitutive model, in Herschel-Bulkley fluids, the vis-
cosity follows a power-law behavior. The three-dimensional Herschel-Bulkley fluid constitutive equation can be written as

s ¼ 2mDkDkn�1 þ t0D=kDk if ksk � t0
D ¼ 0 if ksk< t0

�
(2)

where n is the power-law index. According to the Herschel-Bulkley constitutive model, the fluid behavior is nonlinear after
yielding. If n<1 the fluid assumes a shear thinning behavior, that is, the viscosity decreases as the shear rate increases, if n>1
the behavior is defined as shear thickening and the viscosity increases with the shear rate. In case n ¼ 1, the Herschel-Bulkley
constitutive model reduces to the Bingham model.

3.4. Oldroyd constitutive model

Oldroyd proposed fluid constitutive equations based on the Binghammodel, but relaxed the rigid body assumption when
the yield stress is not exceeded. The fluid rigid body assumption is replaced with a perfect Hookean solid behavior, where the
stress field depends linearly on the strain. The Oldroyd constitutive model is written as
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s ¼ 2mDþ t0D=kDk if ksk � t0
s ¼ E : ε if ksk< t0

�
(3)

where E is the matrix of elastic coefficients. The Oldroyd constitutive model is represented schematically for the one-
dimensional case in Fig. 2. The switch activates either the linear elastic Hookean behavior or the viscous behavior,
depending on the magnitude of the norm of the Cauchy stress tensor relative to the yield stress.

3.5. Casson constitutive model

The Casson constitutive model depends on two parameters (m and t0), similar to the Bingham model. This constitutive
model was originally introduced to study lithographic varnishes, but its use has been extended to the analysis of other non-
Newtonian fluids like crude oils [42]. The Casson constitutive model is written in its three-dimensional form as

s ¼ 2mDð1þ 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
t0=kDk

p
Þ þ t0D=kDk if ksk � t0

D ¼ 0 if ksk< t0

�
(4)
The four rheological crude oil constitutive models discussed in this section can be systematically implemented in a
continuum-physics-based ANCF approach to study the effect of sloshing on vehicle dynamics and stability. The Oldroyd
constitutive model will be given a special attention in this investigation because such a constitutive model does not simplify
the fluid state to the rigid body case when the yield stress is not exceeded.

4. ANCF viscous and inertia forces

In this section, the formulation of the generalized inertia and non-Newtonian viscous forces associated with the ANCF
nodal coordinates is discussed. The fluid generalized viscous forces are formulated for each crude oil constitutive model
presented in Section 3. While in the case of the ANCF elements the expression of the inertia forces is simple, the viscous forces
assume amore complex form. The ANCF crude oil viscous force formulation allows for arbitrary fluid displacements including
finite rotations.

4.1. Non-Newtonian crude oil viscous forces

The crude oil constitutive models described in Section 3 are formulated using the Cauchy stress tensor s defined in the
current configuration. While this stress tensor represents the true stress, it cannot be used directly in the case of the large
deformation with the Green-Lagrange strain tensor ε which is associated with the reference configuration. The Green-
Lagrange strain tensor is used with the second Piola-Kirchhoff stress tensor sP2. For a finite element j of the fluid mesh,
the virtual work of the fluid viscous forces can be written in the current and reference configurations as

dWj
v ¼ �

Z
vj

sj :
�
dJj

��
Jj
��1

dvj ¼ �
Z
Vj
0

sj
P2 : dεjdVj

0 (5)
where superscript j refers to the element number, ε
j ¼ �

Jj
T
Jj � I

	

2 is the Green-Lagrange strain tensor, and

sj
P2 ¼ JjðJjÞ�1sjðJjÞ�1T

is the second Piola-Kirchhoff stress tensor. By substituting the expression of the Cauchy stress tensor
defined by the crude oil constitutive models into the equation for the second Piola-Kirchhoff stress tensor, the following
general equation can be written:
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sj
P2 ¼ ajJj

�
Jj
��1

Dj
�
Jj
��1T

(6)

where aj is a scalar parameter, defined for each ANCF element j, which depends on the Non-Newtonian constitutive model
used. Because Dj ¼ ðJjÞ�1T
_εjðJjÞ�1, one has

dWj
v ¼ �

Z
Vj
0

ajJj
�
Jj
��1�

Jj
��1T

_εj
�
Jj
��1�

Jj
��1T

: dεjdVj
0

¼ �
Z
Vj
0

ajJj
�
Cjr
��1

_εj
�
Cjr
��1

: dεjdVj
0

(7)

where Cj
r ¼ ðJjÞT Jj is the right Cauchy-Green deformation tensor. Using the virtual change in the strain tensor dεj ¼ ðvεj=vejÞdej
in Equation (5) where ej is the vector of the element nodal coordinates, the generalized viscous forces associated with the
ANCF nodal coordinates can be written for the Bingham and Oldroyd, Herschel-Bulkley, and Casson constitutive models,
respectively, as:

Q j
v ¼ �

Z
Vj
0

�
2mþ t0��Dj��


Jj
��

Cjr
��1

_εj
�
Cjr
��1

�
:
vεj

vej
dVj

0

Q j
v ¼ �

Z
Vj
0

�
2m

���Dj
���n�1 þ t0��Dj��


Jj
��

Cj
r

��1
_εj
�
Cj
r

��1
�
:
vεj

vej
dVj

0

Q j
v ¼ �

Z
Vj
0

�
2m

�
1þ 2

ffiffiffiffiffiffiffiffiffiffiffi
t0��Dj��

s 
þ t0��Dj��

�
Jj
��

Cjr
��1

_εj
�
Cjr
��1

�
:
vεj

vej
dVj

0

9>>>>>>>>>>>>>>>=>>>>>>>>>>>>>>>;

(8)
The crude oil incompressibility condition can be imposed using the technique of Lagrange multipliers or the penalty
method. The former method introduces additional algebraic equations and constraint forces to the MBS dynamic equations
[21] and requires, in general, a more sophisticated numerical solution procedure. The penalty method does not require
introducing algebraic constraint equations; however, excessively large penalty coefficients increase the stiffness of the system
andmay lead to numerical problems. In this paper, the penalty method is used to impose the incompressibility condition. The
relationship between the fluid volumes in the current and initially curved reference configurations can be written as dv ¼
JdV0. In case of an incompressible fluid, the constraint Jj ¼ 1 for a finite element j is enforced by introducing the penalty strain

energy function Uj
IC ¼ ð1=2ÞkjICðJj � 1Þ2, where kjIC is a problem-dependent penalty coefficient which must be carefully

selected to satisfy the incompressibility constraint to within acceptable tolerance. The vector of generalized volumetric

penalty forces associated with the ANCF nodal coordinates for an element j can be defined as Q j
IC ¼ vUj

IC=ve
j ¼ kjICðJj �

1ÞðvJj=vejÞ. The incompressibility constraint at the velocity level _J
j ¼ 0 is enforced using the vector of generalized forces

Q j
TD ¼ vUj

TD=v _e
j ¼ cjTD

_J
jðv _Jj=v _ejÞ, where Uj

TD ¼ ð1=2ÞcjTDð _J
jÞ2 is a dissipation function and cjTD is a penalty damping coefficient.

In the three-dimensional analysis, Jj ¼ rjX$ðrjY � rjZÞ ¼ rjY$ðrjZ � rjXÞ ¼ rjZ$ðrjX � rjY Þ, where subscripts X;Y , and Z refer to partial

differentiation of the position vector rwith respect to the subscript parameters. One can also show that ðvJj=vejÞ ¼ ðv _Jj=v _ejÞ ¼
Sj

T

X ðrjY � rjZÞþ Sj
T

Y ðrjZ � rjXÞþ Sj
T

Z ðrjX � rjY Þ. The vector of generalized penalty forces associated with the nodal coordinates of the

ANCF element j can then be written as Q j
P ¼ Q j

IC þ Q j
TD.

4.2. ANCF generalized inertia forces

One of the main advantages of the total Lagrangian continuum-based ANCF formulation is the ability to account for the
effect of the fluid distributed inertia using a constant inertia matrix and a non-incremental solution procedure regardless of
the amount of displacement and rotation of the finite element. The crude oil distributed inertia plays an important role in the
study of the nonlinear sloshing forces. The formulation of the ANCF inertia forces requires evaluating the fluid acceleration

vector, which for an ANCF element j can be written simply as aj ¼ Sj €ej, where Sj is the element shape function matrix. The

virtual work of the inertia forces can be defined in the current configuration as dWj
i ¼ R

vjr
jaj

T
drjdvj, where the virtual change

in the fluid position vector can be written as drj ¼ Sjdej. Using these two equations, the virtual work of the inertia forces can
be written in the reference curved configuration for an ANCF element j as
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dWj
i ¼

8>><>>:e€
jT
Z
Vj
0

rj0S
jT SjdVj

0

9>>=>>;dej ¼
n
€ej

T

Mj
o
dej ¼ Q jT

i de
j (9)

where rj0 ¼ rjJj is the mass density in the reference configuration, rj is the mass density in the current configuration,

Mj ¼ R
Vj
0
rj0S

jT SjdVj
0 is the constant symmetric ANCFmass matrix, and Q j

i ¼ Mj €ej is the vector of generalized fluid inertia forces

associated with the ANCF nodal coordinates. The unique constant mass matrix feature of the ANCF elements simplifies
significantly the fluid governing equations since it leads to zero centrifugal and Coriolis forces.

4.3. Outward inertia forces

In the case of liquid sloshing, the outward inertia force during curve negotiations has an expression that differs from the
centrifugal inertia force expression used in rigid body dynamics. The outward inertia forces play an important role in the
investigation of rail vehicle dynamics and stability during complex motion scenarios such as curve negotiations. These forces
are used to define the balance speed that must be observed in order to avoid derailments during curve negotiations. The
expression of the fluid outward inertia force, can be systematically derived from the inertia force as Fc ¼ ðmf €rcÞ,n, wheremf

is the total mass of the fluid, €rc is the acceleration of the fluid center of mass, and n is the outward unit vector normal to the
curve [16,17]. The position of the fluid center of mass can be derived using the moment of mass as rc ¼ ðRvrrdvÞ=mf .

5. Bulkheads/crude oil contact

The oil/tank and oil/bulkhead contact forces are formulated using a penalty approach in which the interaction forces are
defined as function of the relative displacements and velocities of the bodies in contact at the contact points. The penalty
formulation does not eliminate any degrees of freedom because no contact constraints are imposed on the oil, tank, and
bulkhead motion. The fluid/tank interaction can also be modeled using the concept of the ANCF reference node (RN) [21].
However, the ANCF-RN approach, as compared to the penalty approach, is more restrictive since it eliminates degrees of
freedom, andmay lead to imposing unrealistic constraints on themotion of the fluid. Furthermore, the penalty coefficient can
be adjusted to account for the fluid rheological properties. The resulting penalty-contact boundary problem is referred to as
boundary nonlinearity [43]. In this study, the tank is treated as a rigid body, and frictionless or no-slip boundary conditions can
be imposed at the rigid tank walls according to the fluid rheological properties. The penalty formulation used to define the
contact forces between the oil and a cylindrical tank with half-ellipsoid ends is the same as the one used by Shi et al. [17] and
Nicolsen et al. [16]. In this paper, this penalty contact formulation is extended to the case of a tank with bulkheads, used as
sloshing suppression devices.

5.1. Liquid sloshing suppression methods

The nonlinear dynamic effect generated by liquid sloshing is one of the most challenging problems in the rail, highway,
and aerospace fluid transportation. When a fluid oscillates inside a container, it is subjected, in general, to different sources of
damping: damping at the fluid/tank interface, viscous damping at the fluid free surface, internal fluid damping due to viscous
forces, and damping due to the relative motion between the fluid and sloshing suppression devices, such as baffles [44]. Over
the last 50 years, several analytical, experimental, and numerical methods have been developed to study the dynamic effects
of liquid sloshing in moving containers. The development of analytical methods to predict liquid sloshing loads is not easy,
especially if different damping forces are considered. Scarsi [45] presented analytical and experimental studies on the effect of
liquid viscosity on the sloshing oscillation frequencies. Henderson andMiles [46] andMartel et al. [47] examined the dynamic
characteristics of water waves in cylindrical containers and showed that the damping effect due to the fluid viscosity is
negligible when the tank lateral dimension is close to the wavelength.

When the energy dissipation due to the internal fluid viscosity and the interaction with the tank walls is not sufficient to
damp out the fluid hydrodynamic forces, it is recommended to divide the tank into compartments, also called bulkheads, or
introduce other sloshing suppression devices (such as baffles, floating cans, floating lids, and sound suppressors). The ad-
vantages of these sloshing suppression devices were confirmed by Chiba et al. [48], who conducted experimental tests to
study the effect of fluid viscosity. It was shown that as the tank size increases, the viscous damping effect decreases and the
liquid sloshing amplitude increases. A large number of investigations were devoted to examine the effect of the liquid
sloshing on tanks with different geometries and equipped with different types of baffles [49e59].

5.2. Bulkhead contact forces

Accurate detection of the contact points and precise formulation of the oil/tank contact forces are necessary in order to
study the dynamic interaction between the crude oil and a rail tank car equipped with bulkheads. The position of a fluid point
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on an ANCF element j can be written as rjF ¼ SjFe
j, where SjF ¼ SjðxF Þ is the shape function matrix evaluated at point

xjF ¼ ½xF hF zF �T as shown in Fig. 3, where xF ;hF , and zF are the dimensionless spatial parameters that enter into the definition
of the element shape function matrix. Fig. 4 shows a general contact configuration that will be used in the discussion pre-
sented in the remainder of this section. The global position of the tank reference point T and the orientation of the tank with
respect to the global coordinate system XYZ are defined, respectively, by Rt and by the transformation matrix At . The location

of a bulkhead i is defined in the tank coordinate system xtytzt as ui
B ¼ ½uiBx 0 0�T . In the global reference frame, the position

of bulkhead reference point Bi is defined as riB ¼ Rt þ bi, where bi ¼ Atui
B. The relative position and velocity of the fluid

boundary points with respect to bulkhead i are defined, respectively, as ufb
F ¼ rF � riB and _ufb

F ¼ _rF � _riB. In order to the define

the penetration d and the penetration rate _d, the relative position and velocity vectors ufb
F and _ufb

F must be defined in the tank

body coordinate system as ufb
F ¼ ðAtÞTufb

F and _u
fb
F ¼ �

At	T� _ufb
F � ~utufb

F

�
, respectively, where ~ut is the skew symmetric matrix

associated with the tank angular velocity vector ut. Using these definitions, the penetration and penetration rate are defined

as d ¼ ðth=2Þ � ufbFn and _d ¼ _u
fb
F $bni, respectively, where th is the bulkhead thickness, ufbFn ¼ ufb

F $bni, and bni is the unit vector
normal to bulkhead i, as shown in Fig. 5. The magnitude of the normal and tangential contact forces are defined, respectively,

as fn ¼ kPdþ cP jdj _d and ft ¼ mfn, where kP and cP are the stiffness and damping contact coefficients, and m is the friction
coefficient at the tank and bulkheads walls [60]. In general, the penalty contact force vector at bulkhead i can bewritten in the

global coordinates as FC ¼ Atðfnbni � ftbtiÞ, where bti is a unit vector which defines the tangential direction of the local relative

velocity vector vt ¼ _u
fb �

�
_u
fb
$bni

�bni. The virtual work of the contact forces acting on the fluid and the tank can be written as

dWC ¼ FTCðdrF � driBÞ which can be written for an ANCF element j as dWC ¼ FTCS
jdej � FTC

�
dRt � At ~u

t
PG

t
dqt

�
[61], G

t
is the

matrix that defines the relationship between the tank angular velocity ut and the time rate of the vector of rigid body

orientation parameters qt as ut ¼ G
t _q

t
, and ~u

t
P is the skew-symmetric matrix associated with vector ut

P which defines the
Fig. 4. Bulkheads contact.

Fig. 3. Fluid point F on the outer surface of an ANCF brick element i.



Fig. 5. Oil/bulkhead contact (penetration is magnified).
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location of a tank contact point in the tank local coordinate system. The generalized forces associated with the rigid tank and
with the ANCF element j nodal coordinates due to oil contact with the bulkheads can be written, respectively, as

Q t
CB

T ¼ �FTC
h
I � At ~u

t
PG

t
i
and Q j

CB

T ¼ FTCS
j. The vector of generalized fluid/tank contact forces associated with the nodal

coordinates of ANCF element j can be written as Q j
C ¼ Q j

CB þ Q j
CT , where Q j

CT is the vector of generalized forces due to the
contact between the fluid and the tank walls.

6. MBS equations of motion

In order to perform the nonlinear dynamic simulation of the railroad vehicle systems usingMBS algorithms to examine the
oil sloshing effect, the track geometry and the wheel and rail profiles are first defined at a preprocessing stage. The pre-
processor produces a geometry file used as input to the main processor, which formulates and numerically solves the
nonlinear dynamic equations of motion of the railroad vehicle models [60]. In this study, the rails are treated as rigid bodies,
and their rigid geometry is defined using fully parameterized three-dimensional ANCF beam elements.

6.1. Augmented form of the equations of motion

The general equations of motion of a railroad vehicle model consisting of rigid and flexible ANCF bodies can be written in
terms of the system generalized reference and ANCF nodal coordinates qr and e, respectively. The geometry of the wheel and
rail surfaces are defined using surface parameter s that are treated as non-generalized coordinates and used to predict online
the location of the wheel/rail contact points. Joint constraints and specified motion trajectories are defined using a set of
nonlinear algebraic constraint equations which can bewritten in a vector form as Cðqr ; e; s; tÞ ¼ 0, where t is time. If an elastic
contact formulation is used, the constraint equations are not function of the wheel and rail surface parameters s. The
nonlinear algebraic constraint equations are combined with the system differential equations of motion using the technique
of Lagrange multipliers l. In general, the augmented form of the equations of motion can be written as26664

Mr 0 0 CT
qr

0 Me 0 CT
e

0 0 0 CT
s

Cqr
Ce Cs 0

37775
266664
€qr
€e
€s
l

377775 ¼

2664
Q r
Q e
0
Qd

3775 (10)

where €qr , €e, and €s are, respectively, the second time derivatives of the reference, ANCF, and non-generalized coordinates; Mr

andMe are, respectively, themassmatrix associatedwith the reference and ANCF coordinates; Cqr
, Ce, and Cs are, respectively,

the constraint Jacobian matrices resulting from the differentiation with respect to the reference, ANCF, and non-generalized
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coordinates; Q r and Q e are, respectively, the vectors of generalized forces associated with the reference and ANCF nodal
coordinates, and Q d is a quadratic velocity vector that results from the differentiation of the constraint equations twice with
respect to time. The solution of the preceding equation defines the generalized and non-generalized accelerations as well as
the vector of Lagrange multipliers l, which can be used to determine the constraint forces. It is clear from the preceding
equation that the non-generalized surface parameters s do not have inertia or generalized forces associated with them
[60,62].

6.2. Fluid equations of motion

The fluid (oil) partial differential equations of equilibrium are given by
�
VsT	T þ fb � ra ¼ 0, where s is the Cauchy stress

tensor, fb is the vector of body forces, r is the mass density, and a is the absolute acceleration vector. The Navier-Stokes
equations, which govern the incompressible-fluid behavior, can be obtained by substituting into the partial differential
equations of equilibrium the expression of the Cauchy stress tensor based on the chosen fluid constitutive model. The
incompressibility condition resulting from the fluid continuity equation is reduced to V$v ¼ 0, where v is the absolute ve-
locity vector. Using the continuum-based Lagrangian fluid formulation discussed in this paper, the strong nonlinearity
associated with the convective term of the acceleration vector a ¼ Dvðr; tÞ=Dt ¼ ðvvðr; tÞ=vtÞ þ v$Vv vanishes and the ac-
celeration can be written as a function of the material coordinates X as a ¼ dvðX;tÞ=dt. Applying the principle of virtual work
and using the ANCF displacement field, the partial differential equations of motion can be systematically converted to a set of
discrete ordinary differential equations [21], which can be written as

Mj
e €e

j ¼ Q j
e (11)

whereQ j
e ¼ Q j

b þ Q j
t þ Q j

C � Q j
P þ Q j

v, Q
j
b and Q j

t are the vectors of generalized body and surface traction forces, respectively,

Q j
C is the vector of generalized contact forces, Q j

v is the vector of generalized viscous forces, Q j
P is the vector of generalized

penalty forces, andMj
e is the constant symmetric mass matrix of ANCF element j. Equation (11) can be used with a standard FE

assembly procedure to define the FE mesh equationsMe €e ¼ Q e, where €ej ¼ Bj €e,Me ¼Pne
j¼1B

jTMj
eB

j, Q e ¼Pne
j¼1B

jTQ j
e, and Bj

is a Boolean matrix that defines the element connectivity.

7. Wheel/rail interaction

Oil sloshing can lead to oscillations in the contact forces between the wheels and rails. The variations in the contact forces
as the result of the sloshingmust be quantified in order to have a better understanding of the nonlinear dynamics and stability
of the rail vehicles when transporting hazardous materials such as crude oils. To this end, the wheel and rail geometry and
material properties that enter into the formulation of the contact forces must be accurately defined. For instance, accurate
description of the wheel and rail profiles is necessary to determine the location of the contact points, define the local tangent
and normal vectors, and evaluate the normal contact forces, tangential creep forces, and spin moment that have a significant
effect on the railroad vehicle dynamics and stability.

7.1. Wheel and rail profiles

In this investigation, the wheel and rail profiles are described in a general form using differential geometry methods. The
rail profile can be defined by means of three parametric equations: X ¼ sr1; Y ¼ sr2; Z ¼ f ðsr2Þ, where sr1 is the longitudinal
arc length parameter and sr2 is the rail lateral surface parameter. In the case of a curved track, one needs also to specify the
position and orientation of the rail cross section as a function of the parameter sr1. In railroad applications, a rail track is
constructed by connecting multiple segments at nodes as described in the literature [63]. At the preprocessing stage of the
computer simulation of railroad vehicles, information on each track segment must be provided, including length, curvature,
super-elevation, and grade at the segment nodes.

The wheel surface can be defined by the equation uðs1;s2Þ ¼ ½x0 þ gðsw1 Þsin sw2 y0 þ sw1 z0 � gðsw1 Þcos sw2 �T , where sw1 is a
lateral surface parameter, sw2 is an angular surface parameter, and x0, y0 and z0 are the coordinates of the origin of the profile
coordinate systemwith respect to the wheel coordinate system [60]. The wheel and rail surface parametrization is shown in
Fig. 6. The wheel diameter used in this investigation is 914mm and the profile type is AAR-1B-WF with a 1:20 taper in the
tread wheel section. The rail profile is of type UIC 60.

7.2. Wheel/rail contact

Different approaches have been used in the literature to study the wheel/rail contact. In some approaches, the contact is
treated as a two-dimensional problem while more advanced formulations impose three-dimensional contact conditions. In
this paper, the wheel/rail contact problem is solved using the three-dimensional elastic contact formulation ECF-A proposed
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in Ref. [62]. According to the ECF-A formulation, the wheel has six degrees of freedomwith respect to the rail, the wheel and
rail surfaces have a common normal at the contact points (non-conformal contact), and the contact force is represented by a
compliant force element. The ECF-A method is recommended to study derailment scenarios because it allows for wheel/rail
separation. As previously mentioned, the wheel/rail contact surfaces can be parametrized using the four surface parameters

s ¼ ½sr1 sr2 sw1 sw2 �T . The location of the contact points is defined by solving the set of nonlinear algebraic equations Cðsw; srÞ ¼�
rwr$tr1 rwr$tr2 nr$tw1 nr$tw2

� ¼ 0, where tkl ¼ vrk=vskl , l ¼ 1;2; k ¼ w; r are the tangent vectors to the surface at the
contact point, nr ¼ tr1 � tr2 is the normal vector to the rail surface at the contact point, and rwr ¼ rw � rr is the vector between
the two potential contact points on the wheel and the rail. After determining the surface parameters by solving the system of
nonlinear algebraic equations Cðsw; srÞ ¼ 0 using a Newton-Raphson algorithm, the penetration is calculated as d ¼ rwr$nr .
The normal contact force is defined according to the Hertz's contact theory with the addition of a damping component

proportional to the velocity of the penetration _d as fn ¼ � Khd
3=2 � C _djdj, where Kh and C are the Hertzian stiffness constant

and the damping coefficient, respectively. The creep forces are calculated using Kalker's USETAB routine [64,65].
8. Simulation results

The continuum-based total Lagrangian crude oil formulation discussed in this paper is systematically integrated with a
complex MBS railroad-vehicle algorithm. Different railroad motion scenarios are investigated to study the effect of crude oil
sloshing on the vehicle dynamics and stability. In this investigation, the tank is assumed partially filled with oil in order to
produce significant sloshing. Partially filled tanks have the advantage of lowering the vehicle center of gravity, but result in
more severe sloshing forces and oscillations. The oil inside the tank is meshed using isoparametric ANCF brick (solid) ele-
ments. Each ANCF brick element has 8 nodes and is based on an incomplete polynomial representation [66]. The ANCF brick
elements ensure the continuity of the time-rate of the position vector gradients at each node. Continuity conditions can be
systematically enforced to guarantee position and gradient continuity at the element interface, thus reducing the model
dimensionality. A description of this element displacement field is presented in Appendix A. ANCF brick elements have been
successfully used inMBS truck and railroad-vehicle sloshing simulations [16,17]. Furthermore, the use of ANCF brick elements
to model liquid sloshing problems has been recently validated against experimental and numerical data [67]. The sloshing
Fig. 6. Wheel/rail surface parameters.



Table 2
Crude oil rheological properties.

Crude oil type Density ðkg=m3Þ Dynamic Viscosity ðPa$sÞ Yield stress ðPaÞ
Light 850 0.005 0
Medium 900 10 30
Heavy 1000 100 100

Table 1
Curved track geometry.

Segment points No. Distance (ft) Curvature (Deg.) Super-elevation (in) Grade (%) Right rail cant angle (rad) Left rail cant angle (rad)

A 0 0 0 0 0.025 �0.025
B 100 0 0 0 0.025 �0.025
C 300 3 3 0 0.025 �0.025
D 600 3 3 0 0.025 �0.025
E 800 0 0 0 0.025 �0.025
F 1000 0 0 0 0.025 �0.025
G 1200 �3 �3 0 0.025 �0.025
H 1500 �3 �3 0 0.025 �0.025
I 1700 0 0 0 0.025 �0.025
J 2800 0 0 0 0.025 �0.025
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effects produced by three different crude oils (heavy, medium, and light) are investigated in both cases of curved and straight
tracks. The geometry of the curved track used in this numerical study is defined in Table 1. Among the crude oil constitutive
models presented in Section 2, the Oldroyd type was chosen in order to avoid the numerical difficulties resulting from the use
of non-physics-based rigid-solid/liquid transitionmodel. The physical properties of the three different crude oils are shown in
Table 2. In the case of the braking scenario, both conventional and ECP braking systems are considered. The MBS equations of
motion are integrated numerically using the implicit Hilber-Hughes-Taylor (HHT) algorithm. A reduced integration scheme is
used to alleviate the volumetric locking effects.
8.1. Railroad MBS vehicle model

In this section, two detailed MBS railroad vehicle models used by Shi et al. [17] are considered. These models are used to
demonstrate the implementation of the nonlinear ANCF crude oil sloshing formulation presented in the paper in a compu-
tational MBS railroad vehicle algorithm. The first model is a one-car railroad vehicle equipped with a cylindrical tank with
half-ellipsoid ends, as shown in Fig. 7. The rail car consists of two bogies, two stub sills, and one tank; each bogie includes two
wheelsets, two equalizers, one frame, and one bolster. The wheelsets are connected to the frame using primary suspensions
and to the equalizers using journal bearings. Each bolster is connected to the frame using a pin joint and to the stub sill by
means of secondary suspensions. The stub sills are rigidly connected to the tank. The one-tank railroad vehicle model has 73
degrees of freedom. The second model is a two-car train; the two cars are connected by a coupler modeled using a linear
spring-damper-actuator element, as shown in Fig. 8. In both vehiclemodels, the tank has a length of approximately 12m and a
radius of 1.5m. The dimensions and inertia properties of each car are the same as that presented in the literature [62].
Fig. 7. Freight train car model. (1-Tank, 2-Stub sill, 3-Bolster, 4-Wheelset, 5-Frame, 6-Equalizer, 7-Rail).



Fig. 8. Freight train 2-cars model. (1-Car 1, 2-Car 2, 3-Coupler).
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8.2. ECP braking

Two braking scenarios are considered to study the effect of the crude oil sloshing on the longitudinal stability of the two-
car freight train model. For this model, the stiffness and damping coefficients of the coupler are assumed to be k ¼ 300 MN/m
and c ¼ 200 kNs/m, respectively. In the first case, the braking torque is applied uniformly and simultaneously to the wheels of
both cars in order to simulate the ECP braking scenario. The nonlinear braking torque is designed to reduce the train velocity
from 40 km/h to 5 km/h in 10 s. In the second case, referred to as the conventional braking scenario, the same braking torque
is applied only to the front-car wheels. First, themesh convergencewas examined for the case of ECP brakingwith a tank half-
filled with light crude oil, which experiences larger deformation than the medium and heavy oils. The convergence of the oil
center of mass position is compared in Fig. 9 for three different oil meshes of 32, 48, and 64 ANCF solid elements (900, 1260
and 1620 degrees of freedom, respectively). By examining different curves it is evident that the three meshes lead to results
which are in a good agreement. Fig. 10 shows the fluid deformed shape at different time points during braking for the case of
the 48-element mesh. These results show that the ANCF total Lagrangian formulation can capture complex change in the fluid
free surface geometry. In order to obtain accurate representation of the fluid deformed shape in a reasonable CPU time, the
simulations for the remaining braking scenarios were performed using the 48-element mesh. To capture correctly the large
oil displacement resulting from severe braking torques, the oil mesh was refined near the tank back-end as shown in Fig. 11.

8.3. ECP braking and coupler forces

The effect of ECP braking on the coupler force when transporting different crude oils is shown in Fig. 12. In the case of ECP
braking, as the fluid viscosity increases, the magnitude of the coupler force decreases considerably. In particular, the
maximumvalue of the coupler force in the case of heavy crude oil is approximately 30% less than that of the light oil. The fluid
viscosity also influences the time required for the coupler response to reach steady state (zero force amplitude). In the case of
heavy crude oil, the steady state is reached within the first 7 s of the simulation, while for the light crude oil the coupler
undergoes tension and compression of non-negligible amplitude until the end of the simulation. Effective and fast damping of
the coupler force oscillations is beneficial in increasing its fatigue life and wear resistance; excessive coupler forces can cause
coupler failure. In the case of conventional braking, the coupler is subjected to compression force throughout the entire
simulation, with an average amplitude nearly ten times higher than the ECP braking case. In this case, there are no significant
differences between the coupler forces generated by the three different crude oils. Compared to ECP braking, conventional
braking results in higher compressive coupler forces due to the relative motion between the two cars. Because of the high car
inertia, the higher compressive forces generated during conventional braking are much larger than the liquid sloshing forces
and dominate the coupler dynamics. Fig. 13 shows the longitudinal displacement of the oil center of mass in the case of the
ECP and conventional braking. In both cases, the amplitude of the oil longitudinal oscillation decreases as the oil viscosity
increases. The larger torque generated by the ECP braking results in higher external excitations on the tank, thus in an
increased longitudinal displacement of the oil center of mass. The analysis of the numerical results shows that the oil dynamic
viscosity has a significant effect on the oil sloshing in the case of braking. The longitudinal coordinate of the oil center of mass
is an important indicator of the loading and unloading conditions experienced by the front and rear wheels of each car during
braking. The normal load experienced by the wheels of the front car is shown in Fig. 14 for each braking scenario. The normal
contact forces acting on the front wheels increase as the oil density increases. In the case of ECP braking, it is interesting to
note that the value of the peak contact force for the light crude oil is nearly the same as that of the heavy crude oil. The
explanation for this phenomenon is that the severe longitudinal displacement experienced by the light crude oil counter-
balances the effect of its lower density and leads to higher normal loads on the front wheels. The difference between front and
rear wheel normal contact forces in the case of conventional braking is nearly 40% less as compared to the ECP braking case.



Fig. 9. Coordinates of the oil center of mass in the tank coordinate system. (a) X-position, (b) Y-position, (c) Z-position. ( 900 DOF, 1260 DOF,
1620 DOF).
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Fig. 10. Light crude deformed shape in time (ECP braking). Vertical liquid position is given in meter.

Fig. 11. 48-Element ANCF oil mesh.
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Fig. 12. Coupler force. (a) ECP braking, (b) Conventional braking. ( Light Crude, Medium Crude, Heavy Crude).
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8.4. Effect of using bulkheads

The simulation results already presented in this section demonstrated that the oil viscosity has a significant effect on the
amplitude of the oil oscillations. However, as previously discussed in this paper, as the braking torque and tank size increase,
the viscous damping effect decreases and can become almost negligible. Furthermore, the liquid sloshing loads cannot exceed
certain values, defined by the design specifications, under all possible combinations of external excitations. In order to
effectively control the sloshing motion and prevent vehicle instability during maneuvering, the use of sloshing suppression
devices is recommended. These devices must be carefully designed to avoid the frequency of the sloshing load exciting the
fundamental vibration modes of the vehicle [44]. In this section, the railroad vehicle dynamic response resulting from par-
titioning the tank into three compartments is examined. Fig. 15 shows the predicted coupler force in the case of ECP braking
for a partitioned tank half-filled with light crude oil. The coupler force in the case of the partitioned tank is compared to the
case of the same tankwithout bulkheads. Tank partitioning results in approximately 70% reduction of maximum coupler force
and accelerates reaching its steady state, only in 5 s in this simulation scenario. The effect of the bulkheads on the wheel/rail
normal contact forces is shown in Fig. 16. The resultant normal contact forces are more evenly distributed between front and
rear wheels. In particular, the maximum normal force difference between front and rear wheels is reduced by nearly 60% as
compared to the free tank case. These results are consistent with results previously published in the literature [68e71]. Fig. 17
compares the oil deformed shape obtained in the case of a tank with bulkheads half-filled with light crude, to the fluid shapes
obtained in case of a regular tank filled with three different crude oils at time t ¼ 2s. It is clear that a decrease in the oil
viscosity results in more severe oil deformations.



Fig. 13. X-displacement of the oil center of mass. (a) ECP braking, (b) Conventional braking. ( Light Crude, Medium Crude, Heavy Crude).
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8.5. Curve negotiation

It is important to understand how crude oil rheological properties affect the centrifugal forces, which are the main source
of instability in the case of curve negotiation. The vehicle balance speed is defined in case of rigid body dynamics as v ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

gRh=G
p

, where g is the gravity constant, R is the track radius of curvature, h is the super-elevation, and G is the track gage
[60]. According to the data presented in Table 2 and assuming that R and G are 582m and 1.44m (56.685 in), respectively, the
vehicle balance speed is roughly 60 km/h. In this investigation, the dynamic response of the one-car vehicle model travelling
at the constant speeds of 60 km/h and 100 km/h is examined. The rail car forward velocity is defined in the MBS simulation
using a trajectory coordinate constraint along the track centerline. Fig. 18 compares the value of the lateral component of the
gravity force to the centrifugal force generated by each crude oil at the two different operating speeds. In general, it is
observed that the oil centrifugal forces increase as a function of the density and that their amplitude decreases after the first
curve due to the viscous damping. If the vehicle speed exceeds the balance speed, the oil centrifugal force becomes larger than
the lateral component of gravity. In this case, the increase of the centrifugal force due to higher oil density can produce
unbalance force. According towhat observed in the braking scenario, crude oil viscosity has the effect of reducing the sloshing
forces, including the centrifugal forces. However, even in the case of a heavy crude oil, the level of energy dissipation as the
result of the oil viscosity is not sufficient to reduce the centrifugal force to a value that ensures stability, especially at velocities
higher than the balance speed. As shown in Fig.19, thewheel normal contact force increases as the crude oil density increases.
At the balance speed, the centrifugal force is counterbalanced by the lateral component of gravity, and thus the super-



Fig. 14. Wheel normal contact forces. (a) ECP braking, (b) Conventional braking. (Front wheel: Light Crude, Medium Crude, Heavy Crude, Rear
wheel: Light Crude, Medium Crude, Heavy Crude).

Fig. 15. Effect of bulkheads on the coupler force (ECP braking). ( tank with bulkheads, tank without bulkheads).
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Fig. 16. Wheel normal contact force (ECP braking). (Front wheel: tank with bulkheads, tank without bulkheads, Rear wheel: tank with
bulkheads, tank without bulkheads).

Fig. 17. Oil deformed shape (ECP braking at t¼ 2s). (a) Bulkheads and light crude, (b) Light Crude, (c) Medium Crude, (d) Heavy Crude.
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Fig. 18. Comparison between outward inertia force and lateral component of gravity force. (a) 60 km/h, (b) 100 km/h ( Light Crude, Medium Crude,
Heavy Crude, Gravity LC, Gravity HC, Gravity HC).
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elevation leads to higher normal load on the left wheels in the first curve and on the right wheels in the second curve.
However, when the train speed reaches 100 km/h and the centrifugal force is higher than the lateral component of gravity, the
normal load on the right wheels becomes large in the first curve but decreases in the second curve.
9. Conclusions

This paper is focused on analyzing the effect of crude oil sloshing forces on railroad vehicle dynamics and stability. The
continuum-based ANCF total Lagrangian formulation is used to describe accurately the oil sloshing without imposing any
restriction on the amount of rotation and deformation within the finite element. The most popular crude oil constitutive
models used in the literature are considered. The ANCF generalized viscous forces based on the Bingham, Herschel-Bulkley,
Oldroyd and Casson constitutive models are presented. The Oldroyd constitutive model is used to examine the sloshing effect
in the cases of light, medium, and heavy crude oils during different motion scenarios using two different railroad vehicle
models. In the case of the ECP braking scenario, it is observed that, as the crude oil viscosity increases, and the maximum
coupler force decreases approximately 30% and reaches steady state faster. In the case of conventional braking, no significant
difference in the coupler forces was observed for different crude oil types. In both types of braking, it is observed that the
longitudinal displacement of the oil center of mass, which serves as a good indicator of the variation of the loads on bogies



Fig. 19. Wheel normal contact forces in case of curved negotiation. (a) 60 km/h, (b) 100 kmh. (Right wheel: Light Crude, Medium Crude, Heavy
Crude, Left wheel: Light Crude, Medium Crude, Heavy Crude).
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and rails, decreases as oil viscosity increases. The use of bulkheads leads to 70% reduction of the maximum coupler force, a
faster decrease in amplitude of the sloshing oscillation, and a more even distribution of the normal contact forces on the front
and rear wheels. In the case of curve negotiation, an increase in the oil density results in higher centrifugal forces, which can
lead to unbalance force at a speed higher than the balance speed. Therefore, the oil density is an important factor in
determining the oil volume in a tank.
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Appendix A

The three-dimensional ANCF solid element, with an incomplete polynomial representation, used in this investigation is an
8-node element. The nodal coordinates ejk at the node k of the finite element j can be defined as

ejk ¼
h
rjk

T
rjk

T

x rjk
T

y rjk
T

z

iT
k ¼ 1;/;8 (A. 1)
where rjk is the absolute position vector at the node k of the element j, and rjkx , r
jk
y and rjkz are the position vector gradients

obtained by differentiation with respect to the spatial coordinates x; y and z, respectively. The displacement field of each
position coordinate of the solid fluid element can be defined using an incomplete polynomial with 32 coefficients as
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fðx; y; zÞ ¼ a1 þ a2xþ a3yþ a4zþ a5x
2 þ a6y

2 þ a7z
2 þ a8xyþ a9yzþ a10xz

þa11x
3 þ a12y

3 þ a13z
3 þ a14x

2yþ a15x
2zþ a16y

2zþ a17xy
2 þ a18xz

2 þ a19yz
2

þa20xyzþ a21x
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3 þ a27x
2yz

þa28xy
2zþ a29xyz

2 þ a30x
3yzþ a31xy

3zþ a32xyz
3

(A. 2)
In this equation, ak; k ¼ 1;2;…;32, are the polynomial coefficients. Using this polynomial description, the shape functions
of the ANCF brick element can be derived as follows:

Sk;1 ¼ ð�1Þ1þxkþhkþzkðxþ xk � 1Þðhþ hk � 1Þðzþ zk � 1Þ,
ð1þ ðx� xkÞð1� 2xÞ þ ðh� hkÞð1� 2hÞ þ ðz� zkÞð1� 2zÞÞ
Sk;2 ¼ ð�1Þhkþzkaxxkþ1ðx� 1Þ2�xkhhk ðh� 1Þ1�hkzzk ðz� 1Þ1�zk

Sk;3 ¼ ð�1Þxkþzk bxxk ðx� 1Þ1�xkhhkþ1ðh� 1Þ2�hkzzk ðz� 1Þ1�zk

Sk;4 ¼ ð�1Þxkþhk cxxk ðx� 1Þ1�xkhhk ðh� 1Þ1�hkzzkþ1ðz� 1Þ2�zk

9>>>>>=>>>>>;
k ¼ 1;2;/;8 (A. 3)

where a;b, and c are, respectively, the dimensions of the element along the axes x;y, and z directions, x ¼ x=a; h ¼ y=b; z ¼

z=c, x; h; z2½0;1�, and xk; hk; zk are the dimensionless nodal locations for node k. The position vector of an arbitrary material
point on element j can be written as

rj ¼
X8
k¼1

h
Sk;1I Sk;2I Sk;3I Sk;4I

i
ejk ¼ Sjej (A. 4)

Where I is the 3� 3 identity matrix, Sj and ej are, respectively, the element shape function matrix and the vector of nodal

coordinates which can be written as

Sj ¼
h
S1;1I S1;2I S1;3I S1;4I / S8;1I S8;2I S8;3I S8;4I

i
ej ¼

h
ej1

T
ej2

T
ej3

T
ej4

T
ej5

T
ej6

T
ej7

T
ej8

T
iT �

(A. 5)
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