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ABSTRACT

Optimal Tank Design and Directional Dynamic Analysis of Liquid Cargo
Vehicles under Steering and Braking

Xiaodi Kang

Concordia University, 2001

The stability and dynamic response characteristics of partially-filled tank vehicles
are adversely influenced by the movement of the liquid cargo within the tank. The
directional dynamics and stability characteristics of partially-filled tank vehicles are
analyzed and enhanced through formulation of an optimal tank configuration, and
analytical models for analyses of vehicle responses to steady and transient steering
maneuvers, and combined steering and braking inputs. A generic tank cross-section is
initially proposed based upon an analysis of the currently used tank configurations. Three
different constrained multi-variable optimization functions are formulated and solved to
derive optimal tank cross-sections corresponding to various liquid fill conditions. The
performance potentials of the optimal tank configurations are initially evaluated in terms
of the load transfer properties and static rollover threshold acceleration limit of a partly-
filled tractor-semitrailer tank vehicle through development and analyses of a static roll
plane model. The influence of tank geometry on the directional response and dynamic
roll stability characteristics is further investigated through development and analyses of a
constant-speed three-dimensional model of the tank vehicle. The static and dynamic roll
response characteristics of the vehicle equipped with two optimal tanks are compared

with those of the vehicle with conventional tanks, under various directional maneuvers
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and liquid fill conditions, to demonstrate the superior potential performance of the
optimal tank designs.

A three-dimensional quasi-static model of the partially-filled generic tank is
further developed to study instantaneous liquid load shift in both the roll and pitch planes
under simultaneous applications of lateral and longitudinal accelerations. The tank model
is integrated into a comprehensive variable-speed three-dimensional model of an
articulated vehicle combination to investigate the impact of cargo shift on the dynamic
response of partially-filled tank vehicles under braking-in-a-turn maneuvers. The
dynamic characteristics of tank vehicles are compared with those of the equivalent rigid
cargo vehicles to demonstrate the destabilizing effects of the liquid load shift. The
dynamic responses of tank vehicles are further investigated in view of variations in
vehicle maneuvers, fill volume, road condition, and tank cross-section. From the study, it
is concluded that liquid cargo movement within a tank tends to reduce roll stability limits
and yaw stability limits of the vehicle, when operating on a dry road and a wet/slippery
road, respectively. The performance limits can be considerably enhanced through the use

of the proposed optimal designs.

aive



ACKNOWLEDGEMENTS

The author wishes to express his sincere appreciation to his thesis supervisors, Dr.

S. Rakheja and Dr. I. Stiharu, for their guidance and efforts throughout the course of this

investigation.

The author also wishes to acknowledge Quebec Government, Concordia
University and CONCAVE Research Center for the financial support provided in the
forms of FCAR Doctoral Scholarship, Graduate Fellowship, and Research Assistantship,

respectively.

Thanks are due to the colleagues, faculty and staff of CONCAVE Research

Center and of Mechanical Engineering Department, for their contributions to this study.

Finally, the author would like to express his special thanks to his parents, wife and

other family members for their continuous encouragement and understanding.

-\-



TABLE OF CONTENTS

LIST OF FIGURES
LIST OF TABLES
NOMENCLATURE

N
—

N
o

CHAPTER 1

INTRODUCTION AND LITERATURE REVIEW

General

Review of the Literature

1.2.1 Directional Dynamics and Stability of Heavy Vehicles

1.2.2 Performance Measures Related to Directional Dynamics of Heavy
Vehicles

1.2.3 Liquid Sloshing in Moving Containers

1.2.4 Dynamic Characteristics of Partially-Filled Tank Vehicles

1.2.5 Tank Design and Vehicle Stability

Objectives and Scope of the Dissertation

1.3.1 Objectives of the Investigation
1.3.2 Organization of the Dissertation

CHAPTER 2

A GENERIC TANK CROSS-SECTION AND SHAPE OPTIMIZATION

Introduction
Lateral Liquid Load Shift Analysis of Conventional Tanks

Formulation of a Generic Tank Cross-Section

2.3.1 Coordinates and Independent Parameters of the Generic Cross-

Section
2.3.2 Characteristic Parameters of the Generic Cross-Section

Load Shift in a Partly-Filled Generic Tank (Roll Plane)

Determination of Optimal Tank Cross-Sections

2.5.1 Formulation of Optimization Functions

-\1-

Page

XVl

xvii

61
62

65
66

74



2.5.2 Constraints
2.5.3 Solution Method

2.6 Optimal Tank Cross-Sections corresponding to Various Fill Conditions

2.6.1 Optimal Cross-Sections for Specific Fill Volumes
2.6.2 Optimal Cross-Sections corresponding to Typical Fill Ranges

2.7 Summary

CHAPTER 3

STATIC ROLL STABILITY ANALYSIS OF VEHICLES WITH PARTLY-
FILLED OPTIMAL TANKS

3.1 Introduction
3.2 Static Roll Plane Model of an Articulated Tank Vehicle
3.3 Equations of Static Roll Equilibrium

3.4 Load Shift in Partly-Filled Optimal Tanks

3.4.1 Load Shift Analysis of Optimal Tanks for Typical Fill Volumes
3.4.2 Load Shift Analysis of Optimal Tanks for Typical Fill Ranges

3.5 Rollover Threshold Limits of Partly-Filled Articulated Vehicles with
Different Tanks

3.5.1 Optimal Cross-sections Obtained for Typical Fill Volumes
3.5.2 Optimal Tanks Obtained for Typical Fill Ranges

3.6 Influence of Optimal Tank Geometry on the Stress Distribution of the Tank
Structure

3.7 Summary

CHAPTER 4

CONSTANT SPEED DIRECTIONAL DYNAMIC RESPONSE ANALYSES
OF PARTLY-FILLED TANK VEHICLES

4.1 Introduction

4.2 Constant Speed Yaw/Roll Model of a Partly-Filled Articulated Tank Vehicle

4.2.1 Quasi-Static Model of a Partly-Filled Tank of Generic Cross-section
4.2.2 Constant Velocity Directional Dynamic Model of the Vehicle

Combination
4.2.3 Equations of Motion of the Articulated Tank Vehicle

-vii-

77
77

78

78
81

91

93
99

105

105
109

114

114
119

126



43

4.4

4.5

5.1

5.3

5.4

Directional Maneuvers and Performance Measures

Dynamic Response to Steering Inputs

4 4.1 Constant Load Partial Fill Conditions
4.4.2 Variable Load Partial Fill Conditions

Summary

CHAPTER 5

VARIABLE SPEED DYNAMIC MODEL OF A PARTLY-FILLED
ARTICULATED TANK VEHICLE

Introduction

Three-Dimensional Model of a Partly-Filled Tank of General Cross-Section

5.2.1 Liquid Free Surface Equation
5.2.2 Patterns of Free Surface and Wetted Volume
5.2.3 Liquid Load Shift and Mass Moments of Inertia

Variable Speed Yaw/Roll Model of an Articulated Tank Vehicle

Equations of Motion

5.4.1 Coordinate Systems

5.4.2 Equations of Motion

5.4.3 Tire Forces

5.4.4 Suspension Forces

5.4.5 Constraint Forces and Moments

Method of Solution

Summary

CHAPTER 6

CARGO LOAD SHIFT AND ITS INFLUENCE ON DYNAMIC RESPONSE

6.1
6.2

OF TANK VEHICLES UNDER BRAKING AND TURNING

Introduction

Liquid Load Shift under Braking and Steering Inputs

6.2.1 Cargo Load Shift within a Partly-Filled Tank of Circular Cross-section
6.2.2 Influence of Tank Cross-section on Cargo Load Shift

Vehicle Maneuvers and Performance Measures

6.3.1 Simulation Conditions

—viii-

144

147

148
171

175

Do N
N — -
AN W

N
)
n

o
)
'S



6.3.2 Performance Measures

6.4 Dynamic Response to Combined Braking and Turning Maneuvers:
Cylindrical Tank Trailer

6.4.1 Dynamic Load Shift under Steering and Braking Inputs
6.4.2 Directional Response under Steering and Braking Inputs
6.4.3 Influence of Brake Treadle Pressure

6.4.4 Influence of Cargo Fill Volume

6.4.5 Influence of Road Conditions

6.5 Directional Response of Tank Vehicles with Optimal Tanks

6.6 Summary

CHAPTER 7

CONCLUSIONS AND RECOMMENDATIONS

7.1 Highlights of the Investigation

7.1.1 Formulation of a Generic Tank Cross-section and Shape Optimization

7.1.2 Analysis of Load Shift and Static Roll Stability of Vehicles with
Partly-Filled Optimal Tanks

7.1.3 Directional and Roll Dynamic Response Analysis of Partly-Filled
Tank Vehicles

7.1.4 Development of a Comprehensive Dynamic Model of Partly-Filled
Tank Vehicles for Braking-in-a-turn Analysis

7.1.5 Analysis of Cargo Load Shift and its Influence on Dynamic Response
of Tank Vehicles under Combined Braking and Steering

7.2 Conclusions

7.3 Recommendations for Future Work

REFERENCES

APPENDIX A

INFLUENCE OF TANK CROSS-SECTION ON TANK STRUCTURAL
INTEGRITY

A.1 Finite Element Model of a Generic Tank and its Supports

A.2 Stress Distribution of Various Conventional and Optimal Tanks

A.3 Summary

-IX~



Figure 2.1
Figure 2.2
Figure 2.3
Figure 2.4
Figure 2.5
Figure 2.6
Figure 2.7
Figure 2.8

Figure 2.9

Figure 2.10

Figure 2.11

Figure 2.12

Figure 2.13

Figure 2.14

Figure 2.15

Figure 2.16

Figure 2.17

Figure 3.1

LIST OF FIGURES

Commonly used tank cross-sections in liquid bulk transportation
Roll plane models of partly-filled circular and modified-oval tanks
Liquid load shifts in partly-filled conventional tanks

Schematics of a generic tank cross-section

Coordinate analysis of the generic tank cross-section

Roll plane model of a partially filled generic tank

The intercept of liquid free surface with tank periphery

Possible liquid free surface configurations

Comparison of optimal tank cross-sections derived on the basis of
minimal overturning moment

Comparison of optimal tank cross-sections corresponding to
different limiting values of Z.4 ($=0.5 to 0.9)

Overturning moment arms and their mean values for different
optimal cross-sections and fill volume ranging from 50% to 90%

Sum of overturning moment arms of different optimal cross-sections
for two fill ranges

Comparison of optimal and conventional tank cross-sections

Comparison of optimal tank cross-sections corresponding to
different limiting values of Z.zo and unconstrained perimeter

Overturning moment arms and the average of arms due to load shift
for fill volumes ranging from 50% to 90%

Sum of overturning moment arms as a function of Z g

Comparison of symmetric optimal tank cross-section with those of
the circular and modified-oval tanks

Three-composite-axle representation of a tractor semitrailer tank

-X-

Page

57
59
60

69
69
80

81

84

86
86

89

&9
90



Figure 3.2

Figure 3.3

Figure 3.4

Figure 3.5

Figure 3.6

Figure 3.7

Figure 3.8

Figure 3.9

Figure 3.10

Figure 3.11

Figure 3.12

Figure 3.13

Figure 3.14

Figure 4.1
Figure 4.2

Figure 4.3

vehicle
Roll plane model of the tank vehicle

Force-displacement characteristics of suspension springs of
composite axles

Idealized representation of tractor frame compliance

Comparison of lateral deviations in c.g. coordinates of liquid cargo
within optimal and currently used tanks

Comparison of vertical deviations in c.g. coordinates of liquid cargo
within optimal and currently used tanks

Comparison of trajectories of liquid cargo c.g. within optimal and
conventional tanks (0<a,<0.5 g)

Comparison of trajectories of liquid cargo c.g. within the two sets of
optimal tanks obtained with and without the perimeter constraint
(0<a,<0.5 g)

Rollover threshold acceleration limits of an articulated vehicle with
various tanks as a function of fill volume (variable cargo load)

Comparison of rollover threshold acceleration limits of an
articulated vehicle equipped with optimal and conventional tanks as
a function of fill volume (constant cargo load)

Comparison of rollover threshold acceleration limits of a partly-
filled articulated vehicle with optimal and conventional tanks
(constant cargo load)

Rollover threshold acceleration limits of the vehicle with optimal
tanks obtained with and without the perimeter constraint, and
conventional tanks

Rollover threshold acceleration Ilimits of the vehicle with
conventional and optimal-oval tanks (variable cargo load)

Rollover threshold acceleration limits of the wvehicle with
conventional and optimal-oval tanks (constant cargo load)

Roll plane model of a partly-filled tank of generic cross-section
Roll plane representation of the partially-filled tank vehicle model

Pitch plane representation of the tank vehicle model and the attached

-xi-

95

98

68

107

108

111

115

117

133
138

138



Figure 4.4

Figure 4.5

Figure 4.6

Figure 4.7

Figure 4.8

Figure 4.9

Figure 4.10

Figure 4.11

Figure 4.12

Figure 4.13

Figure 4.14

Figure 4.15

Figure 4.16

Figure 4.17

coordinate frames

Cornering force properties of a radial truck tire as a function of load
and side-slip angle

Aligning moment property of a radial truck tire as a function of load
and side-slip angle

Time history of steady ramp-step steer inputs and path coordinates of
transient maneuvers

Influence of tank cross-section, fill volume and steer angle on the
lateral load shift of liquid cargo within conventional and optimal
tanks (U=60 km/h)

Influence of tank cross-section, fill volume and steer angle on the
roll mass moment of inertia of liquid cargo within conventional and
optimal tanks (U=60 km/h)

Influence of tank cross-section and fill volume on the directional
response of the vehicle (U=60 km/h, J=3 degrees)

Influence of tank cross-section and fill volume on the lateral load
transfer and path trajectory of the vehicle (U=60 km/h, =3 degrees)

Directional response of the vehicle combination with different tanks
to a steady steer input of 1 degree (U=90 km/h, $=0.5)

Directional response of the vehicle combination with different tanks
to a steady steer input of 1 degree (U=90 km/h, 3=0.8)

Articulation angle and path trajectory response of the vehicle
combination with different tanks to a steady steer input of | degree
(U=90 km/h)

Directional response of partly-filled tank vehicles to a path-change
maneuver performed at 100 km/h (=0.5)

Directional response of partly-filled tank vehicles to a path-change
maneuver performed at 100 km/h (=0.8)

Directional response of partly-filled tank vehicles to a evasive
maneuver performed at 100 km/h (=0.5)

Directional response of partly-filled tank vehicles to a evasive
maneuver performed at 100 km/h (=0.8)

-X1i-

139

139

146

151

157

158

161

166

167

168



Figure 4.18

Figure 4.19

Figure 5.1

Figure 5.2

Figure 5.3

Figure 5.4

Figure 5.5

Figure 5.6
Figure 5.7

Figure 6.1

Figure 6.2

Figure 6.3

Figure 6.4

Figure 6.5

Figure 6.6

Figure 6.7

Directional response of the vehicle with different tanks to a steady
steer input of 3 degrees (variable cargo load, $=0.5)

Directional response of the vehicle with different tanks to a steady
steer input of 3 degrees (variable cargo load, p=0.8)

Free surface of liquid cargo under application of longitudinal (Fi)
and lateral (F}) accelerations, and free body diagram of a liquid
element

Liquid free surfaces under longitudinal and lateral accelerations

Patterns of liquid free surface in a partly-filled tank under
simultaneous application of longitudinal and lateral accelerations

Roll plane representation of the partially-filled three-dimensional
tank vehicle model

Pitch plane representation of the partially-filled three-dimensional
tank vehicle model and attached coordinate systems

Tire lateral and longitudinal friction coefficients on a dry road
Suspension forces on a single axle

Variations in coordinates of liquid cargo c.g. as functions of
longitudinal and lateral accelerations ($=0.5)

Variations in roll, pitch and yaw mass moments of inertia of liquid
cargo as functions of longitudinal and lateral accelerations ($3=0.5)

Variations in c.g. coordinates of liquid cargo under application of
longitudinal and lateral acceleration fields

Variations in normalized mass moments of inertia of liquid cargo
under application of longitudinal and lateral acceleration fields

Trajectories of liquid cargo c.g. in the roll, pitch and yaw planes
under applications of a; and a;. (B=0.5)

Trajectories of liquid cargo c.g. in the roll, pitch and yaw planes
under applications of a;. and a; ($=0.8)

Variations in c.g. coordinates of the liquid cargo as functions of
longitudinal acceleration and tank cross-section (a;=0.3 g and

p=0.5)

-xiii-

173

174

179



Figure 6.8

Figure 6.9

Figure 6.10

Figure 6.11

Figure 6.12

Figure 6.13

Figure 6.14

Figure 6.15

Figure 6.16

Figure 6.17

Figure 6.18

Figure 6.19

Figure 6.20

Figure 6.21

Figure 6.22

Variations in c.g. coordinates of the liquid cargo as functions of
longitudinal acceleration and tank cross-section (a,=0.3 g and
B=0.8)

Trajectories of liquid cargo c.g. in the roll, pitch and yaw planes as
functions of longitudinal acceleration and tank cross-section

(a;=0.3 g and $=0.5)

Trajectories of liquid cargo c.g. in the roll, pitch and yaw planes as
functions of longitudinal acceleration and tank cross-section

(a;,=0.3 g and p=0.8)
Steering and braking inputs

Dynamic load factor response of axle wheels under steering and
braking input (7,=68.95 kPa)

Moments induced by variations in the coordinates of the cargo c.g.
under steering and braking input (7,=68.95 kPa)

Directional response characteristics of the liquid and equivalent
rigid cargo vehicles under steering and braking input (Z»=68.95
kPa)

Wheel-slip responses under steering and braking input (7,=68.95
kPa)
Influence of brake treadle pressure on the moments induced by

variations in the coordinates of the cargo c.g. (§=0.5 degree)

Influence of brake treadle pressure on the DLF responses of axle
wheels (6=0.5 degree)

Influence of brake treadle pressure on the directional responses of
the liquid and rigid cargo vehicles (§=0.5 degree)

Influence of brake treadle pressure on the wheel-slip responses
(8=0.5 degree)

Directional response characteristics of the liquid and equivalent
rigid cargo vehicles under steering and braking input (B=0.8,
T,=68.95 kPa)

Moments induced by variation in the coordinates of the cargo c.g.
under steering and braking input (6=0.5 degree, road B)

Directional and roll response of the liquid and rigid cargo vehicles
under steering and braking input (6=0.5 degree, road B)

-Xiv-

231

233

251

[NS]
W
o



Figure 6.23

Figure 6.24

Figure 6.25

Figure 6.26

Figure Al
Figure A2
Figure A3
Figure A4

Figure A5

Figure A6

Figure A7

Figure A8

Figure A9

Figure A10

Figure A1l

Figure A12

Figure A13

Wheel-slip response under steering and braking input (&~=0.5
degree, road B)

Axle lateral force response under steering and braking input (§=0.5
degree, road B)

Dynamic load factor response of the vehicle with various tanks
under steering and braking input (5=0.8 degree, 7,=10 psi, road A)

Directional and roll response of the vehicle with various tanks
under steering and braking input (6~=0.8 degree, 7,=10 psi, road A)

Schematic diagram of a generic tank and its supports
Geometric model of a generic tank and its supports
Quarter finite element model of the tank and its supports
Stress contour of the quarter circular tank

Stress distribution along longitudinal direction of the quarter
circular tank

Stress contour of the quarter modified-oval tank

Stress distribution along longitudinal direction of the quarter
modified-oval tank

Stress contour of the quarter OPT1 tank

Stress distribution along longitudinal direction of the quarter OPT1
tank

Stress contour of the quarter OPT2 tank

Stress distribution along longitudinal direction of the quarter OPT2
tank

Stress contour of the quarter Opt.5 tank

Stress distribution along longitudinal direction of the quarter Opt.5
tank

XV~

260

261

307

316

317

318

319



Table 2.1

Table 2.2

Table 2.3

Table 2.4

Table 3.1

Table 3.2

Table 3.3

Table 3.4

Table 3.5

Table 4.1
Table 4.2

Table 4.3

Table 5.1

Table 6.1

LIST OF TABLES

Liquid free surface configurations and sets of integrals

Geometric parameters of conventional and optimal cross-sections
corresponding to different fill volumes

Geometric parameters of optimal cross-sections corresponding to
different limiting values of Z.g (B=0.5 to 0.9)

Geometric parameters of optimal cross-sections corresponding to
different Z 4 (without perimeter constraint)

Simulation parameters of the tank vehicle used in the analysis

Comparison of load c.g. shift within tanks of various cross-sections
(a,=0.4 g and &,;=7 degrees)

Comparison of load c.g. shift within the two sets of optimal tanks

Relative gains in rollover threshold limits of the vehicle with
optimal tanks (OPT1 & OPT?2): constant cargo load

Relative gains in rollover threshold limits of the vehicle with
optimal tanks (OPT1, and OPT2,): constant cargo load

Description of symbols used in constant speed yaw/roll model
Simulation parameters of a five-axle tank vehicle combination

Lateral acceleration rearward amplifications of the vehicle with
various tanks

Domains of volume integration

Simulation parameters of a five-axle tractor-tank-semitrailer

combination

-XVI-

Page

72

80

87

104

111



Symbol
ar .
ap

e, Ay A= 2

Ay=i 2

Uxa, Uy, A2 2

ay
ayy -

a, :

AT,‘jI

b; :

Bh Ch DI: EI :

B, :
co :
Ci:
G o

NOMENCLATURE

acceleration vector of sprung mass f (=1, 2)

Description

acceleration vector of liquid cargo c.g.

longitudinal, lateral and vertical components of acceleration vector of

liquid cargo c.g.

vertical acceleration of unsprung mass /

longitudinal, lateral and vertical components of acceleration vector of

trailer sprung mass

lateral acceleration imposed on liquid cargo during steady turnin

lateral acceleration at c.g. of tractor sprung mass

rollover threshold acceleration limit

wetted tank cross-section area under static cundition

tank cross-section area

estimated liquid volume per unit tank length

matrix of vehicle parameter coefficients in static roll analysis

aligning moment due to tire j on axle 7

half-track width of inner tires on axle 7

(o4
>

stiffness factor, shape factor, peak value and curvature factor in tire

Magic Formula

brake torque coefficient

constant in three-dimensional liquid free surface equation

viscous damping coefficient

Instantaneous c.g. position of liquid cargo within a partly-filled tank

-xvii-



DLF :
DLF[ :
DLF, :

Jfe:

[t

Fov, Fayo Fg-:

F[_\', Fl_n FI::

static c.g. position of liquid cargo within a partly-filled tank
suspension Coulomb friction
dual tire spacing of tires on axle /

maitrix for coordinate transformation from ith unsprung mass system to
fthe sprung mass system

matrix for coordinate transformation from fth sprung mass system to
the inertial system

wheel dynamic load factor

left wheel dynamic load factor

right wheel dynamic load factor
right-hand-side equation of a tank cross-section

right-hand-side equation of arc i (=1, 2, ..., 5) of a generic tank cross-
section

liquid free surface equation
forces due to gravity of trailer sprung mass and liquid cargo

bo-dy forces per unit mass of liquid along tank body-fixed OX, OY and
OZ directions

lateral force acting through the ith roll center

tire response variable in the Magic Formula

longitudinal force developed at the Ath tire-road interface
lateral force developed by tires on axle /

instantaneous vertical loads on right- and left-wheels of an axle
instantaneous vertical loads on right- and left-wheels of axle
forces developed by left and right suspension springs on axle i
vettical force due to tire j on axle /

lateral force developed at the jth tire road interface on axle /

—xviii-



g

h

hy :

H; H>:
H,.;:

Hyi:

Iny Jn» Kn:
iy, Jspy kg

Luis Juis kui :

I Ly Iy

[.\'Ia [1'1’ [:[ :

Lz, Lz, I

].\'ni :
[:ui .

Jki

KOVTy -
KT,] .

KY,_',‘Z

Ly Jos kx_,:

acceleration due to gravity

fill height of liquid cargo in a tank

intercept of liquid free surface with Z-axis

overall width and height of a tank cross-section

height of the /th roll center from the ground plane

height of the ith unsprung weight center from the ground plane
a right-hand orthogonal coordinate system fixed in space
body-fixed axis system on sprung mass /°

body axis system fixed on unsprung mass /

unit vectors describing body coordinate system fixed on sprung mass
unit

roll, pitch and yaw mass moments of inertia of sprung unit

roll, pitch and yaw mass moments of inertia of liquid cargo about tank
body-fixed axis system

roll, pitch and yaw mass moments of inertia of liquid cargo with
respect to tank trailer sprung mass system

roll mass moment of inertia of unsprung mass /

yaw mass moment of inertia of unsprung mass /

effective mass moment of inertia of the Ath wheel about its spin axis
torsional compliance of tank-trailer structure

spring rate of the jth suspension spring (=1, 2) on axle /

torsional compliance of tractor frame

roll-resisting stiffness of tire j on axle ¢

vertical stiffness of tire j on axle /

lateral stiffness of tire / on axle /

tank length

-X1X-



Lir:

L, :
LTR:
m

my, np
Ny, :
My, My, M- :
M, :
M,y :
M. :
M,z :

M, rdil

A/[rll' .
N/, Ng :

Opt.1-Opt.5:

OPT!, OPT2:

OPTI,, OPT2,:

OVT;:
Prqnity:
Pui :
Prsdps Fre

P:

effective overturning moment

perimeter of a tank cross-section

lateral load transfer ratio

mass of sprung unit f°

mass of liquid cargo

unsprung mass I

roll, pitch and yaw moments due to liquid cargo
overturning moment due to liquid cargo

roll moment due to torsional compliance of tractor frame
roll moment due to shear force acting on tractor frame
roll moment due to vertical load on fifth wheel

roll moment due to torsional compliance of fifth wheel and trailer
structure

roll moment due to liquid cargo
axle numbers on a sprung mass unit

optimal tanks obtained under five typical fill volumes (40%-70% and
100%)

optimal tanks obtained under two typical ranges of fill volumes (50%
to 70% and 70% to 90%) with perimeter constraint

optimal tanks obtained under two typical ranges of fill volumes (50%
to 70% and 70% to 90%) without perimeter constraint

roll-resisting moment developed at the jth tire-road interface on axle /
rotational velocities (roll, pitch and yaw rates) of sprung mass f/°
roll rate of unsprung mass /

angular accelerations of sprung mass f°

liquid pressure

“XX-



Si °

S/,, S\- :

Tbki
Tbsi
Ty

Up, vy wy:

u,, f!f, xi’f:

U:

Ui :

U}' .

U}ZZ

treadle pressure

effective line pressure in brake system &

domain of area integral

vector of vehicle parameter coefficients in static roll analysis
radius of a circular arc

radius of circular arc / of a tank cross-section (=1, 2, ..., 5)
effective radius of tires on axle /

effective rolling radius of Ath wheel

rearward amplification ratio

time in second

half the suspension lateral spread of axle {

horizontal and vertical shifts in tire Magic Formula

time

braking torque about spin axis of the kth wheel

total brake torque due to all four brakes on a tandem set
tandem axle spread

translational (longitudinal, lateral and vertical) velocities of sprung
mass f

translational accelerations of sprung mass f°

vehicle forward speed

minimization function based upon overturning moment due to liquid
cargo

minimization function based upon liquid lateral load shift

minimization function based upon weighted sum of liquid load shift
and c.g. height

-XXi-



Usito :

Ury:

Ut‘)zt

Wi -
W -
W, :
Wi
w, :
Wi
Wg :
X

Xp, Xp2 -

X, Y, Z;:

Xn, Yo, Zn :

/Ym' :

minimization function based upon overturning moment due to liquid
cargo for a range of fill volumes

minimization function based upon liquid lateral load shift for a range of
fill volumes

minimization function based upon weighted sum of liquid load shift
and c.g. height for a range of fill volumes

domain of volume integration

initial fill volume of liquid within a tank

estimated volume of liquid within a tank

weight of tank trailer structure

fifth wheel load

sprung weight supported by front axle due to tractor alone
vertical shear force acting through tractor frame

weight of liquid cargo in a tank

sprung weight supported by rear axle due to tractor alone
sprung weight supported by axle /

weight of tank semitrailer structure

unsprung weight /

weighting factor corresponding to fill volume ratio 3

tire service variable in the Magic Formula

longitudinal distance between origin of tank body axis system and c.g.
of tank trailer sprung mass

instantaneous longitudinal, lateral and vertical c.g. coordinates of liquid
cargo in terms of tank body-fixed system

instantaneous c.g. coordinates of liquid cargo in terms of tank trailer
sprung mass system

longitudinal location of axle / from c.g. of the sprung mass to which the
axle is attached

-XXil-



Yt
Y cis Zci :
Y, Z;:

),III(I_\’ :

Yi,Zp:

Yi,2Z4:

Yg,Zgi

Zyi:

Zyi:

Zic, Zpp -
Zar 2 -
A:

AX :

AX), AY), AZ;:

AYp:

lateral and vertical coordinates of a point on periphery of a tank cross-
section

lateral displacement of tires on the outside of the tumm on axle 7
coordinates of center of arc 7 of a tank cross-section
coordinates of arc intersection points of a tank cross-section

maximum value of Y-coordinate of entire periphery of a tank cross-
section

static c.g. coordinates of liquid cargo in terms of tank body-fixed
system

coordinates of left-hand-side intersection point (4) of liquid free surface
with the tank cross-section

coordinates of right-hand-side intersection point (B) of liquid free
surface with the tank cross-section

vertical distance between fifth wheel and c.g. of the ith sprung weight
vertical distance between tank base and c.g. of tank trailer sprung mass
tank cross-section c.g. height

upper limit of tank cross-section c.g. height

vertical height of tractor frame with respect to c.g. of the ith sprung
weight

vertical distance between the ith roll center and c.g. of the sprung mass
vertical distance between c.g. of unsprung mass and roll center on axle i
equations of lines AC and BD in terms of X-coordinate

equations of curves AF and BH in terms of X-coordinate

symbol put in front of a variable to represent variation of the variable
variation in vehicle response vector

variations in c.g. coordinates of liquid cargo

lateral deviation of cargo c.g. under a steady lateral acceleration and
specified fill ratio S

-XXI1ii-



a
a;
Gy -

B :
Br, Bu -

Y/v “{37 1{3 .

@ :

73

Osps Qsp, Qs

gsi :

eui :

gradient of liquid free surface in the pitch plane

angle of circular arc /7 of a generic tank cross-section (i=1, 2, ..., 5)
pitch angle of unsprung mass 7

liquid fill volume ratio

lower and upper limits of fill volume ratio

vector of design variables

front wheel steer angle

suspension spring deflection

liquid volume error per unit tank length

articulation angle

weighting factors for liquid load shift and c.g. height (4Y;, 4Z; and Z,.)
in tank optimization solution

gradient of liquid free surface in the roll plane
road adhesion coefficient

roll, pitch and yaw angles of sprung mass f
roll angle of sprung weight supported by axle /
roll angle of unsprung weight /

mass density of liquid cargo

angular velocity of A&th wheel about its spin axis

-XXIV-



CHAPTER 1

INTRODUCTION AND LITERATURE REVIEW

1. 1 GENERAL

Heavy vehicles with their high center of gravity (c.g.), and excessive weights and
dimensions are known to exhibit lower directional stability and controllability limits than
the other road vehicles, such as passenger cars and light trucks. Such vehicles thus pose
relatively higher risks to highway safety. A review of heavy vehicle accidents in the U.S.
and Canada revealed that heavy trucks were involved in 28% of single vehicle accidents,
as compared with 19% for passenger vehicles [1]. Highway accidents involving heavy
vehicles may cause significant amount of property damage and human fatalities [2]. Most
heavy vehicle accidents result from maneuver induced instabilities, such as roll instability
and yaw instability. Rollover is the most dangerous mode of instability, which may
develop during comering, lane change, or braking-in-a-turn maneuvers. Particularly, the
rollover immunity levels of heavy commercial vehicles are known to be so low that a
moderately severe maneuver can cause significant destabilizing forces and moments
leading to vehicle rollover. It has been estimated that about 14% of trucks involved in
fatal accidents rolled over and nearly 60% of truck driver fatalities occurred in rollover
events [2].

A roll instability occurs whenever the overturning moment, generated by the
centrifugal forces, exceeds the net stabilizing moment. For articulated vehicles, roll

instabilities are initiated at the trailer’s axles due to excessive load transfer with only



minimal changes in the dynamic response of the tractor. When the normal load acting on
the trailer’s tires approaches zero, the tires lose contact with the ground indicating the
onset of a potential rollover. The yaw instability, caused by braking and steering
maneuvers coupled with lock-up of axle wheels, may be classified into three different
types: (i) jackknifing or extensive tractor yaw motion, which may occur when the
tractor's rear axle wheels experience lock-up; (if) trailer swing or trailer yaw motion,
which may occur when the trailer’s axle wheels experience lock-up; and (iii) snaking or
trailer lateral oscillation, which is inherent and may be easily excited by rapid steering
inputs or external perturbations at high speeds [3, 4]. The last type of instability, also
termed as the flutter mode oscillation, is characterized by periodic yaw motion of the
trailer about its equilibrium position, while the jackknifing and trailer swing represent a
sudden and violent loss of control, and are usually followed by a rollover. Furthermore,
heavy vehicles may experience loss of directional control, also termed as plow-out, which
may occur when the tractor’s front axle wheels experience lock-up [5]. As a consequence
of the amplified directional motion of the rearmost trailer, the vehicle combination
becomes more susceptible to rollover.

Tank vehicles are extensively used for transportation of liquid cargoes, which
frequently involve hazardous materials, such as flammable, toxic, corrosive and other
chemical products. According to HMIR (Hazardous Material Incident Report) [6, 7],
most hazardous materials are carried in bulk and 79% of them are transported by tank
vehicles, of which most are tractor semitrailer combinations. Tank vehicles, employed in
general purpose chemical transportation, are often partially-filled due to regulations

governing the maximum axle loads and variations in the weight density of various liquid



products, while those employed in fuel transportation encounter partial fill conditions
during their delivery routes. In addition to the heavy vehicle design characteristics,
partially-filled tank vehicles pose additional safety problems due to the unique
interactions between the vehicle and the moving cargo inside the partially-filled tank. The
cargo movement, referred to as sloshing within the tank, coupled with the dynamics of
the heavy vehicle, increases significantly with increase in vehicle weights and
dimensions. The forces and moments arising from a directional maneuver may yield
considerable dynamic load shifts in the roll and pitch planes due to the sloshing of the
load within the partially-filled tank, resulting in significant reduction in the longitudinal
and lateral stability limits, and high local pressures and stresses/deformations, which may
cause structural failure [8-10]. The wvariety of factors to be considered for safe
transportation of bulk liquids includes adequate loading and unloading procedures,
structural integrity of the tank to withstand stresses due to liquid surge, containability in
the event of an accident, and enhanced stability and controllability limits of the vehicle
[11]. The potential safety hazards posed by partially-filled tank vehicles are directly
related to their directional dynamics and stability limits as well as structural integrity of
the tank. The handling and stability characteristics of tank vehicles are thus dependent on
factors other than the normal trucking practices, such as tank geometry, high and variable
center of gravity (c.g.) location, liquid fill level, lateral and longitudinal load shifts during
turning, braking and lane change type of highway maneuvers, as well as liquid-structure
interactions.

With the increase in the volume of motor vehicles carrying dangerous liquids,

accidents involving such vehicles have gained increased attention due to the associated



unreasonable risks to health, safety, and property in commerce. This necessitates critical
examination of the accident experiences in order to ratify the problem and avert the
potential hazards. Various studies on accident analyses have indicated that tank vehicles
are involved in single vehicle highway accidents at a higher rate than the rigid cargo
vehicles [12-15]. The analysis of the road accidents involving single tank vehicles on
Canadian roads showed that most of the accidents occurred while performing a comnering
or lane change maneuver, where the liquid sloshing was considered as a major factor
contributing to the vehicle accidents [11-13]. An investigation by Rohm and Haas
Company [15] revealed that vehicle rollover was the primary cause of spillage of
dangerous liquids, and in many cases the accidents resulted in secondary fires and/or
explosions, human fatalities, economic loss and environmental damage. It has been
further reported that majority of the cases of cargo spillage are attributed to the puncture
of tank shell, which mostly occurs in accidents involving rollover and crash [15, 16].
Although the existing accident data are often incomplete and even contradictory, the
reported data invariably emphasize the importance of tank vehicle operational safety
against maneuver-induced instability, attributed to cargo sloshing and other related
factors.

In view of the consistent increase in the volume of motor vehicles carrying
dangerous liquids and relatively higher risks associated with accidents involving such
vehicles [15-20], it is essential to explore alternate design and operational measures to
enhance their maneuver stability and structural integrity, and to ensure that cargo tank
vehicles possess safety performance characteristics that are either comparable to or better

than those of the other highway vehicles. While the directional response and stability



characteristics of various conventional heavy vehicles carrying rigid cargoes have been
extensively investigated in the past, only a few attempts have been made towards analysis
and enhancement of vehicle stability and controllability under the influence of cargo
movement. The studies on safety performance of partially-filled tank vehicles have been
primarily limited to either the roll plane or the pitch plane analysis, and lack a complete
integration of vehicle dynamics with a three-dimensional cargo slosh analysis as well as
effective design recommendations to enhance the vehicle safety characteristics.

The primary objective of this disseriation research is thus formulated to contribute
towards enhancement of highway transportation safety through systematic analysis of the
directional response and stability characteristics of tank vehicles, as well as formulation
of new design concepts and recommendations. This dissertation research involves the
study of road tank design through formulation and optimization of a generic tank
configuration, effects of optimal tank geometry on the stability characteristics of tank
vehicles through development and analyses of static roll plane and dynamic yaw/roll
vehicle models, evaluations of tank vehicle dynamic behavior under typical braking in
turming maneuvers through development and analyses of a three-dimensional tank vehicle
model with variable speed, and structural integrity of different tank designs. A review of
the literature on directional dynamics and stability characteristics of heavy vehicles,
performance measures related to directional dynamics of heavy vehicles, liquid sloshing
in moving containers, and road tank designs is presented in the following section to

formulate the scope of this dissertation research.
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1.2 REVIEW OF THE LITERATURE

Research on safety performance of tank vehicles encompasses studies on
dirt_e_gtjpnal dynamics and stability of conventional heavy vehicles, liquid sloshing
dynamics in moving containers, and liquid-vehicle interactions. Various reported studies
on these aspects are therefore reviewed to build a knowledge base on design and analysis
methodologies, and to develop the scope of the dissertation research. The published
works relevant to various aspects of this investigation are reviewed and grouped under
different subjects in the following subsections to derive appropriate methodologies and

the scope of the dissertation research in a systematic manner.

1.2.1 Directional Dynamics and Stability of Heavy Vehicles

Due to increased concemns towards highway safety, the directional dynamics and
stability characteristics of various configurations of heavy vehicles have been extensively
investigated during the past three decades. These studies have evolved into a series of
safety performance measures, and weight and dimensional regulations. A large number of
analytical vehicle models of varying complexities have been developed for dynamic
analyses of heavy vehicles under various operating conditions [3-5, 21-49]. The degrees
of freedom associated with the models vary considerably, depending upon the number of
axles and units of the vehicle combinations, the analysis objectives and simplifying
assumptions. Simple models have been used to assess the performance of vehicle systems
or subsystems in the linear range, under constrained directional motions, while more
comprehensive models are employed to derive the vehicle response with appropriate
consideration of highly complex and nonlinear force generating subsystems, such as tires,

suspensions, articulation mechanisms and brake system.



The studies on heavy vehicle dynamics and stability have been thoroughly
reviewed in many published articles [3, 5, 22, 23, 29, 31, 33, 34, 43, 49]. A review of
research efforts starting from early works in 1937 on the dynamic performance of
articulated highway vehicles was published in 1971 by Dugoff and Murphy [23]. Of the
cited references, about one third related to directional response (lateral and yaw) of the
vehicles to steering inputs and external disturbances, including steady-state turning,
directional stability analyses, aerodynamic effects on dynamic stability, simulation of
nonlinear effects and experimental investigations. The others pertained to theoretical
analysis and experimental works on braking performance as well as directional response
to combined steering and braking inputs. It was concluded that the most significant
contributions to the advancement of knowledge in the dynamics of articulated vehicles
could be made through more accurate characterization of tire mechanics, validation of
predictive models of vehicle performance and the use of these models to assess the
potential for loss of control over a wide range of vehicle parameters and operating
conditions. [n 1982, Vik [29] conducted a more detailed review on the lateral dynamics
of commercial vehicle combinations based upon nearly 250 published studies dealing
with directional performance, roll dynamics, braking performance as well as combined
steering and braking characteristics of tractor-semi-trailers, truck-trailers and multi-
articulated vehicles. It was concluded that the dynamic behavior of articulated vehicles
has not been addressed to sufficient details. Nalecz and Genin [5] presented a review of
the dynamic stability of heavy articulated vehicles in 1984 on the analytical and
experimental investigations into undesirable response characteristics of heavy

commercial vehicles, including loss of control during braking, directional instability



during cornering, roll instability and amplified directional motions. The most recent
review of studies on static stability of articulated commercial vehicles emphasizes on the
results attained from analyses of ‘Highway Trains’, the vehicle combinations with

multiple articulation points and multiple axles [33].

1.2.1.1 Directional dynamic analyses

The earlier studies on analyses of heavy vehicles were primarily based upon yaw
plane dynamics of straight trucks and articulated vehicle combinations to study their
lateral stability performance. The yaw and lateral directional dynamic response
characteristics of various heavy vehicle combinations have thus been extensively
investigated through development and analyses of various linear and nonlinear yaw plane
models. While majority of the reported yaw-plane models assume linear-cornering
characteristics of the tires, some studies have incorporated nonlinear cornering properties
of tires based upon regression functions and Magic Formula.

Jindra [50-52] was one of the first to derive a complete set of linear differential
equations for analyzing the yaw plane motions of articulated vehicles, and investigated
the problems of directional stability and control of tractor-semitrailer, tractor-trailer and
tractor-double-trailer combinations traveling at a constant forward speed in a steady turn.
The vehicles were treated as linear dynamic systems, and the generalized coordinates
were considered as the lateral and yaw motions of the tractor, and the yaw displacement
of the trailers relative to the tractor. The roll degree-of-freedom (DOF) of the tractor and
trailer bodies together with bounce and pitch were neglected in the analyses, while the
changes in the vertical loads of the tires were incorporated through an approximation

function. The cornering properties of the tires were assumed to be linear functions of the



sideslip angles, while the studies were restricted to small oscillations. The analyses were
performed to investigate two basic problems of vehicle handling: (i) control of the
vehicle combination to follow a desired circular path, associated with the steady-state
solutions; and (if) the dynamic stability against external disturbances, derived from the
solution of the characteristic equations. The influence of various design parameters, such
as position of c.g., fifth wheel location, trailer length, loading condition, yaw moment of
inertia, and tire characteristics, on steering characteristics and dynamic directional
stability of the vehicles were studied by analyzing the characteristic equations. It was
concluded that the amplitude of yaw oscillations of the trailer increases with an increase
in the yaw moment of inertia of the trailer body, and an increase in drawbar length and
trailer wheelbase results in reduced yaw oscillations. The strong influence of forward
speed on the directional stability of the vehicle combinations was also emphasized. These
models clearly predicted the periodic yaw response of the trailer about its equilibrium,
but did not yield information about aperiodic trailer swing and jackknifing due to lack of
a bounded and nonlinear tire model.

Ellis [53] developed a non-linear yaw plane model of an articulated vehicle,
similar to that developed by Jindra [50-52], while it incorporated the dynamics due to
unsteady forward vehicle speed and large angles between the tractor and semitrailer. The
nonlinear tire properties were characterized as a polynomial function and the
characteristic equation was used to study the stability of the vehicle. It was shown that the
position of the fifth wheel and the location of trailer load are significant factors in the
design and operation of the tractor semitrailer vehicle, and that friction at the fifth wheel

causes a considerable variation in handling characteristics, particularly on round-abouts.



Schmid [54] investigated the lateral stability of an articulated vehicle by examining the
roots of the governing characteristic equation derived for a linearized mathematical
model with three-DOF, including lateral and yaw motions of the tractor and the trailer
yaw motion. The equations of motion were derived upon incorporating the influence of
braking and acceleration, and the conditions of instability were derived from the
characteristic equation. Using the yaw plane model, Schmid found that an aperiodic
deviation from the desired direction of travel (aperiodic instability) is influenced by the
position of the resultant tire side force of the hauling vehicle with respect to the common
c.g. of the actual mass of the hauling vehicle and the trailer mass component horizontally
supported at the pin of the hauling vehicle. The study concluded that the resultant tire
side force should be applied behind the common c.g. in order to ensure the yaw stability
of the truck-trailer combination. The vehicle combination tends to deviate from its
desired path above a certain traveling speed, when this condition is not fulfilled. Pacejka
[55] used a linearized yaw plane model of an articulated vehicle to study its handling
characteristics during steady-state turning. Nalecz and Genin [5] concluded that heavy
vehicles, in general, begin to show unstable behavior as the lateral acceleration
approaches 0.3 to 0.4 g, depending upon the tire-road interactions. V1lk [56] examined the
yaw stability of articulated freight vehicles through analysis of a linear yaw plane model.
From the steady and transient turning analyses, it was concluded that a tractor-semitrailer
vehicle preserves yaw stability at speeds exceeding 70 km/h, while a tractor-trailer
combination becomes oscillatory unstable at speeds beyond 60 km/h.

Mikulcik [57] was the first to make extensive study of the cornering and braking

behavior of tractor-semitrailer combinations in the nonlinear region of operation. A more
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general mathematical model was developed to study the directional response of a three-
axle tractor-semitrailer subject to large steer inputs. Subject to the constraints posed by
the fifth wheel, the model incorporated the yaw, pitch and roll, longitudinal, vertical and
lateral motions of both the tractor and trailer units. The analyses were performed to study
the nonlinear jackknifing behavior, and it was shown that the conclusions derived from
the linear theory could be completely different from those derived from a nonlinear
theory. Jackknifing is directly dependent upon nonlinearities in the vehicle system, which
may become evident under certain conditions of operation. This, however, is entirely
ignored when the equations are linearized about the vehicle’s equilibrium. The study also
showed the possibility of jackknifing even in the absence of braking under limit steering
conditions. The nonlinear system model was further used to evaluate the effects of
different braking procedures and stabilizing elements at the fifth wheel on the stability
and control of the vehicle. Mikulcik’s model was later extended and generalized for more
complex studies [58-61]. Mikulcik [62] also developed a set of algebraic equations to
determine the stability boundaries of a car-trailer system. A general criterion governing
both the oscillatory and aperiodic stability was derived using the Routh criterion. The
graphical representation showed a stable region bounded by limits of oscillatory and
aperiodic instabilities.

A comprehensive linear yaw plane model was developed to investigate the lateral
and yaw response of tractor-trailer combinations comprising multiple units with multiple
axles by Mallikarjunarao and Fancher [64] based on the work of Jindra et al. [50-52]. The
comering forces and aligning moments generated at the tire-road interface were assumed

linear functions of the side-slip angle of the tire and the longitudinal slip introduced by
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the dual tire sets. Each unit of thwe articulated vehicle was assumed as a rigid body, and
the unsprung masses were assumned to be rigidly attached to their respective sprung
masses. The characteristic equations for the linear yaw plane model were developed, and
the natural modes of oscillation and the directional stability limits of the vehicle were
evaluated using eigenvalue analysis. Directional response characteristics of the Michigan
double tanker were also investigated via computer simulation, and compared with those
of other freight vehicles to demonstrate the performance potential of a modified hitch.
The study concluded that the lateral acceleration response of the pup-trailer of a
Michigan double tanker is signifi cantly larger, when compared with that attained by the
tractor during an obstacle-avoidance maneuver performed at highway speeds. This
rearward amplification of laterall acceleration response was considerably reduced by
increasing the rigidity of the pimtle-hook connection. This yaw plane model has been
extensively used for directional amalyses of various heavy vehicles [65-69].

A comprehensive nonlimear yaw plane model of an articulated vehicle
incorporating the kinematics and dynamics of externally mounted articulation dampers
and nonlinear comnering characteristics of tires was developed by Vallurupalli and
Rakheja et al. [70, 71] to study the influence of articulation dampers on the yaw and
lateral response of the vehicle. A kinematic analysis of the dampers, mounted externally
to the articulation mechanism of the articulated vehicle, was performed to derive the
lateral damping forces and yaw damping moments acting on the sprung masses. The
cornering forces and aligning moments of the radial tires were characterized by a
nonlinear function in normal load, sideslip angle and pneumatic trail. The equations of

motion of the vehicle were solve=d for high speed lane-change and evasive maneuvers,



and it was concluded that additional articulation damping significantly reduces the
comnering demand on the tires, and thus improves the lateral and yaw stability limits of

the vehicle combination.

1.2.1.2 Roll dynamics analyses of heavy vehicles

The yaw plane models can provide effective assessment of rearward
amplification, dynamic off-tracking, as well as yaw and lateral stability limits of heavy
vehicle combinations. Such models offer considerable advantages in which relatively
fewer number of parameters are required to evaluate the directional performance of the
vehicle with reasonably good accuracy. The major limitation of the models is their
inability to evaluate the roll stability limits of the vehicles, since the contributions due to
roll and pitch motions as well as suspension dynamics can not be evaluated. Various
reported studies on highway accidents have clearly established rollover as a common
mode of failure for heavy vehicles [72-77]. The rollover property of a vehicle is strongly
related to its static rollover threshold, defined as the maximum level of lateral
acceleration that the vehicle can withstand without overturning under a steady-turning
maneuver [78]. The roll properties of heavy vehicles have been investigated through
development of single and multi-axle roll plane models of varying complexities. These
models, in general, incorporate either linear or nonlinear vertical and roll stiffness
characteristics of suspensions, lateral stiffness properties of tires, and torsional
compliance of the vehicle structure and the articulation mechanisms. While majority of
the roll plane models have been developed to analyze the static rollover threshold under
steady turning maneuvers [78-85], the dynamic roll characteristics of the vehicle under

transient directional maneuvers have been addressed in few studies [86-94].



The role of tire-road interactions in the roll stability of heavy vehicles was
investigated by Shapley [79] through development of a roll plane model, which
incorporated the influence of pneumatic tires by treating them as lateral springs. All the
displacements and rotations were assumed to be small in developing the model. It was
indicated that the roll instability of a vehicle could arise from two sources, one related to
the high c.g. location and the other due to the tire and suspension characteristics.
[sermann[80] developed a roll plane model of an articulated vehicle to investigate the
sensitivity of the rollover threshold to variations in design and loading conditions. The
suspension characteristics, torsional properties of the tractor frame and the fifth wheel,
and the nonlinearties arising from the lateral load transfer during a directional maneuver
were incorporated in the model. Considerable simplifications with regard to roll behavior
were made in the modeling, such as assumption of small angular displacements and
negligible transient dynamic forces. Miller and Barter [81] developed a model, following
the work of Isermann [80], to compute the rollover threshold limits of articulated
vehicles, while neglecting the contribution due to all dynamic forces. Lumped dual tires
and linear tire properties were used in the modeling. It was assumed that rollover occurs
when the sum of the forces acting on the trailer c.g. falls outside of the trailer’s outside
wheels.

A sophisticated static roll model (SRM) of the articulated vehicle was developed
by Mallikarjunarao et al. [78] to estimate the rollover threshold of articulated vehicles
during steady turning maneuvers. For multi-axle tractor-semitrailer combinations, the
axles with similar suspension properties were grouped together such that all axles on the

vehicle were represented by a set of three composite axles: a tractor front axle, an
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equivalent tractor rear axle and an equivalent semitrailer axle. The tractor body was
modeled as two sprung weights coupled through torsional stiffness of the tractor frame.
The sprung weight of the semitrailer was coupled to the tractor rear weight by the
torsional stiffness of the fifth wheel and semitrailer structure. Tires were modeled as
linear springs, while the non-linear properties of suspension springs were included in the
model. The static equilibrium equations of the vehicle in the roll plane were solved
iteratively for small increments in roll angle of the semitrailer sprung mass. The static roll
model was further validated using the results attained from tilt table test.

An extensive parametric sensitivity analysis of the model was carried out by El-
Gindy [82], where the vehicle design parameters were classified into three groups based
upon their influence on the rollover threshold. The first group included the set of
parameters that have no effect on the roll response, while the second group of parameters
represented those that must be considered in the model. The last group represented the
most important required input parameters, which need to be measured accurately.
Rakheja and Piche [85] investigated the static rollover thresholds of tractor semitrailers
with different vehicle combinations using the static roll model developed in [78].
Computer simulations were performed to quantify the dependency of compliance factor
and thus the rollover threshold on various design and operational parameters. A
compliance factor with a typical value of 0.72 was introduced to reflect the influence of
the compliance of suspension springs and tires on the rollover threshold of the vehicle
combinations.

The tripped and maneuver-induced dynamic roll stability characteristics of heavy

vehicles have also been investigated in a few reported studies [86-94]. Heavy vehicles, in



general, exhibit maneuver-induced roll instability due to their low rollover limits. The
maneuver-induced roll dynamics and stability characteristics of heavy vehicles have thus
been investigated in different experimental and analytical studies. Gillespie and Verma
[90] developed a single-composite axle roll plane model to analyze the dynamic roll
response of articulated vehicles. In this model, all the axles on the vehicle were lumped
together and represented by a single composite axle. The study resulted in an
overestimate of the rollover thresholds due to single lumped-axle representation. The
rollover dynamics of commercial vehicles has been further studied using a nonlinear roll
plane model by Verma and Gillespie [91]. Large displacements and rotations were
accounted for in the analytical model so that it could be used for the study of roll
dynamics well beyond the limits of wheel lift-off. The model was used to illustrate some
of the dynamic phenomena associated with vehicle rollover, especially the interactive
coupling between the roll and the vertical modes of motion. Accuracy of the model was
demonstrated by comparing the analytical results with the experimental data. It was
shown that rollover of a vehicle could occur at lateral acceleration levels lower than its
static acceleration limit or rollover threshold due to roll resonance of the vehicle. It was
concluded that the limiting dynamic acceleration is dependent on the vehicle’s
suspension characteristics, especially the backlash in the suspension, and that the
elimination of the suspension backlash could improve the roll rigidity of vehicles.
Finally, it was suggested that the rollover limit for a vehicle should be judged by the
vehicle’s resonant response and the potential for the roll resonant frequency to be excited
in normal maneuvers. Das [92] investigated maneuver-induced rollover threshold of

commercial vehicles using this model. While computer simulations were carried out
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based on the available low speed experimental data, curve-fitting techniques were applied
to extrapolate for the threshold values of lateral acceleration and forward velocity.
Relative rollover conditions and dynamic rollover threshold of heavy vehicles were
analyzed by Liu et al. [93, 94] to establish an array of potential dynamic rollover
indicators towards development of an early wamning device. A relative roll instability
indicator defined as Roll Safety Factor (RSF) was proposed and shown to be a highly
reliable indicator regardless of vehicle configurations and operating conditions. The
correlation of various potential rollover indicators with the RSF was then investigated for
a five-axle tractor semitrailer combination. The study showed that the trailer lateral

acceleration and axle roll angles are closely correlated with the RSF.

1.2.1.3 Three-dimensional yaw and roll plane analyses

The yaw and roll plane models due to their simple nature have been extensively
used to study the uncoupled yaw and roll dynamic response of heavy vehicles. In view of
the strong coupling between these two motions, a number of three-dimensional vehicle
models with varying complexities have also been developed. The National Swedish Road
and Traffic Research Institute [95, 96] developed a test procedure for control of the
dynamic stability of heavy vehicle combinations and proposed criteria that should be met
for approval. A nonlinear yaw/roll model, including four-DOF (longitudinal, lateral, roll
and yaw) motions for the leading vehicle unit and two-DOF (roll and yaw) for each of the
rear units, was developed to analyze the lateral and roll stability characteristics in terms
of two accident-risk related criteria: (/) overturning risk factor value, calculated from the
relative wheel loads; and (ii) rearward risk factor amplification, defined as the ratio of the

maximum risk factor of a rear unit to that of the leading unit. The model was further
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enhanced to permit analysis of steerable axles and to simulate heavy vehicle
combinations with up to three articulation points and up to nine axles, subject to driving
or braking forces, lateral load transfer, etc. Several full-scale field tests were performed to
validate the simulation program, and to develop test methods to assess the directional
performance of heavy vehicles. The results indicated that the rearmost unit of an
articulated vehicle possesses the highest risk factor. Finally, suggestions regarding
suitable vehicle design parameters, such as number of articulations, steered axle location,
tire data, geometric configuration, load condition and roll stiffness were also made. The
assumption of small roll angles limited the use of this model for simulation of rollovers.
Ellis [97] developed a model of an articulated vehicle with six-DOF, including tractor
forward speed, lateral velocity, yaw velocity and roll angle together with the trailer
articulation and roll motions. The analysis incorporated various important flexibilities of
the combination and employed the fifth wheel to transmit moments between the tractor
and trailer, while the moment in roll direction was neglected.

A comprehensive three-dimensional directional dynamic model of commercial
vehicle combinations, referred to as Yaw/Roll model, was developed to study the roll
dynamic behavior of single and multiple articulated vehicles engaged in constant speed
maneuvers, which may approach rollover condition [98-100]. The equations of motion of
the vehicle were formulated by treating each of the sprung masses as a rigid body with
motions along five-DOF, including lateral, vertical, yaw, roll and pitch motions, while
each axle was treated as a beam axle with roll and bounce-DOF. The model further
incorporated the nonlinear force-deflection and hysteresis of the suspension springs, and

nonlinear cornering force and aligning torque characteristics of the tires, while the
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suspension roll center was assumed to be located at a fixed distance from the sprung mass
c.g. The pitch angles of sprung masses and the relative roll angles between the sprung
and unsprung masses were assumed to be small, such that the small angle assumption
could hold. Further, the principal axes of inertia of the sprung and unsprung masses were
assumed to coincide with their respective body fixed coordinate systems. The steering
maneuvers could be performed either in an open-loop manner by defining the time
history of the front-wheel steer angles, or in a closed-loop manner by describing the path
coordinates, where the steer angle is generated using the path coordinates in conjunction
with a simplified driver model. The simulation program could analyze vehicle
combinations involving up to four units and eleven axles, and thus resulted in a
maximum of 52-DOF. The vehicle model permitted the dynamic analysis of vehicles
with up to five steerable axles, in addition to the front axle, where the steering may be
generated through self-steering or kinematic-controlled steering mechanisms. The
simulation model is particularly versatile in representation of multiple-axle
configurations and different types of hitch mechanisms between the vehicle units, which
enables the analyses of A-, B- and C-train combinations.

The Yaw/Roll model has been extensively used to evaluate roll, yaw and lateral
directional response characteristics of various vehicle combinations with different
articulation mechanisms [101-104]. Using this model, Ervin et al. [101] investigated the
influence of size and weight variables on the dynamic stability and control characteristics
of heavy trucks and trailer combinations. It was clearly established that directional
performance characteristics of these vehicles are quite sensitive to variations in vehicle

parameters. The Yaw/Roll model was also used to study the dynamics and stability
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characteristics of Canadian log-hauling trucks [102-104]. While the Yaw/Roll model has
been extensively used to assess the directional dynamics of various heavy vehicle
combinations under constant forward speed, the model is considered to be quite complex
due to its large number of DOF and requirement of large number of geometrical, inertial,
suspension and tire parameters. In addition, the Yaw/Roll model does not adequately
evaluate the rollover property of vehicles that exhibit yaw divergence at lateral

acceleration levels lower than the rollover limit.
1.2.1.4 Directional response under braking and turning

Majority of the studies on directional dynamics have been performed under either
steering or braking inputs [105-112]. The variations in speed and tire properties under
simultaneous braking and steering result in considerable complexities in analysis. The
simple linear formulations are no longer sufficient for valid investigations on braking-in-
a-turn, especially in the upper range of lateral acceleration and braking
deceleration/driving acceleration values. The combination of variable speed maneuvers,
together with comering is one of the most commonly encountered highway maneuvers,
which has been associated with most vehicle accidents. During variable speed
maneuvers, the load transfer in the longitudinal direction due to acceleration or
deceleration can lead to wheel lock-up, resulting in possible yaw instability and loss of
directional control of the vehicle.

Leucht [113] developed a three-axle tractor-semitrailer model, which is frequently
refereed to as TBS (total braking and steering) model, to investigate the behavior of the
vehicle subjected to various braking applications in a turn. The vehicle forces were

modeled in the plan view (top view) with four-DOF, including longitudinal, lateral and



yaw motions of the tractor, and yaw motion of the semitrailer. The basic assumptions
made are similar to those described for linear yaw plane models. Two major differences,
however, should be noted: (¢) the lateral tire forces were expressed as nonlinear functions
of slip-angle and vertical load; (if) the dynamic load transfer effects (due to pitch and roll
contributions) in both the longitudinal and lateral directions were taken into account in a
quasi-static manner in determining the normal load on each tire. The model also allowed
for the effect of frictional moment at the fifth wheel coupling, and was used to study the
influence of design parameters and operating conditions on the directional behavior of the
vehicle. The influence of loading conditions, brake-torque distribution and load-sensitive
brake-torque control on the directional response of the vehicle during braking was
investigated to identify the operating conditions and design parameters, which promote
jackknifing. The variations in loading conditions were identified among the major causes
of undesirable directional response under normal operation with a fixed brake-torque
distribution.

Murphy et al. [114] carried out a series of tests to study the directional behavior of
various heavy vehicles during braking. The investigation was aimed at improving the
braking performance through advanced braking systems. Singh [115] used a nonlinear
model, assuming negligible bounce, pitch, and roll motions, to investigate the directional
performance of a four-axle truck trailer combination during braking and turning
maneuvers. It was shown that the center of mass of the truck should be closer to the front
axle than to the rear axle of the truck in order to reduce the jackknifing tendency. The
distance from the center of mass of the truck to the front hitch should be large, and a full

trailer should have a long drawbar to reduce the magnitude of trailer swing. The influence



of various anti-lock brake systefn (ABS) designs on the directional behavior of heavy
vehicles has also been investigated in many studies [116-118].

The research efforts, in recent years, have been directed towards development of
increasingly sophisticated computer simulation models to handle complex tire
characteristics [119-127]. Since the directional dynamics of vehicle combinations is
strongly related to the forces and moments generated at the tire-road interface, nonlinear
tire models have been used in the lateral stability analyses of heavy vehicles subject to
braking and steering maneuvers. The directional dynamics of heavy vehicles under
simultaneous applications of braking and steering have been further investigated through
development of variable speed three-dimensional yaw/roll models. The Phase IV model
[119] represents the most comprehensive vehicle dynamics model developed in the
1980°s for analysis of yaw, roll and lateral stability of heavy vehicles subject to braking
and steering maneuvers. The model integrates the properties of braking and anti-lock
brake system, nonlinear comering properties of tires under simultaneous braking and
steering maneuvers using lookup tables, nonlinear force-deflection properties of
suspension springs, properties of the articulation mechanism and driving/braking torque.
The directional analysis can be performed using either open-loop directional maneuver,
where the time histories of the front wheel steer angles are specified, or closed-loop
driver path-follower maneuver, where the coordinates of the path are specified. The
braking input is defined by the brake application pressure versus time. The vehicle model
is developed to analyze different vehicle combinations comprising up to three units and
ten axles, such as trucks, tractor-semitrailer combinations, doubles, and triple

combinations, with a maximum of 71 DOF.



The Phase IV model is considered to be quite complex and it requires extensive
vehicle data. The simulation model has been used to assess various vehicle performance
measures including handling, static and dynamic roll stability, lateral dynamics, yaw
oscillations and braking performance. Recently, the Phase IV model has been
incorporated into a Human-Vehicle-Environment (HVE) simulation platform [121],
resulting in Engineering Dynamics Vehicle Dynamic Simulator (EDVDS) [122]. The
most significant modeling difference is the removal of the small angle assumption,
allowing study of complete vehicle rollover. The EDVAD also employs the surface
profile to allow the vehicle tires to follow a 3-D terrain profile of arbitrary complexity.
The extended semi-empirical tire model permits the study of severe handling maneuvers
wherein tire slip-angles approach and exceed 90 degrees. EDVDS further incorporates a
drivetrain model, permitting its use in tractive effort and gradability studies. User
interface was substantially improved by replacing Phase IV’s batch processing interface
with the HVE simulation environment. The TruckSim software [125, 126] developed by
Sayers and Riley has also received wide acceptance for simulating and analyzing the
dynamic braking and handling behavior of trucks, buses, and tractor-trailer combinations.
The attraction of this program arises in part from its foundation of truck modeling
methods developed at the University of Michigan Transportation Research Institute
(UMTRI), and the use of an advanced graphical user interface to make the software both
easy to understand and user-friendly. The interface also provides convenient means to
evaluate vehicle performance by means of animations, and time history plots of

engineering variables of interest. The control inputs include powertrain parameters,



braking and steering. The powertrain input may be a constant power input, a constant
speed, or a time history of the speed.

Yang et al. [128] developed a nonlinear yaw plane model with limited roll DOF
of a tractor- semitrailer vehicle to study its braking and steering response. The vehicle
combination was modeled as a six-DOF dynamic system, including four-DOF for the
tractor (longitudinal, lateral, yaw and roll motions) and two-DOF for the trailer
(articulation and roll angles). The prediction abilities of the proposed model were
examined by comparing its directional response with those derived from the well-known
Yaw/Roll model and the reported measured data. It was concluded that the c.g. heights of
the tractor and trailer units are the most significant factors, while the parameters
describing the horizontal distances between tractor front axle and its c.g., and between
trailer axle and its c.g. are relatively less significant. The tire properties and the fifth
wheel yaw damping, in general, strongly affect the dynamic response of the trailer and
the tractor, respectively. The roll stiffness of the fifth wheel mostly influences the lateral
acceleration of the trailer, the yaw rate and roll angle response of the tractor.

The above reported studies, however, did not consider the effects of cargo
movement on the overall dynamics of the vehicle system. The cargo is generally assumed
to be rigidly attached to the trailer beds and thus the cargo interactions with the dynamics
of the vehicles are neglected.

While many studies have described the development of various computer
simulation models to analyze the directional dynamics and stability characteristics of
various heavy vehicle combinations, there exist relatively few published studies on

comparison of these models. El-Gindy and Wong [129] conducted a comparative study of



various computer simulation models developed for directional and stability analysis of
heavy vehicles, including the linear yaw plane, the TBS, the Yaw/Roll and the Phase IV
models [63, 98, 113, 119]. The transient steering response characteristics of a tractor-
semitrailer in a lane-change maneuver, analyzed using the four simulation programs,
were observed to be qualitatively similar. A comparison of the simulation results with the
measured data further revealed that the more sophisticated Phase IV model does not
necessarily yield more accurate transient response than the simpler linear yaw plane

model.
1.2.2 Performance Measures Related to Directional Dynamics of Heavy Vehicles

Although the directional dynamics and stability characteristics of heavy vehicle
combinations have been extensively reported in the literature, most of the studies did not
directly address the most important safety related concerns of the regulators and
operators. Majority of the studies reported analytical methods and influence of various
design and operating parameters on the directional response behavior of specific vehicle
configurations, while the analyses were frequently conducted under different steering
inputs, operating speeds and braking inputs. The studies thus did not permit relative
highway safety performance evaluations of different vehicle configurations due to lack of
standardized and controlled inputs, and performance measures. The dynamic
performance of the vehicle combination is often assessed in terms of lateral acceleration,
yaw rate and roll angle response of the vehicle units, which may be related to yaw and
roll instabilities [71, 72, 128-130]. A few studies have evaluated the dynamic

characteristics of the vehicle combination in terms of safety-related performance



measures, such as load transfer ratio, rearward amplification and effective lateral
acceleration [94-97].

In light of the extensive variations in commercial vehicle configurations, tire and
suspension designs, and operating limits, a need to develop well defined performance
measures has been identified to establish the relative dynamic stability and safety
performance measures of heavy vehicles under representative steering inputs. A series of
performance measures related to roll, yaw and lateral dynamics of heavy vehicle
combinations, have evolved in recent years [95, 96, 101]. The first set of performance
measures was developed for the Canadian Vehicle Weights and Dimensions Study by
Road and Transport Association of Canada (RTAC) [101]. The performance measures,
primarily derived from the Yaw/Roll and Phase IV simulation programs have been used
to assess the impact of relaxed weights and dimensions regulations in Canada [98, 119].
These measures attempted to address the safety concerns related to directional stability,
control, off-tracking and braking performance of heavy vehicles. Although not formally
adopted by RTAC, this set of measures continues to be referred to as ‘RTAC measures’.
They were used to provide the scientific and technical basis for regulatory changes
introduced in most Canadian provinces following the Weights and Dimensions Study.
These regulations were designed to encourage the use of preferred vehicle combinations,
which were judged superior to other configurations from safety performance point of
view. Winkler and Bogard [131] developed simple predictors of the performance
measures for A-trains by applying regression techniques to determine the relationships
between the measures of interest and vehicle design parameters. The study examined

different performance measures, including rearward amplification, yaw damping



coefficient and those defined by RTAC (high-speed transient offtracking, static rollover
threshold, dynamic load transfer ratio, low-speed transient offtracking and high-speed
steady-state offtracking).

EI-Gindy and Woodrooffe [132] evaluated the influence of variations in various
design parameters on the selected dynamic performance of B-train doubles, namely,
friction demand, dynamic load transfer ratio, offtracking and handling. The study
involved parameters that could be potentially regulated, such as wheel base, tandem axle
spread, and fifth wheel location. A “three-point” handling performance measure was also
suggested for assessing the vehicle design parameters. Winkler et al. [134] described two
regulatory scenarios pertaining to the basic resistance to rollover and the obstacle
avoidance maneuvering capability of longer and heavier commercial vehicles. The
primary goals of the scenarios were to provide reasonable assurance that all vehicles
would have a static rollover threshold exceeding 0.35g and exhibit rearward amplification
less than or equal to 2.0. Aurell and Winkler [135] described the test procedures proposed
by the International Standards Organization (ISO/SC9/T22) for evaluating dynamic
performance of heavy vehicles. The proposed stability criterion involved two basic
performance regimes, namely the forced and the free response of articulated vehicles,
which are evaluated in terms of rearward amplification, dynamic off-tracking, yaw
damping, mode shape and zero damping speed (the speed at which the damping of free
oscillatory movements of the vehicle combination approaches zero).

EI-Gindy [136] reviewed the existing performance measures for commercial

vehicles and summarized the methods for their evaluation. The study further proposed the
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pass/fail criteria based upon recommended target values for different measures, which are

summarized below:

(1) Handling performance measures to assess the handling quality of the vehicle;

(2) Static rollover threshold (SRT) to assess the rollover limits of heavy vehicles
under steady turns;

(3) Dynamic rollover stability in terms of load transfer ratio (LTR) and rearward
amplification (RA) to assess the dynamic roll stability limits under transient
maneuvers;

(4) Yaw damping ratio (YDR) to assess the rate of decay of yaw oscillations of
the trailer;

(5) Friction demand of the drive-axle tires to assess the low and high-speed
jackknifing potentials of vehicle combinations;

(6) Lateral friction utilization (LFU) to assess the low and high-speed lateral
slippage potentials;

(7) Low and high-speed steady-state and transient offtrackings to assess the
maneuverability over tight intersections and safety risks on highways;

(8) Braking performance to assess the braking efficiency, stopping distance,
response time and jackknifing potentials of vehicle combinations.

McFariane et al. [137] attempted to derive correlations among eight different
performance measures, including static roll stability (SRS), rearward amplification (RA),
load transfer ratio (LTR), high-speed transient off-tracking, high-speed friction
utilization, high-speed steady-state off-tracking, low-speed off-tracking and low-speed
friction utilization. The study established highest correlation between: (/) LTR and SRS;
(i7) RA/SRS and LTR; (iii) high-speed transient off-tracking and SRS; and (iv) high-
speed steady-state off-tracking and SRS. It was concluded that SRS is the single most

important performance measure, since it features in all the correlations.



1.2.3 Liquid Sloshing in Moving Containers

The sloshing of liquids and resulting fluid-structure interactions have been
identified as important issues in the area of transportation engineering and many other
fields since 1950’s. These include the movement of liquid fuels within automobile tanks;
movement of liquid products and chemicals in tank trucks, railroad cars and oceangoing
vessels; fuel tanks of airplanes and space-crafts; liquid motions in containers of offshore
structures, etc. Sloshing of liquid in a partially-filled container subjected to external
excitations from the retaining structure may cause coupled dynamic interactions between
the liquid and structure. The coupled problem associated with interactions of the sloshing
liquid with the moving vehicle has been recognized as an important issue related to
directional stability of various vehicles [138]. The dynamic interactions can adversely
affect the dynamics and stability of the vehicles as well as the structural integrity of the
retaining structures. The vehicle and the retaining structure may be subjected to excessive
forces and moments, when fundamental slosh frequency lies in the vicinity of the natural
frequency of the vehicle structure or the control frequency.

Liquid sloshing has been investigated in connection with stability of satellites
since the start of the space age in the early 1950’s. Cooper [139] and Abramson [140]
conducted comprehensive reviews on the topic of liquid sloshing problems. These
preliminary works presented some important analytical solutions, and conducted
experiments to examine the validity of some of the theoretical models. The monograph
edited by Abramson [140] gives the most thorough survey of the earlier literature,
including more than 500 citations published prior to 1966, specially related to behavior of

fluids in oil tanks of aircraft and space vehicles. Since the 1960’s, a great number of



investigations on liquid slosh:ing have been carried out in different fields of applications:
space vehicles, cargo ships, large ground storage tanks and canals, etc. A variety of
theories and approaches to amalyze fluid sloshing have been developed for different tank
configurations and input excr:itations. Some of these studies, which are relevant to the

sloshing of cargoes in tank truncks are briefly summarized below.

1.2.3.1 Hydrodynamic models and solution methods

The field related to liq uid motion in moving containers includes a great number of
analytical, numerical and exxperimental studies focusing on different aspects of this
problem. The first aspect includes physics of sloshing covering such subjects as flow
patterns in containers and dewelopment of sloshing models. The second aspect concerns
with governing equations and solution methods. One of the most general approaches used
to simulate liquid motions inwolves the use of Navier-Stokes and continuity equations in
conjunction with appropriatez boundary conditions. These formulations, however, are
nonlinear and quite complex, when applied to moving vehicles. The nonlinear effects are
mostly associated with the freie surface due to fluid motion, fluid-tank interface due to the
tank geometry, and fluid viscoous damping and couplings of different sloshing modes. The
variations In the free surface 'coordinates with time leads to additional difficulties in the
analysis of differential equatBons. The fluid slosh analysis in majority of the reported
studies have thus been perfornmed with considerable simplifications, namely inviscid fluid
and irrotational flows, thereby- permitting the use of potential flow theory [139-141].

Majority of the existingg theories on fluid sloshing are based on the assumptions of
inviscid incompressible fluid, where a velocity potential exists, and small amplitudes of

fluid motion compared with ¢ ontainer dimensions, often the depth of the fluid. The fluid
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slosh model is thus described by a linear second order Laplace equation with appropriate
boundary conditions, which can be solved analytically by employing the classical method
of separation of variables. The complexities associated with the free-surface equation are
overcome either by neglecting the nonlinear terms assuming relatively small wave height
and fluid velocities or by linearization [142, 143]. Both the linear and linearized sloshing
theories yield reasonable agreement with the experimental data for small amplitude liquid
motion [139-143]. One of the early works was performed by Budiansky [142] in 1960 to
estimate the natural frequencies, mode shapes and forces exerted on the walls of partially-
filled circular canals and spherical tanks due to lateral excitation resulting in small
amplitude liquid oscillations. Budiansky solved the sloshing problems based on potential
fluid theory and analyzed the forces and moments acting on the circular canal surfaces.
The linear or linearized slosh analyses, however, may yield certain errors when sloshing
occurs with large amplitudes.

The early studies on nonlinear slosh analyses were based upon more exact free
surface boundary conditions [144-146]. Abramson performed a series of experimental
and analytical studies on forced response of liquids in cylindrical and spherical tanks with
separating walls. Experimental data were used to examine the validity of the
mathematical models and to understand the effect of geometrical and physical variables
on the free surface oscillation. Majority of the reported studies, both theoretical and
experimental, however, investigated the liquid motions under harmonic disturbances,
while the sloshing analyses under arbitrary excitations were reported in relatively few

studies.



In the past few decades, many numerical algorithms have also been developed to
study the sloshing behavior of liquids in stationary and moving containers using finite
difference, finite element, and boundary element methods [147-164]. While the boundary
element methods are mostly based on potential flow theory, the finite-element and finite-
difference based methods are based upon the solutions of Navier-Stokes equations for
viscous fluids. The numerical methods employ different algorithms to achieve solutions
of the Navier-Stokes equations, such as MAC (Marker and Cell Method)-type methods,
developed by Welch [147] and Hirt et al. {148]. The SOLA-SURF and SOLA-VOF
techniques, frequently referred to as Navier-Stokes codes [143], have also been used to
study liquid motions involving complex liquid free surfaces with relatively large
amplitudes of waves, and considerable impacts on the tank ceiling and walls [149-164].

Solaas [165] conducted a literature review of various solution methods and their
properties for solving liquid slosh problems. Different analytical procedures, numerical
techniques and model tests were assessed based on their performance in solving sloshing
problems with various fluid properties (potential flow or viscous flow), tank motion
characteristics, degrees of freedom, and liquid fill levels. The suitability and effectiveness
of a commercial program FLOW-3D developed by Flow Science Inc., which solves
Navier-Stokes equations by use of a finite-difference based code [148], was also
evaluated. It was concluded that nonlinear analytical methods to the liquid governing
equations are feasible only for very few simple cases of liquid motions, and that the
available numerical methods and algorithms mostly deal with two-dimensional problems.
The specific numerical procedure for a sloshing problem depends largely on the

particular tank geometry, liquid depths and physical characteristics, excitation amplitudes



and frequencies, and must be formulated based on each specific problem. In addition,
certain approximations in the solution procedures have to be made to make the
mathematical problem tractable. There exists, however, no generally accepted
computational procedure that could work robustly and accurately with nonlinear sloshing
problems characterized by the presence of time-varying free surfaces, especially in cases
of three-dimensional and coupled liquid-container interaction problems.

More recently, Ortiz [166] presented a review on various solution procedures for
fluid motion involving a free surface, and concluded that majority of past works on liquid
sloshing are based upon prescribed motion of the liquid retaining structure, where the
motions of the liquid and container are uncoupled, and that there is very little published
information on true fluid-structure interaction problems including full nonlinear sloshing
effects, where the true interaction is defined as interaction in which both the motion of
the container and the motion of the fluid are found in a closed-form numerical procedure.
Ortiz and Barhorst [166, 167] developed a closed-form methodology for modeling
coupled fluid-structure interaction problems. The main objective of the investigation was
to find a path for rigorously solving a coupled problem involving a structure and a fluid
with nonlinear sloshing. Three steps are involved in coupling the motions of the fluid and
the structure: (/) finding the equations of motion for the structure as functions of the
liquid pressure field; (i) building a field equation for the pressure in the liquid domain as
function of the accelerations of the moving frame attached to the container; and (i)
coupling these two sets of equations, which is accomplished by building a boundary-
value problem for the instantaneous interaction pressure. The motion of the structure was

not prescribed but found as part of the solution procedure. The fluid motion was modeled



as incompressible viscous flow using Navier-Stokes equations and potential flow using
Laplace equations, respectively. A multi-body flexible system with a two-dimensional
container carrying a fluid was considered and three examples were given, including a
simple vehicle model, which represented the vehicle as a two-DOF mass-spring-damper

system on a given rough road (vertical and longitudinal dynamics).

1.2.3.2 Equivalent mechanical modeling approaches

An alternate approach based on mechanical analogy has been proposed to
estimate liquid slosh characteristics by a simple equivalent mechanical model [140, 141,
168-170]. An equivalent mechanical model is an assemblage of spring-mass-damper or
pendulum system arranged in such a manner as to represent the dynamic behavior of
liquid oscillation within its container. Dynamic equivalence is taken to mean the
equivalence of force and moment resultants, frequencies of oscillation, and mass and
inertial properties.

Two reasons necessitate the use of an equivalent mechanical model to represent
the sloshing behavior of a contained liquid. Firstly, since the problem of forced damped
liquid oscillations is actually nonlinear in nature, an exact solution is practically
impossible. However, through the use of an equivalent mechanical model, the nonlinear
nature of forced damped liquid oscillations can be approximated by equivalent linear
damping in the form of dashpots, thereby making it possible to obtain finite results near
the resonant frequencies of the liquid. This 1s not possible in the linear or linearized fluid
analysis, where the liquid is assumed inviscid. Secondly, the overall problem of vehicle
dynamics and stability is greatly simplified in that the equations of motion of the vehicle

system are not so complex. The monographs edited by Abramson [140] and Roberts et al.
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[141] list a number of equivalent mechanical models and analysis procedures for various
tank shapes and motion characteristics. For example, Dodge [169] developed an
equivalent mechanical model, comprising a simple spring-mass-damper system, to
investigate the dynamic liquid sloshing within the fuel tanks of a spacecraft, and
established the fundamental sloshing frequencies, mode shapes and forced response
characteristics, for typical tank configurations used in space vehicles. More recently,
Abzug [171] analyzed the influence of coupled dynamic interaction between the liquid
slosh within fuel tanks and an airplane’s normal modes of motion on the stability and
control of the airplane. A mass-spring damper model was used to simulate the two-
dimensional motion of the sloshing fuel.

The simplicity of the analogy equation allows the effect of liquid sloshing to be
easily integrated with the equations of vehicle motion for further analysis. However, the
complications associated with definition of pendulum or spring-mass elements including
their configuration, number, stiffness, and damping coefficients require experimental
investigations which, in principle, must be conducted for each specific problem. Too
much in this matter depends on the researcher’s experience and intuition since a good
guess should be made prior to mathematical analysis and validation of the equivalent
system. Thus, this method either involves experimental definition of the parameters of the
equivalent mechanical model or can be carried out by use of an appropriate sloshing
theory. However, in the latter case, the approach loses its attractiveness since the linear
analytical solutions are already available, and the equivalent model based upon the linear

theory, will exhibit all the limitations inherent with the theory, while nonlinear solutions
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are generally extremely difficult to obtain, especially in cases of coupled fluid-structural

interaction problems, as indicated earlier.

1.2.3.3 Modeling and analyses relevant to tank vehicles

Although the numerical techniques have been successfully employed for analyses
of fluid motions in fixed containers of simple cross-sections, the analyses for moving
road containers have not been addressed. This may be attributed to complexities arising
from relatively complex geometry of road containers, nature of excitations and coupling
modes, and coupled fluid-vehicle interactions [8]. The handling and stability analyses of
road tankers involve forces and moments arising from tire-road interactions, braking,
steering, and combined braking and steering. Strandberg [8] reported a review of
analytical and experimental studies pertaining to liquid motions in vehicles, including
natural frequencies of liquid slosh in partially-filled containers and slosh forces in
different containers. The study further investigated the lateral stability of road tanks
through scale model tests and computer simulation techniques. The lateral sloshing force
developed in a scale model tank was measured under lateral displacement excitations
generated by a hydraulic-servo drive. This measured force was integrated into a
simplified vehicle model, which was analyzed to study the lateral stability of the vehicle.
The proposed methodology, however, would pose more complexities when full scale tank
is considered under representative excitations.

Steady-state and quasi-static roll plane sloshing models were developed based
upon hyvdrostatic theory and used to study the destabilizing effects of shifting cargo on
the roll stability of tank vehicles by Rakheja et al. [172] and Ranganathan et al. [173].

These models assumed negligible contributions due to fluid viscosity and slosh dynamic
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forces, while the fundamental slosh frequency is assumed to be considerably higher than
the highest steering frequency. Although the quasi-static models do not predict the slosh
forces due to free surface oscillations, the computed mean values of the vehicle motion
revealed reasonably good agreement with the experimental results [192, 193].

Popov et al. [174-177] developed a comprehensive nonlinear liquid slosh model
represented by a two-dimensional incompressible Navier-Stokes and continuity equations
together with appropriate boundary conditions along the rigid walls and the free surface.
Analytical formulations were presented for steady-state and transient analyses of liquid
motion within rectangular and circular cross-section containers subject to a uniform
acceleration. The differential equations were solved numerically in an Eulerian mesh
using the finite difference methodology [147]. The validity of the dynamic slosh model
was also presented through laboratory tests performed on a scale model container. The
study investigated the influence of various input parameters on the main loading factors,
such as the liquid forces, overturning moments, heights of the free surface, and the
damped frequencies of liquid vibrations. The authors recommended further studies on
different tank shapes and three-dimensional analyses of coupled liquid motions in the
lateral and longitudinal directions, under vehicle motions caused by simultaneous braking

and steering.
1.2.4 Dynamic Characteristics of Partially-Filled Tank Vehicles

Dynamic analysis of partially tank vehicles has been addressed in only a few
studies due to the complexities associated with modeling of fluid dynamic behavior
inside the moving tanks and fluid-vehicle interactions. Slibar and Troger [178] studied

the dynamics of an articulated tank vehicle using an equivalent single-DOF mechanical



oscillator to simulate the liquid slosh force in the roll plane. The motion of the liquid
cargo in the roll plane was represented by two lumped masses coupled through a linear
spring and a viscous damper. The two-DOF fluid slosh model was coupled with a six-
DOF vehicle model, including the lateral, yaw and roll motions of the tractor, relative
yaw motion of the dolly, and yaw and roll motions of the trailer body. The study
presented the steady-state frequency response characteristics of the yaw and roll
deflections of the vehicle, and concluded that partial-fill condition yields a resonant
response that is considerably larger than that observed in rigid freight vehicles.
Strandberg [8] developed a simplified model to investigate the influence of liquid
sloshing behavior on the skidding and overturning tendencies of tank vehicles, upon
neglecting the roll and yaw motions. The investigation was based on measured liquid
sloshing forces in a laterally oscillated scale model tank having dynamic similarity with a
real tank. The fundamental slosh frequencies of liquid motions within the partially-filled
tank were determined using a scale model. The study also presented the influence of
variations in directional maneuvers, tank configurations, and anti-sloshing devices on the
behavior of tank vehicles. The study suggested to reduce the number of articulations and
a piston arrangement to eliminate fluid slosh effects in partially-filled cylindrical tanks.
The Highway Safety Research Institute at University of Michigan conducted analyses as
well as full-scale testing of tank vehicles and concluded that these vehicles exhibit poor
directional stability and low levels of rollover immunity during dynamic maneuvers
executed at highway speeds [64, 179, 180]. The study also recommended an in-depth

investigation into the possibility of designing tankers that maximize the safety for such



vehicles. However, the relative motions of liquid cargo with respect to the tank were
neglected in the analyses.

Culley et al. [181] undertook a survey of trucking companies on safety and
stability problems related to shifting cargoes, including accident involvement, typical
equipment as well as loading and hauling procedures, and investigated the effects of
dynamic cargo shifting on the lateral/roll stability and braking performance of articulated
trucks through full-scale tests. The study identified severe problems for two cases,
sloshing of liquid cargo and swinging of hanging meat. Vehicle configurations consisting
of tractor with baseline van, and unbaffled, baffled and compartmentalized tank trailers,
including low-density (MC-306) and high-density (MC-312) cargo tankers, were
considered. The test maneuvers included braking, cornering, lane change, and cornering
with braking on both dry and wet road surfaces. The study concluded that the vehicles
carrying shifting cargoes reveal reduced stability limits compared with the baseline rigid
cargo vehicle, and that the lateral stability was significantly influenced by the c.g.
location of the loaded trailer. Further tests on larger cross sections of vehicles and a wider
variety of loading conditions were suggested for thorough analysis of the nature of the
problems caused by shifting cargoes. Bohn et al. [182] analyzed the stability of partially-
filled tank vehicles through computer simulations. The equations of motion for sloshing
fluid within an elliptical tank were derived using Lagrange's equation assuming small
amplitudes of sloshing wave (three-dimensional linear sloshing model). The effects of
sloshing liquid cargo on the limiting performance characteristics of articulated trucks
were evaluated by integrating the liquid slosh model with a three-dimensional vehicle

simulation model (TDVS) developed by Illinois Institute of Technology Research
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Institute. Both vehicle configurations and maneuvers were modeled to correspond with
the full-scale experiments reported by Culley et al. [181]. The slosh model, however, was
not adequately verified due to lack of experimental data. The inadequate consideration of
braking in the TDVS model also did not permit the braking performance analyses. In
addition, the simulation results did not correlate well with those derived from the
experimental study due to differences in operating conditions. It was concluded that the
simulation model was extremely sensitive to rollover, and the sloshing dynamics
augmented TDVS simulation was considered as qualitative and inconclusive.
Khandelwal and Nigam [183] developed an equivalent mechanical model of
liquid in a rectangular container to simulate the dynamics of a vehicle carrying liquid
cargo over a railway track with constant acceleration. The mechanical model comprised a
fixed mass and a pendulum corresponding to the fundamental mode of the fluid motion,
while only bounce and pitch degrees of freedom were included for the vehicle with rigid
tires. Mallikarjunarao [184] investigated the impact of changes in tank vehicle design on
the safety risks and economic aspects of transporting gasoline in Michigan. A static roll-
plane model was developed for calculating the steady-turning rollover threshold of the
tank vehicle, and a yaw/roll model was developed to study the directional and roll
dynamics of articulated vehicles engaged in steering maneuvers approaching rollover
condition. The influence of specific changes in vehicle design, such as tank cross-section,
suspension properties, track width, etc., on the safety properties of the tank vehicle was
evaluated. In addition, data on gasoline tanker accidents in Michigan were analyzed and

rollover accidents were identified as the principal cause of gasoline leakage and fires.
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However, the effects of liquid load shift were not considered in the investigation, as the
tank was assumed to be either completely filled or empty.

A systematic investigation into influence of liquid sloshing motion within
partially-filled tanks on directional dynamics and stability characteristics of tank vehicles
was carried out by researchers at Concave Research Center [11, 172, 173, 187-188]. A
steady-state fluid slosh model in the roll plane was developed and integrated with the roll
plane model of an articulated vehicle to evaluate the rollover threshold acceleration limits
of partially-filled tank vehicles [172]. A quasi-static fluid slosh model was developed and
integrated with a three-dimensional vehicle model to investigate the dynamic behavior of
the tank vehicle subject to constant steer, and lane change and evasive maneuvers [173].
The rollover threshold limits, directional response and stability characteristics of the
partially-filled tank vehicle were then compared with those of the equivalent rigid cargo
vehicles to demonstrate the adverse influence of liquid load shift. Parametric sensitivity
analyses were conducted to study the influence of tank vehicle configuration, liquid fill
level, steering inputs, and vehicle speed on the directional response and stability
characteristics of the tank vehicle combinations [189-191]. The results showed that
partially-filled tank vehicles as well as the equivalent rigid cargo vehicles exhibit stable
behavior during lane change maneuvers at typical highway speeds. However, the
excessive load shift encountered during an evasive maneuver could lead to wheel lift-off
and possible rollover in case of liquid tank vehicles.

Field tests were performed using a truck with a small-size sprayer tank to validate
the analytical model [192, 193]. The study concluded that the results obtained from the

vehicle model, incorporating quasi-static fluid slosh analyses, correlated well with mean
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values derived from the field measured data for different fill levels, vehicle speeds, and
typical steering maneuvers. Motion of the liquid free surface and the corresponding
lateral load transfer, attained via computer simulation, were further compared with those
established from the field measured data to conclude that a quasi-static analytical model
could accurately predict the fluid slosh loads.

A comprehensive dynamic model of a tractor tank semitrailer was further
developed by integrating a two-dimensional finite-difference based non-linear dynamic
fluid sloshing model [187] to the three-dimensional vehicle dynamics model [173]. The
dynamic slosh forces and moments obtained from the dynamic liquid model were
coupled with the vehicle dynamics model to study the directional response characteristics
of the tank vehicle. The dynamic characteristics of the partially-filled tank vehicle
employing the dynamic slosh model were compared with those employing the quasi-
static vehicle model [173], for steady as well as transient directional maneuvers.
Simulation results revealed that during a constant steer maneuver, the dynamic fluid slosh
loads introduce oscillatory directional response about the steady-state value calculated
from the quasi-static vehicle model. The directional response characteristics obtained
using the quasi-static and dynamic fluid slosh models during transient steer inputs
showed good correlation. Based upon the studies, it was concluded that a quasi-static
model could predict the directional response characteristics of tank vehicles quite close to
those evaluated using the comprehensive fluid slosh model during various typic;al
highway maneuvers.

Simplified approaches for estimating the rollover threshold limits of partially-

filled tank vehicles were also explored using moment equilibrium in the roll plane [194,



195]. These studies established that tank geometry is an important factor that influences
the lateral load shift and thus the directional response and stability characteristics of
partially-filled tank vehicles. The studies, however, were performed only for
conventional tank shapes, which are observed to have certain limitations related to their
geometry from vehicle stability point of view. In addition, these studies considered the
load transfer caused by fluid sloshing in the roll plane alone, and the vehicle motion was
limited to constant speed steering maneuvers.

The influence of fundamental slosh frequency and dynamic slosh forces on the
dynamics of a tank vehicle was investigated by Ranganathan et al. [196] through an
equivalent mechanical system model based upon the pendulum analogy, proposed by
Abramson [140]. A simple pendulum model representing the fundamental frequency of
the fluid oscillation was developed and its parameters were identified as function of the
fill level and fluid dynamics. The fluid model was then integrated with a 3-dimensional
model of the vehicle to compute the directional response characteristics of the tank
vehicle with constant forward speed.

Rakheja and Wang [197] analyzed the braking process of partially-filled and
compartmented tank vehicles, and the influence of partition location on the braking
performance of the vehicle system. A pitch-plane kineto-static model of partially-filled
circular and ellipsoidal tanks was developed and integrated to the braking model of tank
vehicles to study the effects of longitudinal fluid slosh on the braking performance.
Longitudinal load transfer, stopping distance, braking time and time lag between front
and rear axle wheel lockup were obtained, and parametric studies were performed to

derive optimal sizes of compartments. Pitch plane tank vehicle models were further
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developed by integrating a steady-state liquid model and a mechanical analogy model of
a partially-filled circular tank, respectively, to a pitch plane model of a five-axle tractor
semitrailer to predict the straight line constant deceleration braking behavior of the tank
vehicle in terms of dyﬂamic normal load factor [198, 199].

Ibrahim et al. [200] investigated the ride behavior of trucks carrying two spherical
fluid containers. A mathematical model of a medium weight truck with bounce and
longitudinal DOF was formulated, which incorporated physical and dynamic
characteristics of the fluid cargoes. The fluid cargoes in the tanks were simulated as
nonlinear pendulums with specific damping coefficients. The partial filling ratio and
liquid cargo viscosity were shown to play major roles in the vehicle ride behavior.
Bogomaz et al. [201] proposed a three-dimensional mechanical pendulum analogy based
on potential flow theory for liquid cargo mobility simulation. The liquid motions
included longitudinal, lateral and yaw DOF. Hydrodynamic parameters of the mechanical
system were determined using the solution of a three-dimensional boundary-value
problem of the liquid cargo in the tank. The validity of the mathematical models was
demonstrated through comparison of the analytical results with the test data. It was
observed that the hydrodynamic parameters essentially relied upon the fill level. The
study further analyzed the dynamics of a railway tank car in the pitch plane incorporating
a single-degree of freedom pendulum analogy model. Aquaro et al. [202] presented a
approach for determining the rollover threshold of a tank truck using finite element
analysis methods, incorporating the nonlinear behavior of suspension spring and tank
flexibility. The study used simple mechanical pendulums to represent the fluid slosh

effects in an elliptical tank, beam elements to characterize the torsional and bending
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stiffness of the tank structure, and spring-damper elements to simulate the suspension
system.

In a recent study, Salem et al. [203] conducted a literature review on the work
done related to the rollover stability of partially-filled tank vehicles, including fluid-
structure interaction, yaw and roll stability of heavy vehicles, and fluid-vehicle dynamic
interaction. It was concluded that although a number of studies have been conducted on
topics related to partially-filled heavy-duty vehicle rollover stability, no model exists so
far that can predict the rollover of a partially-filled tanker with general configuration
(such as number of units, shape of the tank, etc.). Furthermore, tank trucks undergoing
combined braking and turning maneuvers need further investigation since the only model
[182] tackling this kind of maneuvers did not reveal consistent experimental and

analytical results, especially for elliptically-shaped tanks.
1.2.5 Tank Design and Vehicle Stability

The design standards and safety regulations for vehicles carrying dangerous goods
have been outlined by the CSA (Canadian Standards Association) B338-1982 [204] in
Canada and Title 49 of CFR (Code of Federal Regulations) [205] in the U.S. These
standards apply to cargo tanks used for highway transportation of dangerous goods via
road mode and portable tanks used for transportation of dangerous goods through other
modes. These standards describe basic requirements for design, construction, testing,
inspection, re-testing, qualification and maintenance, and identification aspects of such
tanks. Highway tanks are designated with specifications MC 306, MC 307, MC 312/331,
etc. The modified-oval cross-section (MC 306) tanks, made of aluminum, are designed

for only 20.7 kPa (3 psi), which are primarily used to haul petroleum products. The



circular cross-section (MC 307 and MC 312) tanks, made of stainless steel, are often
designed for 241 kPa (35 psi) and are generally used to haul chemicals, flammable and
corrosive liquids. MC 331 tanks are used to haul compressed gases such as anhydrous
ammonia and propane at high pressures. Some of the general design and construction
requirements applicable to these cargo tanks are described below:

e Construction Practices: The general construction practices for cleanbore and
compartmented tanks are listed in section 173 of the U.S. DOT (Department of
Transportation) code.

e Materials: All sheet and plate materials required for shell, heads, bulkheads and
baffles are designated by ASME Boiler and Pressure Vessel’s Code [205].
Additional material requirements, however, apply to those parts that are exempted
from the above code.

e Structural Integrity: the maximum calculated design stress at any point of the tank
may not exceed the lesser of the maximum allowable stress value prescribed in
Section 8 of the ASME code, or 25 percent of the tensile strength of the material
used. Additional structural integrity is necessary for cases where applicable, such as
change in dynamic loading, internal pressure and temperature gradient.

The standards also address the design requirements for joints, manholes,
openings, piping, valves and fittings, supports, circumferential reinforcements and
accident damage protections. The standards, however, do not address the adverse
influence of liquid sloshing forces in partially-filled tanks on the stability and handling of
tank vehicles. The tanks, in general, are designed based on their structural integrity rather

than on vehicle system stability considerations.
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In view of the adverse influence of liquid sloshing on tank vehicle stability and
safety performance, various attempts have been made to explore different tank designs in
order to reduce liquid sloshing. Thus far, the only effective and accepted means of
reducing the slosh loads are separating walls or baffles, both of which are implemented
along the lateral cross-section of the tank [8-10, 140, 141, 170]. The combined effect of
separating walls is to reduce the amplitude of free surface oscillations and consequently
the slosh loads, and to augment natural frequencies of oscillations as compared with those
of fluids in uncompartmented containers. However, the influence of separating walls has
not been studied enough, and the design concepts of compartmented and baffled tanks do
not have a solid theoretical basis. The slosh damping effects are mostly determined by
experimental and semi-empirical methods [140, 141, 170]. The number, location and
sizes of separating walls and baffles, as well as the size of baffle orifices are often chosen
intuitively, and their effect on slosh loads have been addressed in very few studies.

Strandberg [8] investigated the influence of separating walls and baffles on the
lateral stability of road tankers through scale model experiments. It was shown that the
compartment width is an important parameters in conventional tanks and it was
recommended that the compartment width must not exceed 0.6 m for a peak lateral
acceleration of 0.4 g in order to ensure safe operation of the vehicle under cormering or
lane change maneuvers. Wang and Rakheja [206] studied the influence of location of
partitions on the braking performance of a partially-filled tank truck, and illustrated a
methodology to determine the optimal compartment sizes to minimize the magnitude of

longitudinal load transfer. The results clearly demonstrated that equal length
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compartments yield minimal longitudinal load transfer under straight-line braking,
irrespective of the liquid fill level, for both 2- and 3-compartment tank trucks.

While the addition of baffles tends to effectively resist the liquid sloshing along
the longitudinal axis of the tank, their influence on the lateral liquid sloshing is
insignificant. The experimental results, obtained by Strandberg [8], showed significant
benefits of longitudinally placed separating walls in reducing the lateral slosh loads. In a
recent study, Ibrahim [207] developed anti-slosh dampers to reduce the lateral motion of
liquid cargo within partially-filled cylindrical tanks. The dampers consisted of partitions,
containing rectangular slots and holes of different sizes, fitted vertically and passing
through the longitudinal axis of the tank. A small-scale experimental model of a
cylindrical tank subject to lateral excitations was designed to measure the viscous
damping and damped natural frequency of liquid loads. The measured loading parameters
were then applied to the full size tank using similarity analysis. The results showed
significant reduction in lateral shift of the liquid cargo. The longitudinal partitions,
however, are considered infeasible due to the additional weight and cost.

Roll stability analyses of partially-filled tank vehicles have further indicated that
magnitude of lateral liquid sloshing under various vehicle maneuvers is strongly affected
by the tank geometry, specifically the cross-section [8, 189]. The circular cross-sectional
tanks, employed in general purpose transportation of liquid products, yield high center of
mass location, but considerably less load transfer under a steady turning lateral
acceleration field, especially under lower fill volumes. The modified-oval tanks used in
transportation of fuel oils, on the other hand, yield lower c.g. height and relatively larger

load transfer, when compared with that observed for circular tanks. Under high fill
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volumes, the modified oval tanks exhibit higher roll stability limit than that of the circular
tanks. This i1s mostly attributed to lower c.g. height associated with the modified oval
geometry. Previous investigations on roll stability limits of partly-filled tank trucks have
thus established that a circular cross-sectional tank may be preferred for low fill volumes,
while a modified oval geometry may be desirable for high fill volumes [8, 189]. This
implies that the roll stability limits of partly-filled tank vehicles over a wide range of fill
volumes may be enhanced through selection of appropriate tank geometry, such that an
adequate compromise between the c.g. height and liquid load shift can be attained.
Mallikarjunarao [184] proposed a semi-rectangular tank profile to achieve lower c.g.
height by varying the top and side radii as well as the blend radii of the conventional
modified oval tank (MC306 Al) profile. Richardson [208] proposed a low profile
modified rectangular tank to achieve lower c.g. height. Klingenberg et al. [209] presented
a new concept tank truck configuration to enhance the roll stability of the vehicle by
lowering the tank body height and increasing the cross-section width. The effects of
liquid load shift, however, were ignored in these investigations. Popov et al. [210, 211]
investigated the optimal shapes of rectangular and elliptic road containers by minimizing
the overturning moment caused by the liquid load. The studies were limited to
rectangular and elliptic cross-sectional tanks while the shapes were optimized based on a

single design parameter.

1.3 OBJECTIVES AND SCOPE OF THE DISSERTATION
From the review of reported investigations on the subject of dynamics of heavy
vehicles, in general, and tank vehicles in particular, it is apparent that the directional

dynamics and stability characteristics of various configurations of commercial vehicles
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have been extensively investigated. The contributions due to cargo movement and cargo-
vehicle interactions, however, have been either neglected or considered under limited
maneuvers. Majority of the reported studies on dynamics of tank vehicles have
considered the movement of liquid cargo in the roll plane alone under constant speed
steering maneuvers. Few studies have also investigated the fluid motion in the pitch plane
alone under straight line braking. The fluid slosh analyses in these studies are mostly
based upon either steady-state motion of inviscid fluid or equivalent mechanical models.
Although majority of the studies have concluded on significant effects of tank geometry,
specifically the cross-section, only limited efforts have been made to derive optimal tank
cross-sections to minimize the magnitude of load shift within partly-filled tanks. The
reported studies on roll stability and straight-line braking performance have thus been
performed for conventional tank geometry, including circular and modified-oval cross-
section tanks. Further studies to derive optimal tank cross-sections based upon a more
general shape are thus desirable. Moreover, liquid load transfer, and its influence on
vehicle handling and stability characteristics under combined steering and braking
maneuvers have not been addressed. The objectives of this dissertation research are thus
formulated to address two important issues related to tank vehicle stability. These include
the identification of an optimal tank geometry and directional performance analyses

under combined steering and braking inputs.
1.3.1 Objectives of the Investigation

The overall objective of this dissertation research is to contribute towards
enhancement of highway transportation safety associated with relatively low stability

limits of partially-filled tank vehicles through development of systematically analytical
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methodologies and tank designs. The study involves development and analyses of fluid

slosh, tank and vehicle models, and optimization-based design methodologies to enhance

safety performance of tank vehicles. The specific objectives of the dissertation research

are summarized below:

a)

b)

d)

Propose a generic tank geometry to describe the cross-sections of currently used tanks
in transportation of fuel oils and bulk liquids.

Formulate and solve constrained optimization problems involving roll moments
caused by movement of the liquid cargo load within the partially-filled generic tank
to derive optimal tank geometry as a function of the fill volume.

Evaluate performance characteristics of optimal tanks in terms of liquid cargo load
shift in the roll plane, and analyze the influence of tank geometry on the stress
distribution of the tank structure.

Analyze static roll performance characteristics of the vehicle with various tank
designs as functions of fill volume through development and analyses of a static roll
plane model of an articulated vehicle equipped with a partially-filled generic tank.
and identify optimal tank geometry for different partial-fill conditions.

Carry out directional response and stability analyses of the vehicle equipped with
conventional and optimal tanks under various steering maneuvers performed at
constant forward speed and fill conditions through development and analyses of a
nonlinear analytical model of the tank vehicle combination.

Develop a three-dimensional quasi-static model of a partially-filled generic tank to
compute simultaneous liquid load shift in both the roll and pitch planes under various

longitudinal and lateral acceleration excitations.
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g) Develop a comprehensive variable speed three-dimensional model of a partially-filled
articulated tank vehicle, incorporating nonlinear lateral and longitudinal force
properties of tires and their interactions with the road surface.

h) Analyze dynamic response and stability characteristics of articulated vehicles with
partially-filled tanks of various cross-sections subject to combined steering and

braking maneuvers.
1.3.2 Organization of the Dissertation

In Chapter 2, a generic tank geometry is proposed based upon geometry analysis
of currently used tank cross-sections. Different multi-variable optimization functions are
further formulated to derive optimal tank cross-sections corresponding to various liquid
fill conditions, subject to constraints imposed on the total capacity, overall width and
height, and perimeter.

The performance characteristics of optimal tank configurations are evaluated in
terms of liquid load transfer and static rollover threshold acceleration limit of a partially-
filled articulated tank vehicle in Chapter 3. A static roll plane model of the partially-filled
tank vehicle is formulated by integrating the steady-state roll plane model of the partially-
filled generic tank with that of the vehicle. The load shift and roll performance
characteristics of the vehicle with the optimal cross-sections are then compared with
those of the wvehicle with currently used tank cross-sections for various liquid fill
conditions. The results are discussed to highlight the potential performance benefits of
the proposed optimal geometry. Stress analysis is further carried out to evaluate the
influence of the proposed optimal tank cross-sections on the stress distribution of the tank

structure.



In Chapter 4, the influence of tank geometry on the directional response and
dynamic roll stability characteristics of a partially-filled articulated tank vehicle is
investigated through development and analyses of a constant speed three-dimensional
model of the tank vehicle. The dynamic response characteristics of the vehicle with two
optimal tanks are compared with those of the vehicle equipped with conventional tanks,
under various directional maneuvers and liquid fill conditions, to demonstrate the
potential performance benefits of the optimal tank designs.

A comprehensive three-dimensional model of a partially-filled articulated tank
vehicle with variable speed is developed in Chapter S to study its dynamic response under
simultaneous steering and braking operations. A three-dimensional quasi-static model of
a partially-filled generic tank is developed to study instantaneous liquid load shift in both
the roll and pitch planes (including longitudinal, lateral and vertical directions) under
simultaneous applications of lateral and longitudinal accelerations. The tank model is
then integrated into a comprehensive three-dimensional model of the articulated vehicle
combination with variable forward speed to investigate the influence of liquid load shift
on the dynamic performance of the partially-filled tank vehicle under combined cornering
and braking maneuvers.

In Chapter 6, the yaw/roll tank vehicle model incorporating variable forward
speed, developed in Chapter 5, is employed to simulate and analyze the cargo load shift
in the roll and pitch planes and its impact on the dynamic response and stability
characteristics of the partially-filled articulated tank vehicle combination under braking-
in-a-turn maneuvers. The performance of the vehicle with a partially-filled conventional

tank of circular cross-section is then compared with that of a corresponding equivalent



rigid cargo vehicle to demonstrate the destabilizing effects of liquid load shift. Parametric
sensitivity analysis is further carried out to examine the influence of vehicle maneuvers,
liquid load fill volume, tire-road friction property, and tank cross-section on the
directional characteristics and braking behavior of the vehicle combination.

The highlights of the dissertation research, major conclusions drawn and

recommendations for future work are finally presented in Chapter 7.

-54.



CHAPTER 2

A GENERIC TANK CROSS-SECTION AND SHAPE OPTIMIZATION

2.1 INTRODUCTION

The roll stability of partially-filled tank vehicles is sstrongly influenced by both the
c.g. height of the tank trailer and magnitude of liquid load. transfer in a complex manner.
Circular cross-sectional tanks (MC 307 and MC 312), eemployed in transportation of
general-purpose liquid products, yield high c.g. location, bhut relatively less load transfer
under partial fill condition and application of a lateral acaceleration field. Modified-oval
cross-sectional tanks (MC 306), used in delivery of fuel oils, yield relatively lower c.g.
height. but considerably larger lateral load transfer under a lateral acceleration
disturbance, when compared with that encountered in partlry-filled circular tanks of nearly
identical cross-section area, especially under low fill voluumes. A circular cross-section
tank is thus considered to provide relatively higher roll stability under low fill volumes,
while a modified-oval geometry yields better roll stability under high fill volumes [189,
190]. Alternate tank cross-sections have been proposed im the past to achieve low c.g.
height, while the influence of tank geometry on the resulsting liquid load transfer under
partial fill conditions has not been addressed [184, 208, 2099].

In view of the limitations associated with the convventional tank cross-sections, a
generic tank geometry is formulated in this Chapter to describe various commonly used
tank shapes. Optimal tank cross-sections are realized to ackhieve both low c.g. height and
minimal lateral load transfer for varying fill volumes. Tihree constrained multivariable
minimization functions are formulated on the basis of owerturning moment caused by

moving cargo load under partial fill conditions, lateral loaad shift with prescribed cross-



section c.g. height, and weighted sum of c.g. height and shifts in c.g. coordinates of liquid
cargo. The minimization problems are solved to derive optimal cross-section parameters

corresponding to typical fill volumes and ranges of fill volumes.

2.2 LATERAL LIQUID LOAD SHIFT ANALYSIS OF CONVENTIONAL TANKS
Movement of liquid cargo within a partly-filled tank is strongly dependent upon
its cross-section, fill volume and severity of the vehicle maneuver. Tanks with circular,
elliptic, modified-oval and modified-square cross-sections, shown in Figure 2.1, are
mostly commonly used for bulk transportation of chemicals, fuel oils, etc. Among these,
the circular and modified oval tanks are by far the most popular tank cross-sections used
for transportation of general-purpose liquid products and fuel oils, respectively. These
cross-sections exhibit symmetry about the vertical and horizontal axes, and their
geometry can be described by a number of parameters, ranging from 1 to 5. A circular
cross-section can be described by its radius (R) alone, while the elliptic cross-section is
defined by its major and minor diameters (/,; and H>). A modified-square tank is defined
by three parameters: width (), height (/>) and blend radius (R). A total of five
independent parameters are required to describe the modified-oval cross-section. These
include radii of the top/bottom (R;) and side (R;) surfaces, blend radii (R>), overall height

(H>) and overall width ().



(a) Circular

(¢) Modified-oval (d) Modified-square

Figure 2.1: Commonly used tank cross-sections in liquid bulk transportation.

The center of gravity (c.g.) of the liquid bulk within a partly-filled tank
experiences lateral and vertical shifts under vehicle roll and lateral acceleration
encountered in a turning maneuver. The shift in the c.g. coordinates yields a destabilizing
roll moment, which contributes to relatively lower roll stability limits of such vehicles.
The magnitude of lateral load transfer of liquid cargo within a partly-filled tank depends
upon tank cross-section, fill volume and severity of the steering maneuver. In view of
vehicle roll stability, each tank cross-section offers certain advantages and limitations
related to its geometry. While wider tank cross-sections, such as modified oval and
modified square, yield lower c.g. heights, they cause larger movement of the mass center
under partial fill conditions. A cross-section with relatively lower width, such as circular,
yields higher c.g. height but lower c.g. shift along the lateral and vertical axes under

application of a lateral acceleration field.
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The shift in lateral and vertical coordinates of c.g. of the liquid bulk in a partly-
filled tank subject to constant lateral acceleration field and sprung mass roll angle
encountered during a turning maneuvers can be conveniently derived from a quasi-static
analysis of the liquid free surface, assuming inviscid fluid and negligible contributions
due to fundamental slosh frequency [172]. For low speeds, under steady state conditions,
the entire liquid cargo within partly-filled tanks is assumed to translate as a bulk, as
shown in Figure 2.2 for the conventional circular and modified-oval tanks. In the figure,
a, is the lateral acceleration in g units, imposed on the liquid due to tank acceleration, and
6:; 1s the tank roll angle, while W] represents the weight of liquid cargo and Zj denotes
c.g. height of liquid cargo in the absence of roll angle (&,3=0) and lateral acceleration
(@,=0). The c.g. of liquid bulk within each partly-filled tank experiences a shift from its
static position, Cy, to C;, under application of tank roll and vehicle lateral acceleration.

The gradient of the liquid free surface can be determined from the pressure
variations along the lateral (j;) and vertical (k) axes of the tank. The total pressure

variations, dP, at the free surface must vanish:

([P:.Oi(['s-{— op dk, =0 (2.1)
/. Ok,
where
?—{) =a, cosf,; +sind;; and
7 (2.2)
_66% =—a_ sind,; +cosf ;

Assuming small angles of the tank roll and inclination of the liquid free surface,
the gradient of the free surface due to tank roll and lateral acceleration is expressed as

[172]:
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where the tank roll angle, &;;, is expressed in radians.

A/eﬁ’/

(2) Circular ks (b) Modified-oval

Figure 2.2: Roll plane models of partly-filled circular and modified-oval tanks.

The instantaneous coordinates of the cargo c.g. are then derived from the tank
geometry and the free surface gradient. Figure 2.3 illustrates the shift in the lateral and
vertical c.g. coordinates of different tank cross-sections as functions of the fill volume,
while geometric parameters are chosen to yield nearly identical cross-sectional area for
all the shapes. The shifts or deviations in the c.g. coordinates are computed with
reference to the c.g. coordinates (0, Zj) under static conditions (a,=6;3=0). The results
clearly show that wider tanks, such as the modified-oval and modified-square tanks, yield
considerably larger shift in vertical and lateral coordinates of cargo c.g. for entire range
of fill volumes.

For nearly identical volume/unit length of the tank, the circular (R=2.03/2 m) and

elliptic (#,=2.10 m, H>=2.00 m) tanks yield c.g. height of 1.0l15 m and 1.00 m,



respectively. The modified-oval cross-section (R,=1.78 m, R,~1.39 m, R;=1.78 m,
H;=2.44 m, H>=1.65 m) yields considerably lower c.g. height of 0.825 m. The modified-

square cross-section (A4,=2.26 m and H,= 1.50 m and R=0.39 m) yields the lowest c.g.

height of 0.75 m.
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Figure 2.3: Liquid load shifts in partly-filled conventional tanks.
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2.3 FORMULATION OF A GENERIC TANK CROSS-SECTION

The cargo c.g. height and magnitude of load c.g. shift directly relate to the
magnitude of destabilizing overturning moment and thus the roll stability of a partly-
filled tank vehicle. From Figure 2.3, it is apparent that wider cross-section tanks yield
considerably lower c.g. height but significantly larger load shift. The cross-sections with
lesser width, on the other hand, yield less load shift but excessively higher c.g. location.
The roll stability of a vehicle may be enhanced by reducing both the overall c.g. height
and magnitude of lateral c.g. shift under steady turning maneuvers. It is thus desirable to
minimize the magnitude of load shift through selection of alternate cross-sections. A tank
cross-section with larger number of independent parameters, required to describe its
geometry, can provide increased flexibility to achieve desired volume with relatively
lower c.g. height. A cross-section symmetric about the vertical centerline, with wider
bottom and narrower top, could yield both the lower height of the center of mass of liquid
bulk and less load shift for a range of fill volumes. A generic tank shape, shown in Figure
2.4, is thus formulated for further analyses and to realize an optimal cross-section that can
provide lower c.g. height and less magnitude of lateral load shift.

The proposed periphery of the generic tank can be observed as a combination of
eight circular arcs symmetric about the vertical axis. This cross-section is considered to
be sufficiently general to describe many possible tank shapes. A circular cross-section
may be realized upon selecting equal radii for all the eight arcs. The periphery
approaches to that of a modified-oval tank, when R;=Rs, R,=R,, and the corresponding
circular arc angles are equal (a;=as5, @x=a). A modified-square shape may be realized by

selecting large values for R,, R; and R;, while an elliptic shape can be achieved through
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selection of appropriate arc angles and radii. By placing the origin ‘O’ of the tank body
fixed axis system, YZO, at middle of the lowest arc (arc 1), as shown in Figure 2.4, the
equation for each circular arc can be expressed as:

O-)+=-Z) =K (=1.2,....8) (2.4)
where Y,;and Z,; are coordinates of center of arc / of radius R;. The angles corresponding
to arcs 1-5 are represented by «;, a», a3, s and s, respectively, as shown in the figure.
The left-hand side arcs 6, 7 and 8 are symmetric to the right-hand side arcs 4, 3 and 2

about Z-axis, respectively.

A

Figure 2.4: Schematics of a generic tank cross-section.

2.3.1 Coordinates and Independent Parameters of the Generic Cross-section

A particular tank periphery is realized to achieve a specific cross-section area or
desired volume. The tank cross-section is derived from coordinates of the intersection
points between two adjacent circular arcs, which can be obtained through simultaneous

solution of equations for arc i/ and i+1. The solution yields maximum and minimum



values of vertical coordinates of arcs / and /+/, and the corresponding lateral coordinates.
As an alternative, coordinates of the intersection points can be directly determined from
geometric analysis by considering that two adjacent arcs possess identical slope at the
intersection point. The resulting formulation can further yield the minimum number of
independent variables required to uniquely define the tank cross-section. The coordinates
of different intersection points of the circular arcs, (¥;, Z; =0, 2, ..., 5), shown in Figure

2.5, are derived as follows:

Y =R sina,;; Z =R(l-cosq,)

Y=Y +L,cos(a,+a,/2); Z,=Z +L,sin(a, +a,/2)
Y.=R;sina;; Z,=H,-R;(1-cosa;)
Y=Y, + L, cos(a;+a,/2); Z,=Z,—L,, sin(a;+a,/2)

Y,=0; Z,=H, (2.5)

M
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where L, =2R, sin(«,/2) and L,, =2R,sin(a,/2). The coordinates of centers of arcs
(Yei, Zsi) are derived in a similar manner, and expressed as:
Y,=0; Z,=R
Y,=Y,-R,sin(a, +a,); Z.,=2Z,+R,cos(a, +,)
Y,=Y,-R;sin(q, +a,); Z,=2Z,+R,cos(a, +,)
Y, =Y,-R,sin(a, +a;); Z. =Z,—R,cos(a, +as)
Y.=0, Z,=H,—-R, (2.6)
The coordinates of center of arc 3 can also be expressed by the following
geometric relationships:
Y=Y, -R;sin(a, +a;);and Z ; =Z, — R, cos(c, + ;) 2.7)
The simultaneous solution of equations (2.6) and (2.7) for Y.; and Z.; yields the
following:

R. = (Zs_Zz) .
> cos(a, +a,) +cos(a, +a;)’

and

_ (Zy - Z,)[sin(a, +a,) —sin(a, +a5)]

Y, -1 (2.8)
cos(a, +a,) +cos(a, +a;)
In addition, a relationship among different arc angles can be derived as:
o +a, +a;ta, tas=nmw (2.9)

The above equations suggest that the cross-section of the generic tank can be
defined by eleven variables and three equality constraints described in Equations (2.7)
through (2.9). These constraint equations can be eliminated by considering R; and o as
dependent variables (intermediate design variables). The tank cross-section can thus be

uniquely defined by eight variables. The cross-sectional area, however, when constrained
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to achieve a desired volume capacity, reduces the number of independent design

parameters to seven, which include R;, «;, R>, R3, Ry, Rs and ;.
2.3.2 Characteristic Parameters of the Generic Cross-section

The overall width (#), overall height (), perimeter (L,), cross-section area (4.)
and cross-section c.g. height (Z.) are considered as the characteristic parameters, since
they directly relate to weights and dimensional regulations, transportation efficiency and
cost, and stability characteristics and safety performance of tank vehicles. The overall
tank width must be constrained by the maximum allowable width (H;<2.44 m) and is
related to maximum value of the Y-coordinate of the entire periphery (¥ua). Unlike the
currently used symmetric tank cross-sections, the proposed generic geometry may yield
Ymar within the lower half of the cross-section, most likely within arcs 2 or 3. A general
methodology is thus formulated to seek the maximum lateral coordinate of the periphery
and thus the maximum width, and the associated arc, such that:

H =2Y, =2*max{y=Y, +R} (i=1,2, ...,5) Subjectto Z.<z<Z; (2.10)

where y and z represent the lateral and vertical coordinates of a point on the circular arc,

respectively.
The overall height of the tank is obtained from radius and vertical coordinate of

arc 5, such that H>=Z_s+Rs. The perimeter (L,) of the tank can be derived from:
L,=2) Ra, (2.11)

The cross-sectional area (4.) and c.g. height (Z.) of the tank can be further

derived from the following area and area moment integrals:



s Z s Z,
A4, =23 [fi()d=;and Z,, = 2 > [ fi(z)za= (2.12)

4 ‘A‘ i=l z,,
where Z; and Z;, represent the maximum and minimum vertical coordinates of arc i, as

described in Equation (2.5), and f,(z)denotes its right-hand-side equation in terms of

vertical coordinate z, derived as:

i)=Y 4R}~ (z=Z,)* (=1,2,...,5) (2.13)

2.4 LOAD SHIFT IN A PARTLY-FILLED GENERIC TANK (ROLL PLANE)

The roll plane model of the partly-filled tank of generic cross-section is illustrated
in Figure 2.6. For the proposed generic tank, mounted on the trailer frame, W; and W,
represent the weights of liquid cargo and empty tank trailer structure, respectively; Z is
the vertical distance from tank base (origin of the tank-fixed coordinate system) to c.g. of
the empty tank trailer. Assuming small angles, inviscid fluid and negligible contribution
due to fundamental slosh frequency, the entire fluid bulk is considered to move as a rigid
body under steady-state conditions. The gradient of the liquid free surface can be
determined from Equation (2.3).

The instantaneous coordinates of liquid bulk c.g. under application of a, and &3,
denoted by Ci(Y;, Z)), are then derived from equation of the liquid free surface and tank
geometry. The equation of the inclined free surface of the liquid bulk due to tank roll and
vehicle lateral acceleration encountered during steady state turning can be expressed in
terms of its gradient and lateral coordinate, as:

z=ytang@ + A, (2.14)
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where /4, is intercept of the liquid free surface with Z-axis in the tank-fixed coordinate

system.

Z[ 4 es! Z
B
17/
A
Y,
16 W, 4,
Z G / } hy
" o, s Z L
T~
W, y
Y,

r

Figure 2.6: Roll plane model of a partially-filled generic tank.

The intercept is determined using an iterative procedure based upon the
assumption that liquid volume per unit length remains constant, while neglecting pitch
motion of the tank. For a given initial fill height 4, the algorithm identifies two arcs on
the left- and right-sides of the central Z-axis, which are intersected by the liquid free
surface by comparing the initial liquid height /# with the minimum and maximum heights
(Z-coordinates) of each arc describing the tank cross-section. Considering the symmetry
about Z-axis and that liquid free surface under static condition (a,=6;3=0) intersects arc {
on the right-hand side, such that Z, ;<h<Z, the corresponding liquid volume per unit

length in the tank can be computed from the area integral:
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i~1 Z,
4=23 jf( ydz+ jf( )dz (2.15)
=tz _
where fi(z) and fj(z) represent the right-hand-side equations of arcs 7 and j, respectively, as
described in Equation (2.13).
The coordinates of c.g. of the liquid bulk within the tank, under static condition
(a,=6;3=0), are then derived from:

Yo=0;and Z, =A [Z _ff( )zd= + If( )zdz (2-16)

-[z

For the inclined free surface realized under application of lateral acceleration and
tank roll angle, the algorithm identifies two arcs intersected by the liquid free surface in a
similar manner. The coordinates of the intersection points are computed by simultaneous
solution of Equations (2.4) and (2.14), while the initial value of intercept /i, is assumed to
be equal to 4. Assuming that liquid free surface intersects the left-hand side of the tank
periphery at point A(Y., Z,), and right-hand side at point B(Y3, Zg), as shown in Figure

2.7, the liquid volume per unit length can be computed from area integral:
4, = [[dya: (2.17)
0

where Q defines the domain of area integral. For the proposed generic tank cross-section,
many possible domains of integration exist depending upon free surface gradient and fill

volume.
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Figure 2.8: Possible liquid free surface configurations.
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Under low to medium levels of roll angle and lateral acceleration, the intersection
points 4 and B are expected to lie on the left- and right-sides of the centerline,
respectively, such that Y,<0 and Y>0. A total of fifteen possible intersection coordinates
may exist, as shown in Figure 2.8 (a). For 0<Z,<Z,, five different intersection
configurations (1-5) may exist depending on the position of point B. For Z;<Z,<Z,,
Z>sZA<Zj3 and Z3<7Z,<Z,, there exist four (6-9), three (10-12) and two (13-14) possible
configurations, respectively. There exists only one configuration (15) when Z;<Z,<Zs.

Under high levels of roll angle and lateral acceleration, the free surface of the
liquid may entirely lie within the same half of the tank, as shown in Figures 2.8 (b) and
2.8 (c). High fill volume coupled with large free surface gradient causes the free surface
to locate itself entirely on the left-hand of the Z-axis (Y,<0 and Y3<0). In this case,
variable number of possible configurations of the free surface, generally 1-11, may exist,
depending on the particular tank geometry, fill volume, and free surface gradient, as
shown in Figure 2.8 (b). The low fill volume coupled with large free surface gradient can
cause free surface to locate itself entirely on the right-hand side of the Z-axis (Y20 and
Yp>0). Although a large number of configurations are possible, the configurations 1-6
shown in Figure 2.8 (c) are considered to represent most general cases. It should be noted
that only the configurations that correspond to Y,<Yp and Z,<Zp are physically possible
(for left turning of the tank vehicle). The limits of area integral derived for different free
surface intersections are summarized in Table 2.1.

Equation (2.17) is solved using the respective domain of integration, illustrated in
Figure 2.8 and listed in Table 2.1, to compute the liquid volume per unit length 4, The

estimated volume is then compared with that attained under static condition (A4) to derive
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the corresponding volume error per unit tank length, e= l ArAo | . The iterative process is
repeated, for an adjusted value of the intercept /g, until the prescribed convergence is
achieved.

The corresponding load shift due to liquid motion can be computed from the
instantaneous location of the center of mass, (Y, Z)), evaluated from the following area

moment integrals:

y =L [[yavd=; and 2, - [[zava= (2.18)
A g A 5
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Table 2.1: Liquid free surface configurations and sets of integrals.

Free surface configurations and limiting values of
coordinates of points 4 and B

Integral limits

X.{ and YB ZA ZB
Y4<0 and.Yg>0 O—ZB<ZI (ll* 1) Zfi a2 L
Z\<Z5<Z, (n=2) | 2 I J'+Z J' j
0=<Z,<Z, Z+<Zg<Z5 (n=3) 0o =tz f
“ ZSZy<Zi(n=8) | 77 7 =Z (k=1,...n-1), Z. =2,
e/ Z;SZB<ZS (Il=5)
. ZSZ<Z( 7) v 2.,
15454y (n=2 2( )+Z
Z,£Z<Z, £y<Zp<Z;5 (n=3) J‘S[ zj-éf k=2 z.'[ /':[
o LS2p<Zs (178) | e =Z (k=2 ). Z. =2
——") Z4<Z5<Zs (n=5) =24 Z;=Z(k=2,...n-1), Z,=2,
. Zfi Z-f- Z.Nn w Zi
’ 2:<Ze<zs(n=3) | 2A[[+[[+ [P []
Z,<Z,<Z; Zy<Zp<Z, (n=4) 00 o zo ATz
ZSZp<Zs(n=5) | Z:=2,.Z,=Z,(k=3....n-1).2,=2Z
! z. 0 Z.f: Z.f. Z.f. n 2.
i it
= sz | 1T T 5]
Z_’,SZ..{<Z.; Z.;_ZB(Z (71—5) Z; =z, Z; =Z (k=4 =1).2.=2
4 Z, f, Z.f Z.f. Z, f Z . f. Z. f.
; Z(JJ‘ZIJ*-ZJ‘S‘-TZIJ?ZJ-&’—) J‘J’
ZisZ4<Zs Zi<Z<Zs (n=53) ' i )

]
¥
I
i
.
.
]
[

Y +<0 and Y;<0

0<Z,<Zy (m**=1)

Z\<Z,<Z,(m=2)
£,<Z,<Z5(m=3)
Ly<Z,<Z, (m=4)
Z<Z,<Zs (m=5)

Z,<Zpg<Zs (n=5)

veeen=1),Z. =2,

OSZ4<Z| (l7l= 1)

0<Zp<Z, (n1=1)
Z\SZg<Z,(n=2)
Zy=Zy<Z; (n=3)
Z<Z3<Z, (n=4)
Z<Z5<Zs (n=5)

k=m Z:~l /.

Zo . =2,Z,=Z,(k=m,...,n

-1),Z, =2,




Notes:

(1) *n= the No. of arc intersecting the free surface at right-hand side of the Z-axis
(n=1,2,...,5);

(2) **m= the No. of arc intersecting the free surface at left-hand side of the Z-axis
(m=1,2,...,5);

(3) /: and f; represent the right-hand-side equations of arcs / and %, respectively, as
described in Equation (2.13), while f; is the equation of the liquid free surface
in terms of vertical coordinate z, derived from Equation (2.14) as:

z—h,

(2.19)

fi2)=

tan @

2.5 DETERMINATION OF OPTIMAL TANK CROSS-SECTIONS

The roll stability of a partly-filled tank vehicle is directly related to static c.g.
height of the sprung weight and lateral load shift destermined mostly from the shift in
lateral coordinate of the liquid load c.g. under a lateral acceleration field. Both the c.g.
height and shift in c.g. coordinates due to the moverraent of the liquid cargo are further
affected by cross-section of the tank and fill volume. The roll stability of a partly-filled
tank vehicle can be enhanced by minimizing the overall c.g. height of the liquid cargo,
and magnitudes of lateral and vertical shifts in c.g. coordinates encountered during a
steady-turning maneuver. As described earlier, circul-ar cross-section tanks yield lower
degree of load transfer but high c.g. of the cargo. Thre modified-oval and square cross-
section tanks yield lower c.g. height but considerable load shift under a lateral
acceleration field. An optimal tank cross-section is theus explored to minimize both the
cross-section c.g. height (cargo c.g. height under 100%= fill condition), and magnitudes of
deviations in lateral and vertical coordinates of the cargo c.g. (4Y;, 4Z) under application

of tank roll and lateral acceleration.
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2.5.1 Formulation of Optimization Functions

Three different optimization functions are formulated to determine optimal
geometric parameters of the generic tank cross-section illustrated in Figure 2.4.

The conventional tanks are known to exhibit most significant lateral load shift
(4Y}) and thus the overturning moment about the sprung mass roll center under a lateral
acceleration field, specifically under low fill volumes [189]. The first optimization
function, Uy(y), is thus formulated based upon the lateral load shift alone corresponding
to a particular liquid fill volume ratio, B, defined as the ratio of the wetted cross-sectional
area to the total cross-sectional area (4,/4.). The cross-sectional c.g. height is constrained
to a prescribed value and the contribution due to shift in vertical coordinate of the c.g. is
considered negligible, such that:

Uy(x)=AY,;;and Ze< Zgo (2.20)

where Z.go 1s the specified upper limit of the cross-section c.g. height. 4Y;5 is lateral
deviation of the cargo c.g. under a steady lateral acceleration and specified fill ratio B. In
the shape optimization function, y represents the vector of design variables. As described
in Section (2.3.1), a generic tank geometry can be uniquely described by eight
independent variables. Considering the equality constraint imposed by desired volume
per unit length or cross-sectional area, the design vector for the tank geometry is given by
% ={Rs, as, R, R3, Ry, R5, a5} T, where <7 designates the transpose.

To ensure minimal lateral load shift over a range of fill volumes, a composite

lateral load shift measure is formulated as:

Usy(x) =D W,AY,; 5 (B<B<B.) and Zee< Zego (2.21)
B
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where B; and B, are the lower and upper limits of fill volume ratios considered for the
optimal solution, while W} is a weighting factor corresponding to fill volume B. Zygis a
specified tank cross-section c.g. height. Based on this composite objective function, tanks
with different cross-sections can be achieved by selecting different values for Zego. A
very low tank cross-section can be obtained by constraining Z.g to a value considerably
smaller than the c.g. height of the conventional modified-oval tank. A narrow tank cross-
section, on the other hand, can be achieved by letting Z. to approach a relatively larger
value. The solution of optimization problem described in Equations (2.20) and (2.21) can
yield optimal designs to minimize the lateral load shift. The contributions due to c.g.
height and shift in vertical coordinate of the cargo c.g. are neglected.

A second optimization problem is thus formulated based upon weighted sum of
primary contributing factors at a particular fill volume, (4Y;, 47, Zg), such that:

Uz ()=(AY +7,0Z +7,Z ), (2.22)

Similar to Equation (2.19), the optimization function can be formulated for a

range of fill volumes in order to derive a generally applicable optimal design, such that:

US}Z (X) = Z I/Vﬂ {7|AY,. +72AZ; +732; }p (BISBSBh) (2-23)
B

where AY*=AY/AY jmax, AZ*=AZYAZmax, and Zeg*=Zco/Zegmax, corresponding to a fill
volume B, and y;, y2 and y; are weighting factors for the three contributing factors, 4Y,
AZ; and Zeg. AYjpar and AZj,,, are the maximum values of lateral and vertical shifts of
liquid c.g., considered to be equal to those obtained for a modified-oval cross-section of
identical cross-section area. Z.gmq, 1S the maximum value of the c.g. height, which is

considered to be that of a circular cross-section tank of identical area. The weighting
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factors, yi, y2 and y3, are selected on the basis of relative contributions of the three
contributing factors, 4Y;, AZ;and Z,.

Based upon the objective functions, described in Equations (2.22) and (2.23),
optimal tanks with different cross-sections can be obtained by setting various
combinations of values to y;, Y2 and y;. While a higher value of y; can lead to optimal
design with low c.g. height, larger values of y; and y, will yield to a relatively narrow
tank cross-section. It should be noted that a unit increase in AY; causes an increase in
overturning moment equal to ), while a unit increase in AZ; causes the moment to
increase by W.ay. This suggests that the values of y; and y, should be selected to be
larger than that of v3.

Alternatively, the roll stability of a partially-filled tank vehicle may be enhanced
by directly minimizing the overturning moment due to motion of the liquid cargo about
the c.g. of the tank-trailer structure, as shown in Figure 2.6. The third optimization
problem is thus formulated to minimize the overturning moment caused by the moving
liquid cargo, which is mostly a function of primary contributing factors incorporated in
the optimization problem of Equation (2.22), namely the c.g. height, and shift in the
lateral and vertical coordinates of the cargo c.g. The optimization function corresponding
to a given fill volume is formulated as:

Uy (X)=M, (2.24)
where M, is the overturning moment due to the liquid cargo about the c.g. of the tank-
trailer structure. This overturning moment can be derived from the forces shown in
Figure 2.6.

M, =W((Z,+Z,)cos8,; —Y,sinf,, |4, +W,[(Z, + Z,)sinf,; +¥,cos8,,]  (2.25)
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The above optimization function over a range of fill volumes may be expressed

as:

Usy, (X) =D WM ,; (B<B<By) (2.26)
B

2.5.2 Constraints
The three optimization functions, presented in Equations (2.20) through (2.26), are
solved in conjunction with a number of limit constraints to ensure a feasible design,
which include:
a) An equality constraint is imposed to ensure that the cross-section area of the tank is
equal to that of a modified-oval tank (MC 306), such that 4= 3.2586 m>.
b) The overall tank height is limited to the diameter of the circular tank (MC 307),
such that A,<2.03 m.
c) The overall tank width is limited to that of the MC 306 tank, such that A,<2.44 m.
d) The arc radii, R;, are selected to be either equal to or larger than a certain threshold
value to endure structural integrity of the tank. The minimum value for the blend
radii is limited to that of the conventional MC 306 tanks, such that R;20.39 m (i=1,
2,...,5).
2.5.3 Solution Method
The three constrained multi-variable optimization functions, described in
Equations (2.20) through (2.26), are solved using sequential quadratic programming
method to determine optimal tank geometry for different liquid fill volumes and volume
ranges, under typical values of lateral acceleration (a,=0.3 to 0.4 g) and roll angle (6;=7-
to 9 degrees). The solutions are obtained for different limiting values of cross-sectional

c.g. height (Z.40) in the case of Equations (2.20) and (2.21), and different weighting factor
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combinations (yi, Y2 and ys3) in the case of Equations (2.22) and (2.23), while Equations
(2.24) and (2.25) are solved directly. Equal weighting factor (Wp) is selected for each
specific fill volume in the case of solutions for fill ranges.

Each optimization problem is firstly solved for different starting values of the
design vector and the results are analyzed to identify global optimum and to examine the
validity of the optimal solutions. The solutions invariably converged to nearly similar
cross-sectional parameters, irrespective of the selected starting vector. Although the
solutions of different optimization problems corresponding to different fill volumes and
fill ranges resulted in different geometric parameters of the optimal cross-sections, the
resulting shapes are quite comparable. The solutions converged towards relatively high
radii for arcs 1 and 3 (7), and considerably lower blend radii (arcs 2, 4, 6 and 8), resulting
in a nearly conical shape, irrespective of the optimization function employed. For
identical reference values of lateral acceleration and tank roll angle, and liquid fill
volume or fill range, the three formulations, however, result in similar solutions for the
tank shapes, specifically for A, and H,, when an appropriate combination of weighting

factors (y1, v2 and ;) and Z.go values is selected.

2.6 OPTIMAL TANK CROSS-SECTIONS CORRESPONDING TO VARIOUS
FILL CONDITIONS

2.6.1 Optimal Cross-sections for Specific Fill Volumes

The constrained optimization problems are initially solved to derive optimal tank
geometry for fill volumes ranging from 40% to 70% with an increment of 10%, and
100%, respectively. Figure 2.9 illustrates five optimal tank cross-sections obtained

corresponding to the five different fill volumes derived from the optimal solution based
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on the overturning moment, Equation (2.24). Table 2.2 summarizes the design parameters
together with the cross-sectional c.g. height and perimeter. The table also presents a
comparison of optimal design parameters with those of the conventional tanks.

An examination of the optimal tank geometry corresponding to different fill
volumes can provide considerable insight into the contributions due to liquid load shift
and c.g. height. The optimal solution, corresponding to 50% fill volume (Opt.2),
converges to moderately narrow top, relatively high c.g. and considerably lower width to
reduce the lateral load shift, as shown in Figure 2.9 and Table 2.2. The 60% and 70% fill
volumes yield tank geometry (Opt.3 and Opt.4) with lower c.g. height, wider bottom and
narrower top. Low fill volume (40%) (Opt.1) results in nearly rectangular cross-section
with higher overall c.g. height and relatively wider top. The optimization corresponding
to 100% fill volume yields tank design (Opt.5) with the lowest c.g. height, due to the
absence of liquid slosh. It should be noted that all the optimal configurations yield

identical total cross-sectional area.
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Figure 2.9: Comparison of optimal tank cross-sections derived on the basis of
minimal overturning moment.

Table 2.2: Geometric parameters of conventional and optimal cross-sections
corresponding to different fill volumes (All dimensions are in m).

) Reference . c.g. .
Optimal | Ei1l Volume Design Parameters ) Perimeter
Configuration . Height
(%) H, | H | R, R:- | Ry | Ry | Rs Zey L,
Opt. 1 40 1.7412.03 | 9.98 | 0.39 |{35.00/ 0.39 {2.05] 0.99 6.66
Opt. 2 50 1.96 | 2.03 {25.00{ 0.39 150.00{ 0.63 | 1.84| 0.92 6.69
Opt. 3 60 2.13 12.03 {25.00| 0.39 {50.00{ 0.39 | 1.64| 0.88 6.82
Opt. 4 70 2.30 {2.03 |25.00| 0.39 |50.00| 0.39 | 1.65| 0.84 6.90
Opt.5 100 2.4411.59|25.00| 0.39 {14.53] 044 (141 | 0.72 6.94
Modified-oval - 2441165(1.781039(1.7810.39]1.78] 0.83 6.63
Circular - 20312031.02]1.02)1.0211.02]1.02] 1.02 6.38
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2.6.2 Optimal Cross-Sections Corresponding to Typical Fill Ranges

The cargo tanks, specifically those employed in general-purpose transportation of
liquid products, encounter varying fill levels due to variations in weight density of the
products. The optimal cross-sections are thus explored for most probable variations in fill
volume. The optimization function, described in Equations (2.21), is solved for fill
volumes ranging from 50% to 90%, subjected to an additional constraint imposed on its
perimeter. The tank perimeter is limited to a maximum value equal to that of a MC 306
tank (6.63 m) in order to limit the weight of the tank. Figure 2.10 illustrates six candidate
optimal tank cross-sections realized upon minimizing the lateral load shift. The solutions
are realized with equal weighting for different fill volumes and six different limiting
values of Z. ranging from 0.76 m to 0.96 m. The resulting geometric parameters

together with those of conventional tanks are summarized in Table 2.4.
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Figure 2.10: Comparison of optimal tank cross-sections corresponding to
different limiting values of Z . ($=0.5 to 0.9).
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Table 2.3: Geometric parameters of optimal cross-sections corresponding to
different limiting values of Z, ($=0.5 to 0.9).

c.;rl?lsecigﬁf?m) Design Parameters (m) Perimeter (m)
Zeyo H, | H | Ry | R | R; | Ry | Rs L,
0.76 2.38 1 1.64 (155510521094 | 1.10 | 1.89 6.63
0.80 2221 1.76 {23.66| 0.39 | 1.72 | 0.48 | 1.47 6.63
0.84 2.14| 1.88 {24.96{ 0.39 [ 2.60 | 0.80 | 1.70 6.63
0.88 2.05]1.95(25.00{041(4.22]0.721.80 6.63
0.92 1.98 | 2.03 |24.97| 0.45 {10.50] 0.72 | 1.66 6.63
0.96 1.88 | 2.03 |24.84| 0.46 (33.50| 0.50 | 1.84 6.63
Modified-oval | 2.44 | 1.65 | 1.78 | 0.39 | 1.78 | 0.39 | 1.78 6.63
Circular 2.031203(1.02{1.02|1.02|1.02]1.02 6.38

The results show that a relaxed value of Z.4 yields an increase in tank height (#3)
and decrease in tank width (A;). A further examination of the optimal tank geometry
corresponding to different limiting values of Z.¢ provides additional insight into relative
contributions due to c.g. height and liquid load shift. The solutions corresponding to
medium to high values of Z.4y (0.84-0.88 m and 0.92-0.96 m) converge to low overall
width and moderately narrow top in order to reduce the magnitude of liquid load shift.
Lower limiting values of Z. (0.76-0.80 m) yield tank geometry with considerably larger
width and lower height to achieve lower c.g. height. The perimeters of all the optimal
cross-sections invariably approach the limiting value.

The load shift properties of the candidate optimal tank cross-sections, illustrated
in Figure 2.10 and Table 2.3, are further evaluated under varying fill volumes in terms of
overturning moment of the cargo about origin of the tank-body coordinate system. The

total overturning moment is computed from:
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M, = W,[(Y, cosf; —a .Y sinf,, )+(Z, sind,, +a.Z, cosd,, )j 2.27)

The effective overturning moment arm is also evaluated upon normalizing the
moment M, with respect to the cargo load, such that L,=M,/W;. Figure 2.11 illustrates the
overturning moment arm, Ly, computed for different optimal cross-sections as a function
of fill volume, ranging from 50% to 90%. From the results, it is apparent that low c.g.
height optimal tanks yield low overturning moment under high fill volumes. The optimal
cross-sections with higher c.g. height could be considered desirable for relatively lower
fill volume. The results suggest that a single cross-section can not satisfy the minimal
load shift requirements under wide variations in fill volumes. Figure 2.11 further
lllustrates the mean moment arm of each optimal cross-section, computed over the

volume fill range of 50% to 90%.

Overturning moment arms (m)

076 078 08 082 084 08 08 09 092 094 0.9
Cross-section c.g. height (m)

Figure 2.11: Overturning moment arms and their mean values for different
optimal cross-sections and fill volume ranging from 50% to 90%.
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Figure 2.12: Sum of overturning moment arms of different optimal cross-sections

for two fill ranges.

A further analysis of the overturning moment arms suggests two evident minima,
corresponding to two ranges of fill volumes: 50% to 70% and 70% to 90%. A summation
of moment arms corresponding to these two fill ranges, illustrated in Figure 2.12, reveals
that the optimal cross-section with high c.g. (Z.gp=0.92 m) can be considered optimal for
fill volume ranging from 50% to 70%. The relatively lower width of this cross-section
yields lower lateral load shift under low to medium fill volumes, while the contributions
due to high c.g. (Z.g) remain small due to low fill volume. The optimal cross-section
with lower c.g. height (Z.¢=0.84 m), on the other hand, yields lower magnitude of
overturning moment for relatively higher fill volumes, ranging from 70% to 90%.
Although the optimal design with cross-section c.g. height of 0.88 m appears to yield the
lowest sum of overturning moment arms in the entire fill volume range (50% to 90%), as

shown in Figure 2.11, it does not yield the minimum when two different fill ranges are
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considered. These results further suggest that the overturning moment is predominantly
affected by lateral load shift under low to medium fill volumes, and by the c.g. height
under medium to high fill volumes. Two different optimal cross-sections are thus
proposed and referred to as ‘OPT/ " and ‘OPT2’, respectively, corresponding to Z.g=0.92
m and Z.,,=0.84 m, to achieve minimal overturning moments under two different ranges
of fill volumes (50% to 70% and 70% to 90%). Figure 2.13 presents a comparison of the
two optimal cross-sections with those of the conventional circular and modified-oval
tanks.

It should be noted that the optimal solutions are strongly influenced by the limit
constraint imposed on the perimeter. The effect of the perimeter constraint could be
investigated through study of optimal solutions attained upon eliminating it. Figure 2.14
illustrates the six optimal tank cross-sections obtained in the absence of the perimeter
constraint corresponding to different limiting values of Zg ranging from 0.76 m to 0.96
m. Table 2.4 summarizes the geometric parameters of the optimal cross-sections and their

perimeters.
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Figure 2.13: Comparison of optimal and conventional tank cross-sections.
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Figure 2.14: Comparison of optimal tank cross-sections corresponding to
different limiting values of Z.,, and unconstrained perimeter.
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Table 2.4: Geometric parameters of optimal cross-sections corresponding to
different Z., (without perimeter constraint).

c.gl?rfliigl?te?m) Design Parameters (m) Perimeter (m)
Zewo H, H, R; R» R; R, Rs L,
0.76 244 | 1.80 | 2346 039 | 3.65 | 0.50 1.50 6.82
0.80 237 | 1.96 {2485 0.39 | 33.5 | 0.50 | 1.80 6.91
0.84 226 | 203 {2500 0.39 | 33.5 | 042 | 1.65 6.90
0.88 213 1 202 |2436| 0.39 {33.50| 0.39 | 1.84 6.81
0.92 200 | 203 |24.89] 0.39 {33.50] 0.39 | 2.05 6.75
0.96 1.90 | 2.03 12490 0.39 {33.50| 0.39 | 1.84 6.71
Modified-oval | 2.44 | 1.65 | 1.78 | 039 | 1.78 | 0.39 1.78 6.63
Circular 203 2.03 | 1.02 | 1.02 | 1.02 | 1.02 | 1.02 6.38

Compared with the optimal cross-sections obtained with constrained perimeter,
the solution for a given Z.g converges to larger radii for arcs 1 and 3(7), and lower radii
for arcs 2 (8) and 4 (6). The resulting cross-sections thus yield increased height and width
and the shape approaches a conical cross-section with narrow top and wide bottom. The
cross-section perimeter increases with increase in Zgg in the 0.76 m to 0.80 m range and
decreases with increase in Z.g in the 0.80 m to 0.96 m range. A comparison of Figures
2.10 and 2.14 reveals that limiting the perimeter results in relatively round shapes, with
considerably smaller values of H; and />, and larger blend radii, especially for low
values of Z.¢9. The perimeters of the optimal cross-sections derived in the absence of the
perimeter constraint are approximately 1.2% to 4.2% higher than that of a modified-oval
cross-section.

Figure 2.15 illustrates the overtuming moment arm Ly, computed for six optimal

cross-sections listed in Table 2.4, as a function of the fill volume. The figure also
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illustrates mean moment arm for each fill volume. The sums of overturning moments of
each cross-section corresponding to two range of fill volumes, 50% to 70% and 70% to
90%, are illustrated in Figure 2.16. The results show that the optimal cross-section with
c.g. height of 0.84 m yields the lowest value of mean moment arm in the entire fill
volume range (50% to 90%). The summation of overturning moment arms suggests that
optimal cross-sections with c.g. heights of 0.88 m and 0.80 m can be considered to yield
the lowest overturning moment for low to medium fill volumes (50% to 70%) and
medium to high fill volumes (70% to 90%), respectively. Similar to the optimal solutions
attained with constrained perimeter, two optimal cross-sections are identified and
referred to as 'OPT/,’ and ‘OPT2,’, corresponding to Z.,=0.88 m and Z:0=0.80 m,
respectively. Compared with the values of Z attained for optimal configurations subject
to constrained perimeter, the Z.g values of optimal cross-sections in the present case shift
towards lower values. This shift demonstrates the effect of perimeter constraint in

reducing the optimal tank cross-section c.g. height.
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Figure 2.15: Overturning moment arms and the average of arms due to load shift
for fill volumes ranging from 50% to 90%.
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Figure 2.16: Sum of overturning moment arms as a function of z .
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The optimization functions formulated in this study can also be conveniently
applied to derive optimal geometric parameters of the conventional modified-oval cross-
sections, symmetric about both axes. A modified-oval cross-section can be uniquely
defined by five independent parameters, radii of the top/bottom (R:) and side (R))
surfaces, blend radii (R;), overall height (/) and overall width (H,). Figure 2.17 presents
a comparison of a symmetric optimal cross-section (4;=2.29 m, A>=1.55 m, Z=0.78 m,
R,/=4.55 m, R;=0.39 m, R;=33.50 m, R,=0.39 m, R;=4.55 m, L,=6.76 m) obtained for
50% to 90% fill volume range with those of the currently used circular and modified-oval
tanks. Compared with the currently used modified-oval cross-section, the symmetric
optimization (referred to as Optimal-oval) yields tank geometry with moderately larger
radii for arcs 1 and 5, and considerably larger radii for arcs 3 anc-i 7. The blend radii
approach the limiting value of 0.39 m, resulting in reduced cross-section height and

width. The shape approaches that of a modified-square.
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Figure 2.17: Comparison of symmetric optimal tank cross-section with those of
the circular and modified-oval tanks.
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2.7 SUMMARY

A generic tank cross-section is proposed to describe the geometry of currently
used tanks employed in transportation of liquid bulk products. A kineto-static roll plane
model of the partially-filled generic cross-section tank is developed and analyzed to study
the lateral and vertical shifts in cargo c.g. under application of lateral acceleration and
tank tilt. Three different multivariable constrained optimization functions are formulated
and solved numerically to minimize the tank cross-section c.g. height and lateral
movement of the liquid bulk, and thus the resulting overturning moment as a function of
fill volume. The optimization functions are solved subject to constraints imposed on the
total cross-section area, overall width and height, and perimeter. Five different optimal
cross-sections are derived corresponding to 40%, 50%, 60%, 70% and 100% fill volumes.
Two optimal cross-sections are identified corresponding to 50% to 70% and 70% to 90%
liquid fill volume ranges, respectively. The influence of perimeter constraint on the
optimal solutions are also investigated. The optimal solutions in all the cases invariably
converge towards nearly conical shape, resulting in simultaneous reduction in liquid c.g.
height and lateral load transfer. The potential benefits of optimal cross-sections in
enhancing the roll stability of partly-filled tank vehicle combinations are investigated in

the following Chapters.
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CHAPTER 3

STATIC ROLL STABILITY ANALYSIS OF VEHICLES WITH
PARTLY-FILLED OPTIMAL TANKS

3.1 INTRODUCTION

The likelihood of a vehicle rollover during steady turning is strongly related to its
rollover threshold or overturning limit. Heavy vehicles, in general, exhibit lower rollover
threshold than the other road vehicles due to their high c.g. location, and large weight and
dimensions [72, 73]. Moreover, the static rollover threshold limits of tank trucks are
adversely influenced by the liquid cargo shift under partial fill conditions [7, 8]. The
static roll performance of such vehicles can be considerably enhanced by minimizing
lateral load shift, specifically in case of low to medium fill conditions. The potential
performance benefits of various optimal tank configurations, derived in Chapter 2, are
thus investigated in view of the liquid load shift and static roll stability of an articulated
tank vehicle combination subject to steady turning maneuvers. The potential performance
benefits of vehicles with optimal tanks are assessed under varying fill volumes by
comparing their roll stability limits with those equipped with conventional tanks. The
static roll stability limits of partly-filled articulated tank vehicles can be effectively
derived through development and analysis of a static roll plane model of the vehicle.

A static roll analysis model of a five-axle tractor-tank-semitrailer vehicle is
developed by integrating the roll plane steady state fluid model of a partially-filled
generic tank, developed in Chapter 2, with a roll plane model of the articulated vehicle,
reported in the literature [78, 82]. The liquid load shift occurring within the partially-

filled optimal tank cross-sections under various fill volumes and lateral accelerations



encountered during a steady turn is computed using the iterative algorithm formulated in
Chapter 2. The equations describing the static roll equilibrium of the vehicle equipped
with a partially-filled generic tank are derived and solved simultaneously to evaluate the
steady turning response and rollover threshold of the vehicle equipped with optimal and
conventional tanks. The roll performance characteristics of the vehicle with different
optimal cross-section tanks are then compared with those of the vehicle with currently
used tanks to identify optimal cross-section tanks for various liquid fill conditions. The
structural integrity of the proposed optimal cross-section tanks is preliminarily
investigated to evaluate the influence of optimal tank geometry on the stress distribution

of the tank structure.

3.2 STATIC ROLL PLANE MODEL OF AN ARTICULATED TANK VEHICLE

A wide range of heavy vehicle configurations are used in transportation of bulk
liquid products. The most commonly used vehicle configurations include five-, six- or
seven-axle tractor semitrailers, and seven- or eight-axle B-trains [11]. A survey
conducted by Rohm and Haas Company [7] concluded that bulk transportation of liquid
products is mostly performed by five-axle tractor-tank semitrailer combinations. A five-
axle tractor semitrailer combination equipped with a tank of generic cross-section is thus
considered for the analysis of steady turning rollover threshold as a function of fill
volume and tank geometry. Many studied have reported that rollover threshold limits of
heavy vehicles can be effectively derived from a static analysis characterizing the vehicle
response in a steady turn maneuver [78, 80, 81-84]. The dynamic roll response of the
vehicle can thus be neglected in the analysis. The roll response of the combination in a

steady turn can be conveniently derived by solving the static equilibrium equations under
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small successive increments in roll angle of the trailer sprung weight. In the analysis, the
entire combination is represented by three roll planes comprising three composite axles:
the front- and equivalent rear-axles of the tractor, and an equivalent composite-axle of the
trailer axles, as shown in Figure 3.1. The composite axles are derived upon grouping
axles with similar suspension properties [78]. The two composite tractor axles,
representing the front- and equivalent rear-axles, are considered to support the sprung
weights W, and W,, respectively, due to tractor. These sprung weights are coupled
through torsional compliance (K,,) of the tractor frame. The trailer sprung weight is
represented by two sprung weights: sprung weight of the tank-semitrailer structure (/¥;)
and the sprung weight (}7) due to liquid cargo in the tank. The sprung weight due to tank-
semitrailer is coupled to the tractor sprung weight (W,) through the torsional compliance
of fifth wheel and trailer structure (X,), as shown in Figure 3.1. The weight ¥; shown in
the figure represents portion of the cargo and trailer weight supported by the fifth wheel.
The static roll plane model of the partially-filled tank vehicle is developed by
integrating the steady state roll plane fluid model of a partially-filled generic tank,
developed in Chapter 2, and roll plane model of the articulated vehicle, shown in Figure
3.2. In the figure, j; and &;; represent the lateral and vertical axes of sprung mass-fixed
coordinate system, while j,; and &,; denote the lateral and vertical axes of unsprung mass-
fixed system i. j, and 4, are lateral and vertical axes of an earth-fixed inertial system. The
position of c.g. of liquid cargo in the tank is represented by Ci(Y;, Z;) with respect to tank
body-fixed coordinate system (YZO). a, represents lateral acceleration imposed on liquid
cargo during a steady turn and W,; is unsprung weight of axle i. Fy;; and F;,» are forces

developed by left and right suspension springs on axle i. H,;is height of the ith roll center

-94-



from the ground plane and Z,; is vertical distance between the ith roll center and c.g. of

the sprung weight. Other symbols used in Figure 3.2 are described later.
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Figure 3.1: Three-composite-axle representation of a tractor semitrailer tank vehicle.
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Figure 3.2: Roll plane model of the tank vehicle.



The major highlights of the model and various simplifying assumptions made in
the process of deriving the underlying equations are summarized below [11, 172, 184]:

e The relative roll motion between the sprung and unsprung weight occurs
about the roll center, which is located at a fixed distance beneath the sprung
weight center. Each sprung weight rotates about its respective roll center.

» The suspension springs deflect along directions normal to the respective
unsprung weight, and transmit only compressive or tensile forces. All the axle
forces acting in a direction normal to the axis of the axles are balanced by the
suspension forces, while all axle forces acting along a direction parallel to the
axle axis are assumed to act through the respective roll centers.

« The nonlinear force-displacement characteristics of the suspension springs,
such as backlash and interleaf friction are incorporated through tabular load-
deflection input. The force-deflection characteristics are linearized about the
operating point to compute the suspension forces and spring rates during
simulation. The force-displacement characteristics of the suspension springs
of the three composite axles are presented in Figure 3.3 [172].

« The lateral and vertical stiffness characteristics of tire j (=1, 2, 3, 4) of
composite axle i (i=1, 2, 3), KYj; and KT}, are assumed to be linear.

e At lateral accelerations close to the rollover limit of the vehicle, the load
transfer to the tires located on the outside of the turn is quite significant. The
lateral forces developed by tires on the inside of the turn are assumed to be
negligible when compared to those developed by tires on the outside of the

turn. The lateral deflections of tires are thus computed only for those tires on
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the outside of the turn. The lateral stiffness of tires on axle / is considered as
KY;3 + KYy4, oriented along the earth-fixed lateral axis j,.

The roll resisting moments developed due to camber are represented through
torsional springs of stiffness KOV T}, existing at the tire/road interface.

Roll angles are assumed to be small for both the sprung and unsprung weights,
such that the small angle assumptions sin8=~6 and cos@=]1 hold, where @
denotes roll angle.

The influence of articulation on roll response of the tank vehicle is neglected,
assuming small articulation angle. The sprung weights supported by different
composite axles are allowed to experience different vertical deflections. The
total vertical load carried by each composite axle, however, is assumed to
remain constant.

The tractor frame and the combined fifth wheel and tank-semitrailer structure
are assumed to possess ideal hysteretic properties, as shown in Figure 3.4
[172]. The figure also represents the torsional compliance of the structure.

The liquid cargo can be represented by n sprung weights to study the roll

behavior of tank vehicles with »# independent compartments.
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3.3 EQUATIONS OF STATIC ROLL EQUILIBRIUM

A total of 15 algebraic equations along with two equations describing the load
shift within a cleanbore tank are required to describe the static roll equilibrium of an
articulated tank vehicle. The static roll equilibrium of an n-compartmented vehicle is
described by 15+2n equations. The 15 algebraic equations are obtained by balancing the
roll moments acting on the sprung and unsprung weights, vertical suspension and tire
forces, and lateral forces acting on the tires of each composite axle. The set of algebraic
equations describing the static roll equilibrium of a five-axle tractor-tank-semitrailer
vehicle are expressed in terms of small variations in roll angles, lateral and vertical
translations of the sprung and unsprung weights, lateral and vertical translations of c.g. of
the liquid bulk in the tank and vehicle lateral acceleration. A detailed derivation of
equations of roll equilibrium of an articulated vehicle is presented in [11, 172].  The
final equilibrium equations of a five-axle tractor-semitrailer tank vehicle are presented
below. It should be noted that, in all the equations, the roll angles are expressed in radians

and the lateral acceleration («,) is normalized with g.

Roll moments acting on the sprung weights

The roll moments acting on the sprung weight of a composite axle include
moments due to suspension forces, torsional compliance of the tractor and trailer
structure, lateral forces acting through the roll center, lateral component of the sprung
weight, and moment due to movement of the liquid cargo within the tank.

(FSy —FSy)s; +(FS, +FS,)Z,6,-6,)-F,Z, + G.1)
M +M o+ M+ M +M,, =0 .

where FSj; is the force due to suspension springs on axle i, given by
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FS; = K[Z,;+ (-1’56, —6,)]: (=1,2) (3.2)
where /=1, 2, 3 denotes the sprung weights and composite axles on the tractor front,
tractor rear and trailer respectively, K;; and Kj; are the equivalent linear spring rates of the
left and right springs on the /th suspension. Z,; is vertical distance between the unsprung
weight c.g. and roll center of axle / along the &,;axis, as shown in Figure 3.2. s; is half the
suspension lateral spread of axle / and 8, is roll angle of the ith unsprung weight. F; is
the lateral force acting through the roll center of axle i, in a direction parallel to j,; axis,
expressed as:

F, =W,(a,—6,) (3.3)
where the three sprung weights are given by

W, =W, +W,
W, =W, +W,~W,

The term W in above equations defines the vertical shear force acting through
the tractor frame. M,;;,, M., M., M,y and M,; are the roll moments due to torsional
compliance of the tractor frame (K,,), shear force acting on the tractor frame (),
vertical load on the fifth wheel (}¥;), torsional compliance of the fifth wheel and trailer
structure (K.), and the liquid load (W), respectively, acting on axle i. These additional

roll moments are derived from following relationships:

a, < CDTKAO, =0, (=1.2)
0;i=3

M, = (—1)1'?1Wf,(a_‘. -60.)Z,;(=12
- O 5 [ = 3
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0;i=1
A/[rh' = i .
(-D'W;Z5(a,-6,);(i=2,3)

0;i=1
Mr#i = [
{(_1)‘ Kc(eﬂ -6:2) ;(i = 23 3)

Mo = 0;i=1,2
G U +a,0,)+ 2,0, ~a,)]; (=3) (32)

ysi
where Zg; is vertical height of the tractor frame with respect to c.g. of the ith sprung

weight and Zy; is vertical distance between fifth wheel and c.g. of the ith sprung weight.

Roll moments acting on the unsprung weights

The equation for roll moment of the unsprung weight / includes moments arising
from suspension and tire forces, lateral forces acting through the roll center and lateral
forces developed at the tire-road interface. The equation for roll equilibrium of the ith
unsprung weight can be expressed as:

—(FS, —FS,)s; + (FT, —=FT )b, +d;) = (FT; + FT,,)y; + OVT; + OVT,
(3.6

i< ui

(FT,, - FT)b, + Fz,, + F H,, + (24: FT;)R6,,=0; (i=12,3)
where OVT;; and OVT,; are roll-resistinjgzlmoments developed at the tire-road interface of
outboard tires, £7}; is vertical force developed by tire j of axle /, b, is half the track width
of inner tires, d; is dual tire spacing and y; is lateral displacement of the tires on the
outside of the tumn. Fj; is lateral force developed by the tires .of axle i, R, is effective
radius of tires on axle / and H,; is height of the ith unsprung weight center from the

ground plane.

Forces developed by suspension springs

The forces generated by compression/extension of suspension springs must
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satisfy the following relationship to maintain equilibrium along the k,; axis:

F +F,=W,(1+a#,) (3.7)

sil si2 y ui

Vertical forces generated bv tires

The vertical load carried by each composite axle is assumed to remain constant,
while neglecting the influence of road grade and vehicle pitch. The forces developed by

tires of a composite axle are thus required to satisfy the following equilibrium equation:

4
pV:i'*‘VVuizzej (3.8)
=1

Lateral forces generated bv tires

When vehicle lateral acceleration approaches its rollover limit, the tires on the
outside of the turn carry almost entire axle load. This results in lateral translation of the
centroid of normal pressure distribution at the tire-road interface. For a dual tire set, the
lateral force experienced by axle i is expressed as:

F,=(KY; +KY,)y, (3.9)
where K3 and KV, are the linear spring rates of tires 3 and 4 on axle /, oriented along the
earth-fixed lateral axis j,, and ); is the change in the effective trackwidth of the ith axle
due to lateral translation of the centroid of interface pressure. Balancing the total lateral
(inertial) forces due to the ith axle and it supported sprung weight by the lateral forces
generated by the tires yields:

(KY +KY )y, =W, +W,;)a, (3.10)

Equations (3.1) through (3.10) provide a total of 15 algebraic equations

representing the force and moment equilibrium of an articulated tractor-semitrailer
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vehicle in the roll plane. Equation (2.18) provides a set of two equations required to
compute the instantaneous coordinates of the center of mass of liquid within a cleanbore
tank of generic cross-section. A total of 17 equations are therefore developed to describe
the static roll plane model of the tank vehicle. These equations of static roll equilibrium
are further rewritten in terms of variations in roll angles, vertical motions of sprung
weights, lateral and vertical motions of unsprung weights, lateral and vertical translations
of the c.g. of the liquid cargo and vehicle lateral acceleration, to express the effects of a
small vanation in roll angle of the tank semitrailer sprung weight (46,3). The algebraic
equations can be written in matrix notation in the following manner:

[4,]{aX} =1{0,}1A8,; (3.11)

where [4.] is a 17x17 matrix of coefficients, which are functions of vehicle parameters,
and {Q.} is a vector of dimension 17x1, and {AX} is the vector of vehicle response
variables due to A6, expressed as:

{AY}T = {A(l_y, Agsl, A9327 Agui: Azuia A[-[ui: Ayi: AY[«; AZ/ }’ (l=1, 27 3) (3'12)

where ‘T’ indicates transpose, and i= 1, 2, 3 represents the three composite axles.
Equation (3.11) is solved for small variations in the trailer roll angle (A8;3) to
simulate the steady tuning performance of the partially-filled tank vehicle. The simulation
begins with the vehicle in the upright position. Initially, the lateral acceleration, and roll
angles of the sprung and unsprung weights are set to zero (6,=68,~0.; i=1, 2, 3). The roll
angle of trailer sprung weight is then gradually increased in small increments. For each
increment in the sprung weight roll angle, Equation (3.12) is solved to determine the

corresponding response vector {AX}. The lateral and vertical coordinates of the liquid
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cargo c.g. are then evaluated, and the matrix [4,] and vector {Q.} are updated to reflect
changes in roll properties of the vehicle due to nonlinearities of the suspension springs.
The calculations are terminated when normal loads on the inside tires of the tractor rear
and trailer composite axles approach zero, indicating the condition of relative rollover
[78, 94]. The vehicle rollover is thus detected as the tires on these two composite axles
experience lift-off. The highest lateral acceleration encountered during the computing
process determines the rollover threshold acceleration of the tank vehicle combination.
Computer simulations are carried out for tanks of circular, modified-oval and
various optimal cross-sections, derived in Chapter 2. For multiple compartment tanks, it
is assumed that all compartments are filled to identical height. The parameters of the

simulation vehicle are listed in Table 3.1.

Table 3.1: Simulation parameters of the tank vehicle used in the analysis [172].

Tractor

Type: Three Axle
Sprung Weight: 46882 N
Unsprung Weight (front axle): 9340 N
Unsprung Weight (rear axle): 22240 N
Wheel Base: 437 m

Tank and Trailer

Type: Triaxle
Sprung Weight (empty): 87448 N
Tank Length: 12.19m
Vertical spring rate of tires: 788 KN/m
Lateral spring rate of tires: 876 kKIN/m

-104-



3.4 LOAD SHIFT IN PARTLY-FILLED OPTIMAL TANKS

A tank truck undergoimg a steady turn maneuver experiences a steady lateral
acceleration field and sprung mass roll angle. The application of this lateral acceleration
field may yield considerable load shift under partial fill conditions. The magnitude of
cargo shift is strongly dependent upon tank cross-section, fill volume and amplitude of
lateral acceleration as described earlier in Sections 2.2. The liquid load shift, experienced
in terms of deviations in vertical and lateral coordinates of the cargo c.g., occurring
within the partly-filled optimal cross-sections is investigated through analysis of the
steady roll-plane model, developed in Section 2.4. The instantaneous coordinates of cargo
c.g. and deviations in c.g. coordinates are evaluated as functions of vehicle lateral
acceleration and tank semitraiker roll angle, and compared with those of the currently
used circular (MC307 and MC312, R=2.03/2 m) and modified-oval (MC306 Al, R/=1.78
m, R>=0.39 m, R;=1.78 m, H,=2.44 m, H>=1.65 m) tanks. It should be noted that
conventional and optimal tank cross-sections are selected to yield identical volume. The
analyses are initially performed for optimal configurations derived for specific fill
volume ratio, as described in Section 2.6.1 (Opt. 1 to Opt. 5). The load shift encountered
in two optimal configurations d erived for specific fill volume range, described in Section
2.6.2 (OPT! and OPT?2), is then analyzed and compared with those of the conventional

tanks. The results are discussed in following subsections.

3.4.1 Load Shift Analysis of Optimal Tanks for Typical Fill Volumes
Figures 3.5 and 3.6 illustrate the shift in lateral and vertical c.g. coordinates of
liquid cargo within Opt. 1 thxough Opt. 5 tanks, and the conventional circular and

modified-oval tanks. The deviations in coordinates are evaluated for 50% and 70% fill
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volumes, and lateral acceleration ranging from 0. to 0.5 g under a constant sprung weight
roll angle of 7 degrees. The results show considerable increase in deviations in the lateral
and vertical c.g. coordinates of the cargo with increase in lateral acceleration, irrespective
of tank cross-section and fill volume considered in the analysis, as a result of increase in
the magnitude of liquid free surface gradient with increase in a,. The results further show
that magnitude of lateral deviation of the c.g. coordinates is considerably larger than that
obtained in the vertical axis, irrespective of fill volume and tank cross-section, due to
influence of gravity acceleration. Higher fill volume, however, yields considerably
smaller deviations in both lateral (4Y;) and vertical (4Z;) coordinates, attributed to
significant reduction in free surface area under high fill volumes.

The optimal configurations, Opt. 1, Opt. 2 and Opt. 3, yield considerably lower
magnitudes of lateral and vertical deviations in c.g. coordinates under both fill volumes,
when compared with those obtained for the circular and modified-oval tanks. This
reduction in load shift is primarily ascribed to considerably narrower cross-section of
these three optimal tanks, since they are obtained based upon relatively low reference fill
volumes of 40%, 50% and 60%, respectively, as described in Section 2.6.1. The Opt. 4
configuration yields deviations that are similar to those obtained for the circular tank
under 50% fill volume, due to their comparable cross-section width, and lower shifts
under 70% fill volume, due to less free surface area of the liquid within Opt. 4. The Opt.
5 configuration, derived for 100% fill volume, yields considerably larger deviations in the
c.g. coordinates of liquid cargo than the other optimal configurations and circular cross-
section tanks, attributed to its relatively wider cross-section resulting from disregard of

liquid shift in the optimization solution, as described in Section 2.6.1. The magnitudes of
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Figure 3.5: Comparison of lateral deviations in c.g. coordinates of liquid cargo
within optimal and currently used tanks.
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Figure 3.6: Comparison of vertical deviations in c.g. coordinates of liquid cargo
within optimal and currently used tanks.
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deviations attained for this configuration, however, are lower than those obtained for the
modified-oval cross-section, because of the considerably narrower upper portion of its
cross-section, as shown in Figure 2.9. These results suggest that the Opt. 5 design may be

considered as optimal in cases where partial fill condition does not occur.

3.4.2 Load Shift Analysis of Optimal Tanks for Typical Fill Ranges

The liquid load shift encountered in two optimal configurations (OPT! and
OPT2) derived for 50-70% and 70-90% fill volume ranges, described in Section 2.6.2, is
analyzed for the fill ranges considered in the optimization (50%-90%). The analyses are
performed under varying magnitudes of constant lateral acceleration (a,) ranging from 0.
to 0.5 g and tank roll angle (&;3) of 7 degrees.

Figure 3.7 illustrates the trajectories of the c.g. of the liquid cargo within the
optimal configurations, OPT/ and OPT2, with 50% and 80% fill volumes. The figure
also illustrates a comparison of resulting trajectories with those attained for conventional
circular and modified-oval tanks under identical fill volumes. Each curve shown in
Figure 3.7 illustrates the coordinates of cargo c.g. corresponding to a, in the range of 0. to
0.5 g with increments of 0.1 g. The leftmost symbol on each curve relates to «,=0., while
the nghtmost relates to ,=0.5 g. The magnitudes of deviations in lateral and vertical
coordinates of the liquid cargo c.g. for both fill volumes under a,=0.4 g and 6,;=7 degrees
are summarized in Table 3.2.

The lower fill volume ($=0.5) yields considerably lower c.g. height in the absence
of lateral acceleration (a,=0.), the corresponding magnitudes of lateral deviation tend to
be significant under a steady lateral acceleration field. Higher fill volume on the other

hand yields higher c.g. location but considerably less lateral deviations. A comparison of
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the c.g. heights of the liquid cargo within different tanks, shown in Figure 3.7, reveals
that OPT2 tank yields the lowest c.g. height for both fill volumes in the entire range of a,
considered. The cargo c.g. height in the OP72 tank remains well below those of the
conventional cross-sections under both fill volumes, as a result of its considerably low
cross-section c.g height, as shown in Figure 2.13 and Table 2.3. The circular tank yields
the highest values of vertical coordinate of the liquid c.g. for both fill volumes, due to its
excessive cross-section c.g. height. The modified-oval tank yields relatively lower c.g
height, comparable to that of the OP72 tank under 80% fill volume, but causes
considerable lateral cargo shift under application of a,, attributed to its excessive wide
cross-section. The OPT/ cross-section results in c.g. heights of the liquid cargo slightly
higher than those attained for the modified-oval tank under 80% fill volume, due to its
relatively large c.g. height arising from the considerably narrow cross-section.

A comparison of the c.g. trajectories of the liquid cargo within different tanks
reveals that while the proposed optimal cross-section OPT/ yields a moderate increase in
cross-sectional c.g. height when compared to that of the modified-oval tank under
relatively high fill volume (80%), it leads to significant reduction in lateral and vertical
liquid load shift under both 50% and 80% fill volumes. The load shift is considerably
lower than that attained for the conventional tanks, as shown in Figure 3.7 and Table 3.2,
attributed primarily to its considerably narrower cross-section. Under lower fill volume
(B=0.5), this configuration yields lower c.g. height than the modified-oval cross-section,
and the corresponding variation in the lateral c.g. coordinate of the cargo under extreme
lateral acceleration (a,=0.5 g) is nearly 50% of that attained in a modified-oval tank.

While OPT2 design yields liquid c.g. variations somewhat similar to those attained for
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Figure 3.7: Comparison of trajectories of liquid cargo c.g. within optimal and
conventional tanks (0<a,<0.5 g).

Table 3.2: Comparison of load c.g. shift within tanks of various cross-sections

(a,=0.4 g and &,;=7 degrees).

Tank Variation in the c.g. coordinates (m)
configuration Geometric parameters (m) p=0.5 3=0.8

AY, AZ, AY, AZ,

Circular tank R=1.015; H=2R; H,=2 R 0.208 0.053 0.086 0.022

Modified-oval R=1.78, R,=0.39, R;=1.78; 0.343 0.085 0.140 0.032

R,;=R,; Rs=R1; H,=2.44; H,=1.65

OPT! R,=24.97; R,=0.45; R;=10.50; 0.168 0.046 0.059 0.016
R4=0.72; R5=1.66; H=1.98; H,=2.03

OPT2 R,=24.96; R»=0.39; R;=2.60; 0.216 0.058 0.073 0.020
R,=0.80; Rs=1.70; H,=2.14; H,=1.88
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the circular tank due to comparable cross-section, it results in considerably less c.g. shifts
than the modified-oval tank under both fill volumes, as is evident from Table 3.2,
ascribed mostly to its relatively narrow cross-section. Lower fill volumes coupled with
OPT2 tank, however, can result in considerable lateral load shift, larger than that attained
In a circular tank, due to the relatively wide lower portion of the OPT2 cross-section.
Although the modified-oval tank exhibits c.g. height comparable to that of the OPT2
cross-section, it yields the largest lateral and vertical load shift for both fill volumes,
owing to its excessively wide cross-section.

The liquid load shift is further analyzed for optimal configurations obtained
without a constraint on the perimeter, as described in Section 2.6.2. Figure 3.8 presents a
comparison of the trajectories of the liquid cargo c.g. within the optimal and conventional
tanks, where OPT/, and OPT?2, refer to those attained without the additional perimeter
constraint for 50% to 70% and 70% to 90% fill ranges, respectively. Table 3.3
summarizes the magnitudes of the shift in the lateral and vertical c.g. coordinates of the
liquid cargo within the OPT/, and OPT2, and relative gain with respect to the OPT/ and
OPT2 as well as the conventional tanks under aq,=0.4 g and &;=7 degrees. An
examination of Figure 3.8 and Table 3.3 reveals the similar behavior of the two sets of
optimal configurations obtained with and without the perimeter constraint (i.e., OPT/ &
OPT2 and OPTI, & OPT2,). The OPTI, and OPT2,, however, result in considerably
lower c.g. heights of liquid than OPT! and OPT2, respectively, under both fill volumes,
due to the relatively lower c.g. heights of OPTI, and OPT2, cross-sections with wider
bottom and narrower top. While OPT!, and OPT2, yield moderately lower liquid c.g.

shift at 80% fill volumes due to their relatively narrower top, they cause slightly higher
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load shift under 50% fill volume, when compared to OPT/ and OPT2, respectively,
attributed mostly to the larger liquid free surface areas resulting from the relatively wider

bottom of their cross-sections.

Vertical c.g. coordinate (m)

i . X ; .
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
Lateral c.g. coordinate (m)

Figure 3.8: Comparison of trajectories of liquid cargo c.g. within the two sets of
optimal tanks obtained with and without the perimeter constraint

(0<a,<0.5 g).

Table 3.3: Comparison of load c.g. shift within the two sets of optimal tanks.

Optimal tank Variation in the c.g. coordinates (m)
configuration
B=0.5 3=0.8
AY/ AZ( AY[ AZ[
OPTI 0.168 0.046 0.059 0.016
OPT?2 0.216 0.058 0.073 0.020
OPT1, 0.180 0.049 0.048 0.013
OPT2, 0.240 0.062 0.054 0.015
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