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Abstract

A Study on Optimum Nose Shape of
a Front-Rear Symmetric Train
for the Reduction of the Total Aerodynamic Drag

Minho Kwak
School of Mechanical and Aerospace Engineering

Seoul National University

A high-speed train uses two symmetrically corresponding shaped power
cars at both ends. Consequently, the same nose shape plays a role as a leading
part and a role as a trailing part in one train at the same time. Thus the existing
model of the optimized first car nose shape which does not consider the entire
train is not sound in terms of the aerodynamic drag. Also, while accurate sim-
ulation of the wake area behind the train is very significant for the design op-
timization of the three-dimensional shape, accuracy of previous studies has
been limited by their train shapes and boundary conditions. Therefore, it is
necessary to consider the entire train including the first car nose and the last
car nose and especially accurate simulation of the wake area for the optimiza-
tion of the shape design of a three-dimensional symmetric train in order to
reduce the total aerodynamic drag.

In this dissertation, two nose shape optimizations of the front-rear
symmetric train are performed with no constraint for the reduction of the total
aerodynamic drag and with the constraint of the optimized cross-sectional

area distribution for the reduction of the total aerodynamic drag and the mi-



cro-pressure wave respectively. The three-dimensional train nose shape is
constructed through Vehicle Modeling Function and a viscous compressible
flow solver is adopted with unstructured meshes to predict the aerodynamic
drag. The two optimizations are respectively performed under consideration
of two cases — for the total aerodynamic drag of the entire train and for the
aerodynamic drag of the first car only by the previous method for the reduc-
tion of design time. Also, an Artificial Neural Network is constructed with the
experimental points extracted by Maxi-min Latin Hypercube Sampling meth-
od.

In the unconstrained optimization, it was found that the total aerody-
namic drag of the entire train with the optimized shape for the entire train was
reduced by 5.8% when compared to the unconstrained base model, whereas
that with the optimized shape for only the first car is changed little. On the
other hand, in the constrained optimization, the total aerodynamic drag of the
entire train with the optimized shape for the entire train was effectively re-
duced by 15.3 % when compared to that of the constrained base model while
that with the optimized shape for only the first car is increased by 9.7% on the
contrary.

The low-risen and long vertical nose shape of the unconstrained opti-
mum weakens the whirled flow around the nose tip. On the other hand, the
low-risen and wide horizontal nose shape of the constrained optimum weak-
ens the up-wash flow and vortices behind the blunt nose. Both shape charac-
teristics reduce the overall aerodynamic drag of each base model.

Therefore, the three dimensional modeling is very necessary for design
optimization of the actual front-rear symmetric train in that the wake area be-
hind the train must be simulated as accurately as possible. In doing so, Vehicle

Modeling Function is a valuable tool in successful three-dimensional shape

1 A-



optimization since it has no modeling constraint to functionalize three-
dimensional shape thus efficiently enables the various models of the three-
dimensional train shape. Also, it is required to design symmetrically identical

both noses in order to reduce the total aerodynamic drag.

Key Words : Front-rear symmetric train, 3-D Nose shape, Wake area simula-
tion, Vehicle Modeling Function, Aerodynamic drag, Design op-
timization

Student Number : 2006-23068
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Nomenclatures

English Symbols

A
A(X)
Ay

A,
AL
Ary
Ap
Arer
A
Ay
Ay
ANN
Cp
dA

HC w
Hy

LLN
LUN

: Surface area

: Cross-sectional area of train nose in longitudinal direction

: Curvature of the front part of the basic curve in Vehicle Modeling Func-
tion

: Curvature of the rear part of the basic curve in Vehicle Modeling Function
: Curvature of the lower corner of the cross-section shape from a front view
: Curvature of the upper corner of the cross-section shape from a front view
: Curvature of the lower nose curve from a side view

: Maximum cross-sectional area of train body

: Curvature of the nose curve from a top view

: Curvature of the 1% upper nose curve from a side view

: Curvature of the 2™ upper nose curve from a side view

: Artificial Neural Network

: Aerodynamic drag coefficient

: Differential surface area

: Total energy per unit mass

: Aerodynamic drag force

: Height of the basic curve in Vehicle Modeling Function

: Height of the cockpit window

: Height of the point where upper nose curve and lower nose curve meet

: Turbulence kinetic energy

: Length of the basic curve in Vehicle Modeling Function

: Length of the lower nose curve in the longitudinal direction

: Length of the upper nose curve in the longitudinal direction

: Pressure
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Py : Change speed of the upper cross-section corner shape from front to rear

q : Heat flux

u : Fluid velocity in longitudinal direction

Xp : X coordinates of the starting point of the basic curve in Vehicle Modeling
Function

XN : Length of the 1¥ upper nose curve in the longitudinal direction

A : Fluid velocity in lateral direction

\% : Arbitrary control volume

V. : Train speed

v : Fluid velocity

VMF : Vehicle Modeling Function

w : Fluid velocity in vertical direction

Zp : Z coordinates of the starting point of the basic curve in Vehicle Modeling
Function

7y : Height of the 1% upper nose curve in the vertical direction

Greek Symbols

Jo) : Fluid density

T : Viscous stress tensor

& : Dissipation rate

(0] : Specific dissipation rate

Subscripts

CW : Cockpit Window

D : Drag

F : Front view
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: Lower
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Chapter 1. Introduction

1.1 Aerodynamics of a High-Speed Train

Recently, innovative models of ultra-high-speed trains that are capable of
speeds exceeding 350 km/h are being developed in advanced countries of the
high-speed train field [1]. In South Korea, HEMU-430x, which is Korean next
generation high-speed train under development, set a Korean record speed of
421.4km/h in April 2013. Because aerodynamic problems appeared more se-
riously as trains run even faster, much active research about aerodynamic
phenomena is being conducted [2-5]. The various studies are conducted for
the primitive geometry, a real train, numerical or experimental techniques,
wake behind the train, and the ground effect [6-9].

One of the most serious aerodynamic problems is the aerodynamic drag in
the open field. The aerodynamic drag takes much greater parts of the total
running resistance as the train speed increases. When a train speed is about
500 km/h, about 90 % of a total resistance is caused by the aerodynamic drag
[10]. The aerodynamic drag is also known to be proportional to the square of

a train speed. Most of the running resistance of a train can be written as [11]

R=A+BV,+CV’ (1.1)

In Eq. (1.1), V,is the train speed and the running resistance is expressed

as the polynomial of the train speed. Therefore, 4 stands for the rolling re-



. . 2
sistance, BV, does the momentum resistance, and CV,” does the aerody-

namic drag. Because the last term is proportional to the square of the speed,
the aerodynamic drag is the term that increases most as the train speed in-
creases. Most of the resistance is the aerodynamic drag at the ultra-high-speed.

Another issue is micro-pressure waves at the tunnel exit, especially con-
sidering that the portion of the tunnel to the total line is extremely high in the
mountainous countries such as Korea and Japan. The micro-pressure wave is
created at the tunnel exit due to a train’s piston movement against the air in-
side the tunnel, as shown in Fig. 1.1 [12,13]. The intensity of the micro-
pressure waves is known to be proportional to the cube of the train speed [13].
Therefore the aerodynamic drag and the micro-pressure wave become more

critical issues as a train’s speed increases.



1.2 Effect of External Shapes on Train Aerodynamics

The aerodynamic drag and the micro-pressure wave are affected mainly
by the external shape of a train [1,10]. Nose shapes, gaps between cars, ex-
truding objects (i.e. pantograph), a maximum cross-sectional area, a surface
area and underbody shapes (i.e. bogie) influences the aerodynamic drag,
whereas nose shapes and the maximum cross-sectional area does the micro-
pressure wave, as shown in Fig. 1.2. Therefore, most of all, the train’s noses
have the greatest effect on the aerodynamic drag and the micro pressure wave
of a high-speed train.

The aerodynamic drag is mainly affected by three-dimensional shape of
the first car nose and the last car nose. On the other hand, the micro-pressure
wave is primarily influenced by the cross-sectional area distribution of the
first car nose.

Pressure drag due to the first car nose and the last car nose is relatively
small for a long train. It is known that the pressure drag is just 8-13% for 13-
car train [14]. However, recent ultra-high-speed trains become shorter. The
length of HEMU—430x (6-car train) is about 150m [15]. The length of
MLXO01 (3-car train), Japanese developing Magnetic Levitation Train, is about
80m [16]. Then, the pressure drag caused by the first car nose and the last car
nose will be about 19-39% [14]. Therefore, the pressure drag will become
more important issue on the aerodynamic drag of a high-speed train.

There are various countermeasures on the train itself for increasing aero-
dynamic drag. Underbody shape modification, Bogie cover, pantograph cover,

gap cover, long noses, and nose shape optimization [1, 17-24].



1.3 Previous Research for Train Nose Shapes

There have been useful studies about train noses. Hosaka et al. applied the
new nose shape to the existing MLXO01 train to reduce its aerodynamic drag
and proved its effects through the running test [16]. Heine et al. performed the
wind tunnel tests to investigate aerodynamic influence of shape parameters of
the train nose [25]. They checked that the aerodynamic drag can be signifi-
cantly decreased with not only long and slender nose but also low-rise car
bodies. Siclari et al. carried out numerical calculation for several nose shapes
of Magnetic Levitation Vehicle based on the super ellipse nose shape [26].
Hemida and Krajnovic investigated the influence of the shape of the nose on
the flow structures [27]. They found that the short nose simulation shows
highly unsteady and three-dimensional flow around the nose yielding more
vortex structures in the wake.

Various nose shape optimizations have been performed in consideration of
external nose shapes. Lorriaux et al. optimized 2-dimensional nose shape with
numerical solver and the genetic algorithm [28]. Kranknovic proposed the
optimization procedure for the cross-wind stability of the first car nose and
one for the aerodynamic drag reduction with vortex generators at the last car
[29]. Vytal et al. optimized 2-dimensional nose shape to minimize both the
aerodynamic drag and the aerodynamic noise [30]. Kwon et al. optimized the
axi-symmetric nose shape to reduce both the aerodynamic drag and the micro-
pressure wave [31]. Ku et al. carried out the two-stage design optimization of
the nose shape for the micro-pressure wave and the aerodynamic drag [32,33].

They obtained first the optimized one-dimensional cross-sectional area distri-



bution of the first car nose for the reduction of the micro-pressure wave, and
then optimized the three-dimensional shape of the first car nose to reduce the
aerodynamic drag maintaining the cross-sectional area distribution obtained

during the first stage for the reduction of design time.



1.4 Dissertation Objectives and Outlines

The total aerodynamic drag is mostly influenced by the first car nose and
the last car nose because the shape of both noses changes drastically, as shown
in Fig. 1.3 [1]. However, the wake area behind the last car was not simulated
appropriately in the previous studies. The wake area behind the two-
dimensional shape is different from that behind the three-dimensional body.
The ground cannot be simulated for the axi-symmetric body and the different
wake area is induced by no ground simulation. Thus, the entire train including
the first car nose and the last car nose has to be considered at the same time
for the three-dimensional nose shape optimization of a front-rear symmetric
train with the goal of reducing the total aerodynamic drag.

The aim of the present study is to obtain a three-dimensional optimum
aerodynamic nose shape of a front-rear symmetric train to reduce the total
aerodynamic drag [34]. Two optimizations are performed with no constraint
for one objective and under the constraint of the optimized cross-sectional
area distribution for two objectives respectively, as shown in Fig. 1.4. Using
Vehicle Modeling Function, three-dimensional train models are constructed
with and without the constraint of the cross-sectional area distribution opti-
mized for the reduction of the micro-pressure wave in the previous research
[2]. Because all the train models satisfy the constraint, they automatically
show the minimum micro-pressure wave [2,13]. A viscous compressible flow
solver is adopted with unstructured meshes to predict the aerodynamic drag.
The nose shape optimizations are performed for the reduction of the total aer-

odynamic drag of the entire train and of only the aerodynamic drag of the first



car respectively. The optimization results for the total aerodynamic drag are
compared to those of the optimization for the aerodynamic drag of the first car
by the previous method for the reduction of design time in both the uncon-

strained optimization and the constrained optimization.
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Chapter 2. Methodology

2.1 Numerical Method

2.1.1 Grid Generation for CFD Analysis
Unstructured grids are employed to form the grids of complex shapes. The

grid geometry used for the numerical simulation is based on a three-car front-
rear symmetric train. The computational domain is shown in Fig. 2.1. Ten
boundary prism layers are applied to simulate the viscous flow in the vicinity
of the train model more accurately, as shown in Fig. 2.2. Their total thickness
is about 0.032m. All of the surfaces of the train model are a stationary wall
and no slip condition was applied. To simulate the train’s motion relative to
the ground, a moving ground condition is applied to the only ground surface.
The grid in the computational domain contains about 8 million cells for the

unconstrained problem and 10 million cells for the constrained problem.

2.1.2 Methodology for CFD Analysis
In this study, the commercial CFD solver, ANSYS Fluent is used. The

governing equations are the three-dimensional compressible Navier-Stokes

equations, as shown below in vector form [35].
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A third-order monotone upstream centered scheme for conservation laws
(MUSCL) and the Implicit Roe’s Flux Difference Scheme (FDS) are used to
solve the Navier-Stokes equations [36]. To model the turbulence for the flow
in the vicinity of the train, the Shear Stress Transport (SST) k—@ model
proposed by Mentor is used [37]. It is known for effectively blending the ro-
bust and accurate formulation of the k£ —@ model in the near-wall region
with the free stream independence of the k& —& model in the far field [35]. It
is more accurate and reliable for a wider class of flows (e.g., adverse pressure
gradient flows, airfoils, transonic shock waves).

Numerical simulations for all cases are performed at the operating speed
of 500 km/h for a steady state. The Reynolds number which is based on the
train’s speed and the height of the train (3.52m) is about 3.36x10". For a
comparison of the aerodynamic drag, Cp, the aerodynamic drag coefficient is

used, as shown in Eq. (2.2).

(2.2)
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_ Aercdynamic force

As shown in Fig. 2.3, the Cp = T Imiares  Cp history of the train mod-

el shows that the aerodynamic drag fluctuates periodically even after entering
into a stable range, as the train shows strong three-dimensional and nonlinear
flow phenomena. Therefore, the aecrodynamic drag coefficients are averaged

in the stable range for each case of the analysis.

2.1.3 Validation of the CFD Method

The numerical scheme in this study was validated through comparisons
with previous experimental and numerical results, as shown in Fig. 2.4 [16].
Hosaka’s running tests and numerical simulations were performed with
MLXO01, Japanese Maglev train under development. In Fig. 2.4, the present
numerical results at a train speed of 500 km/h show good agreement with the
previous experimental and numerical data for the surface pressure at the
symmetric centerline surface of MLXO01. Therefore, it can be said that the

numerical scheme used in this study is sufficiently reliable.
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2.2 Shape Modeling

2.2.1 Train Model

A three-car streamlined train model without any bogie wheel is used as the
analysis model, as the trains become shorter and the portion of the pressure
drag due to both noses increases as the operating speed of the train increases
[14]. Especially for the analysis of this front-rear symmetric train, the first car
nose and the last car nose are identical and always take on the same shape.
The three-car front-rear symmetric train is composed of a first car, an inter-
mediate car, and a last car, as shown in Fig. 2.5. The nose of the first car is the
first car nose and that of the last car is the last car nose. Because the first car
and the last car have the same shape, the first car nose and the last car nose are
identical and always take on the same shape. The lengths of both noses are 5m,
10m, 15m respectively. The length of both end cars (the first car and the last
car) is 25.9 m while the length of the intermediate car is 24.3m. The dimen-
sions of the entire train model are 3.09 m (Width), 3.52 m (Height), and 76.1
m (Length). They are determined according to HEMU-430x, a Korean high-
speed train under development [15]. The gap between the train model’s bot-
tom surfaces and the ground is 0.1 m according to the condition of MLXO01

which is the developing Japanese MAGLEYV train [16].

2.2.2 Vehicle Modeling Function
The Vehicle Modeling Function (VMF) proposed by Ku et al. is used for

three-dimensional modeling in the present study [32,33]. First, Kulfan provid-

ed a new formula for the geometric representation of an airfoil [38,39]. Its
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mathematical form is following as

Cw)=y " (1-y)" 'Z{Ai'(fj]"'//'gr (2.3)

i=0

Where, v is x/c, {is z/c, {7 is Alre/c, and A; is the coefficient of a general
function that describes the unique shape of the geometry. This method ensures
that the rounded nose and finite trailing edge thickness are expressed. It is
very useful for an airfoil modeling. However, the ground vehicles have differ-
ent configurations. Because they are blunter and more complicate, it is impos-
sible to represent the ground vehicles by one curve.

Rho et al. applied this concept to automobiles by developing the section
function and controlling the front and rear heights of a curve, as shown below

[40].

L (e o

They developed the section function, S(x/c) and adopt two last terms for
control of the front and rear heights of a curve. The section function can pro-
duce discontinuous curves on the automobiles. However, this shape function
for the automobile is not appropriate for the combination of several curves.
Ku et al. expanded the original shape function by Kulfan differently to the

train modeling as

Z(x)=i(x—xp)A‘ [2L-(x—x,)]" +z, (2.6)

LA] +4,
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They let a starting point of a curve changeable and made the combination
of several curves possible. This shape function for the three-dimensional train
modeling is called the Vehicle Modeling Function [32,33,41]. There are six
basic parameters in Eq. (2.6), as shown in Fig. 2.6. The x, and z, are the coor-
dinates of the starting point, L and H are the length and height, respectively.
These four variables are concerned with the scale and the position of a curve.
Two exponents, A; and 4, are related with the bluntness of the curve at the
front and the rear parts of the basic curve.

To represent a three-dimensional nose shape, the vehicle modeling func-
tion is initially applied to each two-dimensional shape such as the side view,
top view, and cross-section shape. After the two-dimensional shapes from a
side view and a top view are produced first, through defining the cross-section
shapes, the three-dimensional shape can be formed, as shown in Fig. 2.7. The
attached parts are also expressed as a similar way and added to the main three-
dimensional body without any discontinuous point.

For two-dimensional side view shape, the nose shape is classified into a
one-box model and a two-box model [32]. For the one-box model, the side
view shape of the nose can be represented by one vehicle modeling function,
whereas two vehicle modeling functions are required for two-box model. In
this study, the two-box model is used for the box type, as shown in Fig. 2.8-
(a).

The two-dimensional side view and top view shapes are defined by the
vehicle modeling function of Eq. (2.6). The side view shape can be expressed
in Eq. (2.7)-(2.10), and is shown in Fig. 2.8-(a) [32]. An upper nose of two-

box model from a side view is expressed as

3 fi _17
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H,.-H
WXA‘ (QL,-x)"+H,  (0<x<L,)
E

L]—I‘EM(X—LE)A‘
Zg(x)= (Lyy —Lp)™™ (L;<x<Ly,)
><[(21‘1\/U _LE)_(X_LE)]AZ +HE

H, (Ly, £x<L;)

A lower nose from a side view is following as

H,..—H
WXA‘ 2Ly —x)" +H, (0<x<L,,)
Zg (x)= NT
0 (Ly, <x<L)
where,
H,..—H
Zg(Ly)= %Lf& 2Ly, - LNL)A2 +H,=0
'NT

A+ 4,
— LNT

== +H
o ! LIZ‘:/]L (2LNT - LNL )Az .

Q.7)

(2.8)

(2.9)

(2.10)

A top view shape can be expressed in Eq. (2.11), as shown in Fig. 2.8-(b)

[32].
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0.5%,
— Q2L )" (0Sx<Ly)

YT(x) = NT (211)
0.5, (L, <x<L)

After defining the side and top view shapes, all cross-sections have to be

defined along the length of a train from a front end to a rear end as

Zy,(x)—H, 4

w4y o)

Y [+ ¥ ()] O0<y<Y(x)  (2.12)
x (2%, (x) = [y + Y, ()1} + H,,

Zpy(x,y)=

Zy()—Hy 4
Y, o )] O<z<H,) 2.13)

<2Y, () -[y+ (0" + H),

Zp(x,y)=

In Egs. (2.12-13), Zru(x, y) and Zr(x, y) represent the upper and lower
cross-section shapes, respectively [32]. The Zsu(x), Zsi(x) and Yr(x) are de-
fined in Egs. (2.7-11).

For side and top view shape, the design variables 4; and 4, are fixed for a
given shape. However, the cross-section shapes are varied along the length.
Therefore, A; and A, are changed from circle-like shape to rectangular-like

shape. For upper cross-section shape, the 4; and A4, have a same value as

P,
A=Ay = A +(4, - AS)(’L‘) (2.14)
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Where, 4s and Ag are corresponded with the front and rear cross-section
shape respectively and the parameter Py determines a speed of change from a
front to a rear end [32]. The lower cross-section shape is done in a same way.

As the attached part, only a cockpit window is installed in this study. To
represent a three-dimensional cockpit window shape as shown in Fig. 2.9, the

height of a cockpit window are given as

Zy e (x)

Zoy(x,y)= I [y+ YB,CW ()C)]A1 [-y+ YB,CW (x)]A2 (2.15)
Yy o ()7
where,
0.5w,
Yy cw (X) ZW(X_XCW)A1 [Lew —(x =Xy )]" (2.16)
_ HCW A (v Ap
Zyow(x)= (x=Xew) [Lew —(x =Xy )] (2.17)

(0.5L, )"

Then, z-coordinates of a cockpit window are added to the z-coordinates of

a train nose as
Z(xay):Z(xay)+ZCW(xay) (218)

To construct the constrained train nose model in Chap. 4, the optimized
cross-sectional area distribution of a high-speed train nose is used as the con-
straint of the three-dimensional train nose. For this procedure, the cross-
sectional area has to be calculated mathematically [32].

With the assumption of H=L=]1, the area can be calculated by integration

of parts.

5 A
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— L — L 4 _ Ay
Area = IO f(x)dx = IO xT(Q2L-x)"dx
Eq. (2.19) can be rewritten by a summation of each term as

[[xt@L-xytdy= SF,
N=1

0

where,
F _ LA, +A4,+1
! = e
F — Az LA,JrA2 +1
P4 +1)(4 +2)

— Az(Az - 1) LA, + A, +1
(A +1D)(4 +2)(4 +3)

b A D4 =N+2)
-
(A, +1)(4 +2) (4, +N)

(2.19)

(2.20)

(2.20-a)

(2.20-b)

(2.20-c)

(2.20-d)

As the order of Fy increases, the result becomes more accurate. In this re-

search, the 16™-order of Fy is used and the error is less than 0.01 %. The detail

of the integration of parts is described in Ref. [32].

From the procedure for calculating the cross-sectional area, the cross-

sectional area at x-position is a function of fas

Area = f(A4,,4,,L,H)

21
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Therefore the variables can be determined inversely for the given cross-
sectional area [32]. If variables A4;, A> and L are fixed, the height is an inverse

function of f'as
H=f" (4rea, A,,4,,L) (2.22)
Other variables can also be calculated inversely in a similar way. Using

this procedure, the three-dimensional nose shape has to be produced and mod-

ified keeping the optimized cross-sectional area distribution
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2.3 Design Optimization Method

2.3.1 Design of Experiments (DOE) — Maximin Latin Hypercube Sam-
pling

Latin Hypercube Sampling (LHS) is the first type of design proposed spe-
cifically for computer experiments [42]. LHS is a matrix of n rows and k col-
umns where n is the number of levels being examined and k is the number of
design variables. Each of the k columns contains the levels 1, 2, ..., n, random-
ly permuted, and the k columns are matched at random to form the LHS. The
LHS offer flexible sample sizes while ensuring stratified sampling. The design
can have relatively small variance when measuring output variance [43]. It is
known to scatter the experimental points over the design space without any
superposition [44].

The Maximin Latin Hypercube Sampling (Maximin LHS) is a type of im-
proved LHS, which is originally proposed by Johnson, Moore and Ylvisaker
[44,45]. This sampling method maximizes the minimum distance between
arbitrary two sampling points for regular exploration of the design space. Fig.
2.10 shows an example of the Maximin LHS for two variables and nine sam-
pling points. In the present study, the twenty five sampling points by the Max-
imin LHS method are extracted for the construction of the aritificial neural
network models for five design variables of the unconstrained optimization

problem and for four design variables of the constrained optimization problem.

2.3.2 Design Space Approximation - Artificial Neural Network

Neural Network (NN) was created based on the ideas of how human nerv-

23 A I



ous system transfers and handles the information. It understands the behaviors
of output variables by input variables and defines the relationship between the
input variables and the output variables in a mathematical form. NN has a
good advantage in representing the nonlinear problems of the complex system
[46-48]. In the NN method, data processing unit which is called “Neuron”
assemble and judge from the existing state of things in the design optimization
problem. Neuron adds external stimuli with multiplying weighting factors,
then delivers the data to the next neuron by a transfer function. The set of the
neurons, which uses same previous data, is defined as “Layer” and the whole
Artificial Neural Network (ANN) is constructed by assembling the layers.
Generally, three-layer artificial neural network is commonly used and it is
comprised of an input layer, a hidden layer, and an output layer, as shown in
Fig. 2.11.

In order to perform the efficient design optimization, NN models replaced
the aerodynamic analysis in this study. The ANN is constructed for the ap-
proximation model because an ANN is known to represent various nonlinear
phenomena well, as mentioned above [46]. The ANN model for the uncon-
strained problem is composed of the input layer with 5 neurons (5 design var-
iables), the hidden layer with 8 neurons, and an output layer with 1 neuron
(Cp). Next, The NN model for the constrained problem is composed of the
input layer with 4 neurons (4 design variables), the hidden layer with 6 neu-
rons, and an output layer with 1 neuron (Cp). The adjusted R’ of the NN mod-
els in both problems were about 0.99. Therefore, the ANN models used in this

study deemed to be well constructed.
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Fig. 2.2 The grid system at the symmetric center section around the first car nose of the train model
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Fig. 2.4 Comparisons of surface pressures along the centerline between the pre-
sent numerical results and the previous numerical and experimental data for

MLXO01, Japanese Maglev train under development [16]
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Fig. 2.5 A three-car streamlined model with no bogie wheel for a front-rear symmetric train model
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Fig. 2.6 Basic curve shape of the Vehicle Modeling Function [32]
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Fig. 2.7 The modeling process of a three-dimensional train body with the Vehicle Modeling Function [32,33,41]
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Fig. 2.8 Side and top view shapes of a train nose and corresponding functions [32,33]

32 .__:lx_g _'-\.I:_ ]! F



Fig. 2.9 3D shape of cockpit window [32,33]
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Fig. 2.10 Space-filling design [44]
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Fig. 2.11 Structures of an artificial neural network [46-48]
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Chapter 3. Nose Optimization

with Unconstrained Train Model

3.1 Design Problem Formulation

In these unconstrained optimizations, the objective is the reduction of the
total aerodynamic drag of the entire train. The optimizations are conducted for
two cases below.

1. Casel: The optimization is conducted to reduce the total aerodynamic
drag of the entire symmetric train. The total aerodynamic drag of the
entire train is calculated from the sum of all the aerodynamic drag of
the first car, of the intermediate car, and of the last car.

Determine 3-D shape of train nose

Minimize CD entire train (: CD first car T CD intermediate car T CD last car) (3 . 1)

2. Case II : The optimization is performed to minimize the aerodynamic
drag of only the first car by the previous method for the reduction of
the design time.

Determine 3-D shape of train nose

Minimize Cp first car (3.2)
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With the maximum width and the maximum height fixed, the train shape
is constructed by the Vehicle Modeling Function. The three-dimensional nose
shape can vary without any constraint in these unconstrained optimization
problems. However, the first car nose and the last car nose are still identical
and always take on the same shape because the train used for the analysis is a
front-rear symmetric train.

As shown in Fig. 3.1, a nose shape from a side view is composed of a up-
per nose curve and a lower nose curve. The upper nose curve is formed with
the first upper nose curve and the second upper nose curve for a two box train
model. A base model and a design space are determined maintaining train’s
own shape characteristics and considering the maximum dimension of the
train. Thirteen shape parameters are selected because they are expected to
have more effects on the aerodynamic drag of a front-rear symmetric train.
They are the contact point, the end point and the curvature. Fig. 3.1 shows
shape parameters from a side view. First, Lyn is the length of the upper nose
curve while Ly is that of the lower nose curve. Hy is the height of the point
where the upper nose curve and the lower nose curve meet. Xiv and Zv are
the coordinate of the point where the first upper nose curve and the second
upper nose curve of the 2-box train model are connected. Ay; is the factor that
controls the curvature of the first upper nose curve, whereas Au; is the factor
that controls the curvature of the second upper nose curve. Ap controls the
curvature of the lower nose. Fig. 3.2 shows At which controls the curvature of
the nose curve from a top view. Ary and Ar. control the curvature of the upper
corner and that of the lower corner on the fore cross section shape from a

front view respectively, as shown in Fig. 3.3. Py is the variable that deter-

b Fa _17 ";
36 1 =2 TH o



mines the speed of the change along the nose from the circular-like end shape
to the rectangular-like shape of the part where the nose ends. Hew is the height

of the cockpit window, as shown in Fig. 3.4.
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3.2 Different Aerodynamic Effects of One Same Nose
on the First Car and on the Last Car

The flow characteristics around the base train model are shown in Fig. 3.5.
The flow goes along the train surface toward the rear without any complex
region. In the vicinity of the last car, the flow passing the train tends to go in
the lower direction due to train’s shape feature. Then, most of the flow from
all sides is mixed and some parts of them formed helical vortices [5]. The aer-
odynamic drag of the last car is almost same to that of the first car.

For the efficient design optimization, it is necessary to select a number of
crucial design variables which have more effects on the total aerodynamic
drag. Therefore, the sensitivity analyses are necessary. The sensitivity anal-
yses for these shape parameters are progressed by calculating the variation
rate of the aerodynamic drag from the lower bound to the upper bound, as
shown in Table 3.1.

The length of the upper nose (Lun) is most effective on the aerodynamic
drag of the train. Additional five shape parameters but Lyn take more effects
on the aerodynamic drag than the other shape parameters. They are the height
of the point where the upper nose curve and the lower nose curve meet (Hv),
the coordinate of the point where the first box and the second box of the 2-box
train model are connected (Xiv and Z), the factor that controls the curvature
of the second upper nose curve (Ayz), and the curvature of the nose from a top
view (Ar).

The upper nose length of all train shape for the optimization process is

changed to 15m from 10m because the total aerodynamic drag is certainly
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reduced as the upper nose length is 15m. The upper nose length of the base
model in the sensitivity analyses is also changed to 15 m and this edited base
model is used for the base model of the optimization process. The other five
shape parameters which take greater effects on the aerodynamic drag, Hy, Xin,
ZiN, Au, Ar, are chosen for design variables of the optimization processes.
Values of the base model and the ranges of the design variables are summa-
rized in Table 3.2. Artificial Neural Network is constructed with twenty five
experimental points extracted by Maxi-min Latin Hypercube Sampling meth-
od. The adjusted R’ of the meta-model was about 0.99. Therefore the ANN
deemed to be well constructed. The Broyden-Fletcher-Goldfarb-Shanno
(BFGS) algorithm, a gradient-based method, is used as the optimization algo-

rithm because the BFGS is appropriate for the unconstrained problem [49].
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3.3 Comparison of the Optimized Model for Entire
Train and the Previously Optimized Model

Table 3.3 shows comparison of the base model in the sensitivity analysis,
the edited base model, and the optimized shape in case I. When comparing the
base model and the edited base model, the acrodynamic drag of the first car is
decreased by 8% and that of the entire train is done by 13%. When comparing
the base model and the optimized shape in case I, the aerodynamic drag of the
first car is decreased by 11% and that of the entire train is done by 18%. The
aerodynamic drag of the last car is reduced comparatively as the upper nose
length is increased to 15m. When comparing streamlines of the base model
and the edited base model, the helical vortices are weakened behind the last
car as the upper nose length becomes longer.

Fig. 3.6 shows comparison of the aerodynamic drag coefficients of the
first car and those of the entire train for the edited base model and both opti-
mized shapes respectively. The total aerodynamic drag of the entire train with
the optimized shape in case I is reduced by 5.8% when compared to the edited
base model, whereas the aerodynamic drag of the first car is reduced by only
2.8%. The aerodynamic drag of the last car is reduced more than that of the
first car through the optimization considering the entire train. On the other
hand, the total aerodynamic drag of the entire train with the optimized shape
in case II is changed little, although the aerodynamic drag of the first car is
reduced by 4.0% when compared to the edited base model.

Each variation of the pressure drag and the viscous drag are compared re-

spectively between the base model and the optimized shape in case I to inves-
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tigate the aerodynamic drag variation by the optimized shape more precisely,
as shown in Table 3.4. For the first car, the pressure drag is reduced by 47.5%
while the viscous drag is reduced by 4.9%. For the last car, the pressure drag
is reduced by 70%, whereas the viscous drag is reduced by 11.1%. The pres-
sure drag is reduced considerably by the optimized shape both for the first car
and for the last car. It can be said that the shape deformation by the optimized
shape is effective for reducing the aerodynamic drag.

It shows the importance of Cp ja5 cor from a view of the total aerodynamic
drag reduction even though Cp st cor 1S smaller than Cp gt car It can be said
that shape optimization with consideration of both the first car nose and the
last car nose (case I) is necessary to reduce the aerodynamic drag of the train
model effectively.

The side view and the top view of the edited base model and the optimized
shape in case I are compared in Fig. 3.7. From a two-dimensional side view,
the optimized shape shows a lower end height of the nose tip and has the more
convex cockpit window. Moreover, the curvature of the corner curves from
the top view is smaller for the optimized shape case 1. Therefore, the opti-
mized shape in case | is vertically wider and horizontally thinner than the ed-
ited base model. All design variables of the optimized shape in case I are laid
on the boundary of the design space.

The three-dimensional shapes of the edited base model and the optimized
shape in case | are shown in Fig. 3.8. The edited base model seems like Fas-
tech 360s, which is developing Japanese ultra-high-speed train [20]. It is a
vessel-shaped train. The nose of the edited base model starts from a curve and

its tip is a little blunt. On the other hand, the optimized shape in case I looks
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like a bird’s beak and a tip of a fighter. The nose tip is very sharp and starts
from a point toward the rectangle-type train body. The nose of the optimized
shape points in a lower direction and has a long vertical end shape.

Streamlines behind the last car from two-dimensional side view are com-
pared between the base model and the optimized shape in case I, as shown in
Fig. 3.9, as most of the aerodynamic drag reduction occur at the last car. The
flow along the last car of the edited base model is whirling near the tip of the
last car nose. On the other hand, the flow along the optimized shape goes
smoothly toward outside of the train.

To investigate the drag reduction caused by the optimized shape in case |
more precisely, streamline patterns behind the last car from a three-
dimensional isometric view are compared in Fig. 3.10. When compared with
the edited base model, the streamlines behind the optimized shape in case |
are likely to come into the center line due to the vertically wider nose shape.
The up-wash flow from the underside causes the flow around the nose tip
more complex and to be whirled. However, the optimized shape in case I pre-
vents the flow from soaring and makes the flow smoothly go outward.

Fig. 3.11 and Fig. 3.12 show that the surface pressures of the optimized
shape vary much less on both the upper surface and the lower surface when
compared those of the edited base model. The lowest pressure of the opti-
mized shape is also higher than that of the edited base model on both the up-
per surface and the lower surface. The total aerodynamic drag of the opti-
mized shape is smaller than that of the edited base model because the greater

base pressure reduces the aerodynamic drag of the vehicle [50,51].
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Table 3.1 Aerodynamic drag variation between the lower bound, the base value,

the upper bound of each design variable at Re# = 3.36X10’

Lower bound Upper bound
Shape Base
ACp, | ACp, ACp, | ACp,
parameter | Value model | Value

First car Last car First car Last car

Lun 5 +14.8% | +109.7% 10 15 -8.3% 26.5%

Lix 1 +0.7% +2.2% 2 5 0.7% -6.7%
Hy 0.5 2.1% 4.7% 1 1.5 +52% | +13.9%
XN 25 +0.8% -11.9% 5 7.5 +11.5% | +107.6%
7N 1.5 +22% | +202% 2 25 0.1% -12.9%

Aup 04 +0.3% +3.7% 0.7 1 +0.1% -1.5%
Aus 3 -0.5% -8.1% 4.5 6 +0.4% +8.2%
AL 04 0.5% +0.3% 0.7 1 +0.5% +1.8%

Ar 0.01 +13.8% | +412% 0.505 1 2.3% 5.5%

Ary 0.01 +3.5% +4.9% 0.505 1 -0.5% 7.4%

Py 0.5 +0.4% +6.4% 1.25 2 -0.4% 5.3%

A 0.01 +1.6% +5.7% 0.505 1 -0.7% -1.9%

Hew 0.25 +0.1% +6.5% 0.45 0.65 0.1% 2.5%
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Table 3.2 The ranges of the design variables

Lower bound Base model Upper bound
Hx 0.5 1.0 1.5
XN 5.0 7.5 10
7N 1.5 2.0 2.5
Auz 3.0 4.5 6.0
Ar 0.01 0.505 1.0

Table 3.3 Aerodynamic drag variation among the base model, the edited base

model, and the optimized model in case I at Re# = 3.36 <10’

Base
Edited base model | Optimized model in case I
model
0.064 A CD first car -8% -11%
0.167 ACD entire train -13% -18%

Table 3.4 Pressure drag variation and viscous drag variation of the optimized

model in case I when comparing with the edited base model

First car Last car
Pressure drag variation rate -47.5% -70.0%
Viscous drag variation rate -4.9% -11.1%
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Fig. 3.1 Shape parameters with 2D side view
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Fig. 3.2 Shape parameter with 2D top view

Fig. 3.3 Shape parameters with 2D front view

Fig. 3.4 Shape parameter of the cockpit window
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Last car

(b) Around the last car

Fig. 3.5 Numerically computed streamlines around the 3-car base model (Lyx =

10m) at V=500 km/h (at Re# =3.36%10")
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Fig. 3.6 Comparisons
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Edited base model
"""""" Optimized shape

Side view

Top view

Fig. 3.7 Comparison of model forms between of the base model and of the opti-

mized shape for Cp cytire train in case I from a 2D view
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Edited base model

Optimized shape

Fig. 3.8 Comparison of model forms between of the base model and of the opti-

mized shape for Cp enire train i0 case 1
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Optimized shape I Flow direction >

Fig. 3.9 Comparison of streamline patterns behind the last car with the two-
dimensional side view between the edited base model and the optimized shape

for Cp entire train in case I at Re# =3.36<10
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Edited base model Optimized shape

Whirl flow

Fig. 3.10 Comparison of streamline patterns behind the last car between the edited base model and the optimized shape for Cp

entire train i case I at Re# = 3.36%10’
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Fig. 3.11 Comparisons of pressure distributions on the train upper surface at the

symmetric lateral centerline
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Fig. 3.12 Comparisons of pressure distributions on the train lower surface at the

symmetric lateral centerline
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Chapter 4. Nose Optimization

with the Constrained Train Model

4.1 Design Problem Formulation

In these optimizations with the constraint of the modeling, the objective is

the reduction of the total aerodynamic drag of the entire train and the micvro-

pressure wave. The nose shape optimizations are conducted for the two cases.

L.

Case I : The optimization is conducted to reduce the total aerodynamic
drag of the entire symmetric train. The total aerodynamic drag of the
entire train is calculated from the sum of all the aerodynamic drag of
the first car, of the intermediate car, and of the last car.

Determine 3-D shape of train nose

Minimize CD entire train (: CD first car T CD intermediate car T CD last car) (4 1)

Case II : The optimization is performed to minimize the aerodynamic
drag of only the first car by the previous method for the reduction of
the design time.

Determine 3-D shape of train nose

Minimize Cp first car 4.2)

The constraint of both optimization processes is the given optimized

cross-sectional area distribution to maintain the minimum micro-pressure

55 s



wave at the tunnel exit, as shown in Eq. (4.3). Each design range of each de-

sign variable is shown in Eq. (4.4)

Subject to :

Given optimized cross-sectional area distribution of the nose A(x) (4.3)

0.05<4,<0.15
0.32<H, <0.72
05<P, <2.0

0.25<H,, <0.65

(4.4)

The Broyden-Fletcher-Goldfarb-Shanno (BFGS) algorithm, a gradient-
based method, is used as the optimization algorithm because the given cross-
sectional area distribution is the constraint of the three-dimensional shape
modeling and the BFGS is appropriate for the unconstrained optimization
problem [49].

The design optimization process starts from the one-dimensional cross-
sectional area distribution optimized by Ku et al. as shown in Fig. 4.1 [2].
This distribution shape is obtained for the reduction of the micro-pressure
wave. It has a blunt fore-end and the slope of the cross sectional area changes
from a strong positive gradient to a negative gradient in the middle followed
by a very steep increase in the rear of the nose. All the train shapes obtained in
this study essentially satisfy the constraint of the optimized cross-sectional
area distribution and show the minimum micro-pressure wave because the
micro-pressure wave is affected mainly by the one-dimensional cross-

sectional area distribution of the nose of the first car. The length of the cross
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sectional area distribution shape used in this study is 15m which is the longest
length of the results by Ku et al. because longer noses induce the less aerody-
namic load as the train speed increases [1,2].

In this optimization under the constraint of the optimized cross-sectional
area distribution, the nose shape of the three-dimensional train body is pro-
duced by the VMF with the cross-sectional area distribution. Especially for
the analysis of this front-rear symmetric train, the front nose and the rear nose
are identical and always take on the same shape.

Four design variables are selected in variables which control the three-
dimensional train shape because they are expected to have more effects on the
aerodynamic drag of a high-speed train [32,33]. Because other design varia-
bles shown in Chap. 3 are changed little due to the constraint of the optimized
cross-sectional area distribution, they cannot be used in this optimization with
the constrained train model. The design variables, Ar, Hx, Pu, and Hcw are
related to the bluntness of the top view corner shape, the fore/aft end height of
noses, the corner shape of the upper cross-section shape, and the height of the
cockpit window respectively. The design spaces for four design variables are
very limited because the cross-sectional area distribution is the constraint of
the optimization process. They are decided under the limit of not breaking the
constraint and the three-dimensional model. A base model is selected of three-
dimensional models based on the given one-dimensional cross-sectional area
distribution considering the design space. Values of the base model and the
ranges of the design variables are summarized in Table 4.1. Numerical simula-
tions are conducted at both bounds of each design variable with other varia-

bles fixed. The results are compared with those of the base model to investi-
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gate the complex flow field around the first car and the last car.

After the base model analysis, the Maximin Latin Hypercube Sampling
method is used to extract sampling points for the construction of the approxi-
mation model. 25 sampling points are selected for the four design variables.
Numerical simulations at all sampling points are performed at the operating
speed of 500 km/h. Next, an Artificial Neural Network (ANN) is constructed
for the approximation model because an ANN is known to represent various
nonlinear phenomena well [46]. The adjusted R of the meta-model was about

0.99. Therefore the ANN deemed to be well constructed.
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4.2 Different Aerodynamic Effects of One Same Nose
on the First Car and on the Last Car

The flow characteristics around the base train model used in this study are
shown in Fig. 4.2. A large stagnation point is created at the first car due to the
blunt fore end shape of the front nose. The flow goes along the train surface
toward the rear without any complex region such as a vortex. In the vicinity of
the last car, the flow passing the train tends to go in the upper direction due to
the strong up-wash flow from the underside of the train. Then, most of the
flow from all sides is mixed and resembles a helical vortex [5]. The aerody-
namic drag of the last car is comparatively large due to this complex flow re-
gion right behind the train.

Fig. 4.3~14 show the shape variations and the aerodynamic characteristics
of the train at the lower bound, the base point, and the upper bound of each
design variable. The aerodynamic drag and the pressure contour of the first
car and the last car are compared respectively. As one design variable varies,
the three-dimensional shape is changed not at one location but at two or more
locations due to the constraint of the optimized cross-sectional area distribu-
tion.

Design variable Ar manages the bluntness of the nose shapes by changing
the curvature of the nose curve from a top view as shown in Fig. 4.3. The
bluntness of the nose shape from the top view decreases as Ar increases from
the lower bound to the upper bound. Therefore, the train’s fore/aft end looks
horizontally wider at the lower bound of Ar. It looks vertically wider at its

upper bound, however, due to the constraint. The aerodynamic drag of the
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first car at the lower bound changes only slightly when compared to the base
model. However, the aerodynamic drag of the first car at the upper bound in-
creases considerably because the vertically wider shape of the fore end induc-
es larger vortices owing to the feature of the shape, as shown in Fig. 4.4. On
the other hand, there are large variations of the aerodynamic drag of the last
car between the lower bound and the upper bound. The aerodynamic drag of
the last car at the lower bound is reduced by about 15.2 % when compared
with the base model, whereas it is increased by about 23.3 % at the upper
bound. The vertically wider shape of the aft end at the last car causes a very
wide lower pressure region (the whiter area), as shown in Fig. 4.5 and this
zone brings about a significant amount of the aerodynamic drag.

Design variable Hx controls the end height of the noses. As the height in-
creases, the shapes of the noses rise in the upper direction as shown in Fig.4.6.
In the case of the first car, the aerodynamic drag increases slightly both at the
lower bound and at the upper bound. The difference is not great. However, Hx
has a greater effect on the aerodynamic drag of the last car. As Hx increases,
the aerodynamic drag also increases because the increase of the aft end height
induces a more powerful up-wash flow from the underside and the strong vor-
tices as shown in Fig.4.8.

Design variable Py controls the upper cross-section shape. It is the varia-
ble that determines the speed of the change along the nose from the circular-
like end shape to the rectangular-like shape of the part where the nose ends.
The change speed is faster at the lower bound whereas it is slower at the upper
bound. Therefore, both shoulder parts take on a more circular shape in the

middle of the nose as Py changes from the lower bound to the upper bound, as
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shown in Fig. 4.9. The height of the center part rather increases due to the op-
timized cross-sectional area distribution. There is little change in the aerody-
namic drag of the first car as Py changes, as presented in Fig. 4.10. In the case
of the last car, there is a slight increase in the aerodynamic drag as Py changes
from the upper bound toward the lower bound, as shown in Fig. 4.11. At the
lower bound of Py, the more rectangular shape makes the flow easy to sepa-
rate [52]. Lower pressure regions behind the train which cause an increase of
the aerodynamic drag are reduced at the upper bound when compared to the
base model and the lower bound model.

Design variable Hew controls the height of the cockpit window as shown
in Fig. 4.12. A greater height of the cockpit window reduces the thickness of
the train body near the cockpit due to the constraint of the optimized cross
sectional area distribution. In the two cases of the first car and the last car,
there is somewhat of a difference.

To summarize, there is a little change in the aerodynamic drag of the first
car according to shape changes because of the large stagnation point caused
by the very blunt fore end shape except in the case of the upper bound of de-
sign variable Ar. Of all design variables, Ar, the bluntness of the top view
corner shape, is the factor that has the strongest effect on both the aerodynam-
ic drag of the first car and that of the last car. The aerodynamic drag character-
istics due to one same nose shape vary depending on whether it is located at

the first car or at the last car.
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4.3 Comparison of the Optimized Model for Entire
Train and the Previously Optimized Model

After the two optimization processes for the entire train and for only the
first car are completed, the same optimized nose shape is applied to the front
nose and the rear nose. Then numerical computations are conducted for the
two optimum nose shapes, as shown below, to obtain the aerodynamic drag.

1. The optimized shape for Cp entire train i case I
2. The optimized shape for Cp first car in case 11

The aerodynamic drag forces for the base model and the two optimized
shapes are summarized in Table 4.2. For all three models, the aerodynamic
drag of the last car is the largest one in three cars of the train while that of the
intermediate car is smallest. In addition, Fig. 4.15 shows comparison of the
aerodynamic drag coefficients of the first car and those of the entire train for
the base model and both optimized shapes respectively. The aerodynamic drag
of the entire train with the optimized shape in case I is reduced by 15.3%
when compared to the base model, and by 23.0% when compared to the opti-
mized shape in case II separately. Although the aerodynamic drag of the first
car is increased slightly by about 2.8% with the optimized shape in case I
when compared to the base model, the total acrodynamic drag is considerably
reduced due to the large reduction of the aerodynamic drag in the last car. On
the other hand, for the optimized shape in case II, there is little difference in
the aerodynamic drag of the first car when compared to the base model due to
the blunt fore end shape of the first car. Although the optimization is conduct-

ed, the total aerodynamic drag of the train in case Il is increased by about
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9.9 % when compared to the base model.

Each variation of the pressure drag and the viscous drag are compared re-
spectively between the base model and the optimized shape in case I to inves-
tigate the aerodynamic drag variation by the optimized shape more precisely,
as shown in Table 4.3. For the first car, the pressure drag is increased by 14%
while the viscous drag is reduced by 2.3%. For the last car, the pressure drag
is reduced by 29.3%, whereas the viscous drag is reduced by 3.4%. The pres-
sure drag is reduced considerably by the optimized shape for the last car. It
can be said that the shape deformation by the optimized shape is effective for
reducing the aerodynamic drag.

It shows the importance of Cp jast car in the total aerodynamic drag. It can be
said that shape optimization with consideration of both front nose and the rear
nose (case I) is necessary to reduce the aerodynamic drag of the train model
effectively.

The optimized shape in case I is compared with the base model as shown
in Fig. 4.16. From a two-dimensional side view, it shows a lower end height
of the noses and a lower height of the cockpit window. Moreover, the curva-
ture of its curve at the corners from the top view decreases. Therefore, the
nose of the train body points in a lower direction and has a wide horizontal
end shape. All design variables of the optimized shape in case I are laid on the
boundary of the design space because the design space are very limited due to
the constraint of the optimization process, the given cross-sectional area dis-
tribution.

Streamlines behind the last car from two-dimensional side view are com-

pared between the base model and the optimized shape in case I, as shown in
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Fig. 4.17, as most of the aerodynamic drag reduction occurs at the last car.
The flow around the base model generates a larger vortex near the top due to
the strong up-wash flow from the underside of the train. Greater vortices and a
powerful up-wash flow cause the flow which passes the base model to rise
more. On the other hand, the optimized shape in case I weakens the up-wash
flow. Therefore, the vortices also become smaller and the flow which passes
the optimized model tends to go upward less.

To investigate the drag reduction caused by the optimized shape in case |
more precisely, streamline patterns behind the last car from a three-
dimensional isometric view are compared in Figs. 4.18~21. The streamlines
are divided into those from the underside, those from the upper side, those
from the middle side, and those from the shoulder side. In the case of the base
model, a strong up-wash flow moves out from underside of the last car as
shown in Fig. 4.18. The flow soaring up makes the vortices stronger for the
base model. Therefore, the flow rises higher and pulls the train backward
more. However, the optimized shape in case I forces the up-wash flow to be-
come weaker and induces weaker vortices. On the other hand, the flow from
the upper side is affected by the powerful up-wash flow from the underside
for the base model, as shown in Fig. 4.19. Therefore, the flow from the upper
side tends to go higher like the flow from the underside. However, the flow
from the upper side of the optimized shape in case I is not affected much by
the weak up-wash flow. The flows from the middle side and from the shoulder
side of the base model easily penetrate into the area directly behind the train,
as shown in Figs. 4.20~21. Therefore, some of these streamlines are mixed

with those from other directions and thus made strong vortices. On the other
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hand, the flows from the middle side and from the shoulder side of the opti-
mized shape in case I do not make the flow complex and the flows move out
backward smoothly. In summary, the low-rise body of the optimized shape
prevents the up-wash flow from being strong and from creating a strong vor-
tex. Furthermore the horizontally wider fore end shape disturbs the middle
side flow and the shoulder side flow penetrating into the complex flow field
behind the train. The aerodynamic drag of the last car of the optimized shape
in case I is reduced owing to these flow patterns.

The pressure distributions along the symmetric lateral centerline surface
of the train are shown in Fig. 4.22. The distributions for the upper surfaces
and for the lower surfaces of the last car are magnified in each case. The pres-
sure of the optimized shape in case I varies less than those of the base model
on both surfaces. The lowest pressure on both surfaces of the optimized shape
in case | is greater than those of the base model. The greater base pressure
reduces the aerodynamic drag of the vehicle [50,51].

Generally, it is well known that optimized shapes of the front nose be-
tween for the aerodynamic drag and for the micro-pressure wave are conflict-
ed [31]. Therefore, it is difficult to obtain an optimum nose shape with the
objectives of reducing both the aerodynamic drag and the micro-pressure
wave when considering only the front nose at the same time or in order. How-
ever, considering not the front nose only but both noses enables the shape op-

timization to achieve both objectives better.
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4.4 Comparison of the Unconstrained Optimum
Model and the Constrained Optimum Model

The unconstrained optimum train shape and the constrained optimum train
shape are compared in terms of shape characteristics and the aerodynamic
drag. From a side view, the end of the constrained optimum nose is much
blunter than that of the unconstrained optimum nose, as shown in Fig. 4.23.
On the contrary, the unconstrained optimum nose is more convex that the con-
strained optimum nose at the cockpit window part. From a top view, the end
of the constrained optimum nose is also a lot blunter than that of the uncon-
strained optimum nose. The tip of the unconstrained optimum nose seems like
a steep horn.

When the upper nose length is 15m, the aecrodynamic drag of the first car
is greater than that of the last car for the unconstrained optimum model. On
the other hand, they are reversed for the constrained optimum model. The aer-
odynamic drag of the last car is much larger than that of the first car for the
constrained optimum model. For both optimization processes, the reduction
rate of the aerodynamic drag of the last car is still greater than that of the first
car.

The very blunt shape of the constrained optimum nose induces strong vor-
tices and more complex flow behind the last car of the train. It makes the aer-
odynamic drag of the last car increase considerably. Therefore, the total aero-
dynamic drag of the constrained optimum train is much greater than that of
the unconstrained optimum train.

However, the train shape used in this study is the streamlined model with-

66 M 2 1H



out any bogie. Addition of bogies and gaps makes the difference of the total
aerodynamic drag smaller between the unconstrained optimum train and the
constrained optimum train. In the mountainous countries such as Korea and
Japan, the reduction of the micro-pressure wave at the tunnel exit is as im-
portant as the reduction of the aerodynamic drag in the open field. Even
though the total aerodynamic drag of the constrained optimum train is greater
than the unconstrained optimum train, the micro-pressure wave still has to be
considered for the nose shape design of the ultra-high-speed train.

Unlike the previous design optimization, the Vehicle Modeling Function
let various three-dimensional shape modeling with or without the constraint of
the modeling. The three dimensional modeling is very necessary because the
wake area has to be simulated as accurately as possible for design optimiza-
tion of the actual front-rear symmetric train. Therefore, it can be said that the
Vehicle Modeling Function is a valuable tool in that it enables the three-
dimensional modeling of the train body efficiently, leading to a successful
three-dimensional shape optimization. It also can be concluded that consider-
ing both the first car nose and the last car nose at the same time is necessary
for the effective optimization of the nose shape so as to minimize the total

aerodynamic drag of the symmetric train.
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Table 4.1 The ranges of the design variables [32]

Lower bound Base model Upper bound
Ar 0.05 0.1 0.15
Hx 0.32 0.52 0.72
Py 0.5 1.25 2.0
Hew 0.25 0.45 0.65

Table 4.2 Aerodynamic drag coefficient of each car for the base model, the opti-

mized shape in case I and the optimized shape in case II

Train model Cp entire T Intrmetite car S ——
train Cb first car Cb intermediate car Cp tast car

Base model 0.2474 0.0641 0.0373 0.1460

CaseI:

Optimized shape | 0.2094 0.0658 0.0372 0.1064

for Cp entire train

Case Il :

Optimized shape | 0.2713 0.0638 0.0374 0.1701

for Cop frst car
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Table 4.3 Pressure drag variation and viscous drag variation of the optimized

model in case I when comparing with the base model

First car Last car
Pressure drag variation rate +14.0% -29.3%
Viscous drag variation rate -2.3% -3.4%
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Fig. 4.1 Ku’s optimal distribution of the cross-sectional area of high speed train nose to minimize the micro-pressure wave [2]
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up-wash flow

(b) Around the last car

Fig. 4.2 Numerically computed streamlines around the 3-car base model at

V=500 km/h (at Re# = 3.36%10")
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————————— Upper bound model

Design Variable At

Fig. 4.3 Shape comparisons among the lower bound model, the base model, and

the upper bound model of design variable Ay
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Fig. 4.4 Comparisons of pressure contours around the first car among the lower
bound model, the base model, and the upper bound model of design variable Ay

at Re# =3.36%10’
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Fig. 4.5 Comparisons of pressure contours around the last car among the lower
bound model, the base model, and the upper bound model of design variable Ay

at Re# =3.36%10’
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Fig. 4.6 Shape comparisons among the lower bound model, the base model, and

the upper bound model of design variable Hy
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Fig. 4.7 Comparisons of pressure contours around the first car among the lower
bound model, the base model, and the upper bound model of design variable Hy

at Re# =3.36%10’
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Fig. 4.8 Comparisons of pressure contours around the last car among the lower
bound model, the base model, and the upper bound model of design variable Hy

at Re# =3.36%10’
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Fig. 4.9 Shape comparisons among the lower bound model, the base model, and

the upper bound model of design variable Py
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Fig. 4.10 Comparisons of pressure contours around the first car among the lower
bound model, the base model, and the upper bound model of design variable Py

at Re# =3.36%10’
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Fig. 4.11 Comparisons of pressure contours around the last car among the lower
bound model, the base model, and the upper bound model of design variable Py

at Re# =3.36%10’
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Fig. 4.12 Shape comparisons among the lower bound model, the base model, and

the upper bound model of design variable Hcyw
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Fig. 4.13 Comparisons of pressure contours around the first car among the lower
bound model, the base model, and the upper bound model of design variable

Hcw at Re# = 3.36%107
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Fig. 4.14 Comparisons of pressure contours around the last car among the lower
bound model, the base model, and the upper bound model of design variable

Hcw at Re# = 3.36%107
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Base model

Optimized shape

Side view

Top view

(a) Two-dimensional view

Base model

Optimized shape

(b) Three-dimensional isometric view

Fig. 4.16 Comparison of model forms between of the base model and of the opti-

mized shape for Cp enire train i0 case 1
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Strong rise effect
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up-wash flow

Optimized shape [ Fow girection >

Weak
up-wash flow

Fig. 4.17 Comparisons of streamline patterns behind the last car with the two-
dimensional side view between the base model and the optimized shape for Cp

entire train i case I at Re# = 3.36%10’
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Base model
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up-wash flow \
~

from underside R\

Optimized shape

Weak
up-wash flow
from underside

Fig. 4.18 Comparisons of streamline patterns from the underside of the last car
between the base model and the optimized shape for Cp cyire train in case I at Re# =

3.36%107
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Base model

Optimized shape

Fig. 4.19 Comparisons of streamline patterns from the upper side of the last car
between the base model and the optimized shape for Cp cyire train in case I at Re# =

3.36%107
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Fig. 4.20 Comparisons of streamline patterns from the middle side of the last car
between the base model and the optimized shape for Cp cyire train in case I at Re# =

3.36%107

. o7 A 2ot

Ll



Base model

i Optimized shape
WD""GL'Q'O
n

Fig. 4.21 Comparisons of streamline patterns from the shoulder side of the last
car between the base model and the optimized shape for Cp cytire train in case I at

Re# =3.36%10’
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Fig. 4.22 Comparisons of pressure distributions at the symmetric lateral centerline surface
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Fig. 4.23 Comparison of model forms between of the constrained optimum model

and of the unconstrained optimum model from a 2D view
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Chapter 5. Conclusion

The high-speed train uses two symmetrically corresponding shaped power
cars at both ends. Consequently, the same nose shape plays a role as a leading
part and a role as a trailing part in one train at the same time. Thus the existing
model of the optimized first car nose shape which does not consider the entire
train is not sound in terms of the aerodynamic drag. Therefore, it is necessary
to consider the entire train including the first car nose and the last car nose
and especially accurate simulation of the wake area for the optimization of the
shape design of the three-dimensional symmetric train to reduce the total aer-
odynamic drag.

Two optimizations are performed with unconstrained models for one ob-
jective and under the constraint of the optimized cross-sectional area distribu-
tion for two objectives respectively. Both optimizations are performed for two
cases. One is done for the reduction of the total aerodynamic drag and the
other is done for the reduction of the aerodynamic drag of the first car only.
The three-dimensional symmetric train body was constructed using the Vehi-
cle Modeling Function, without any constraint for the unconstrained problem
and with the optimum cross-sectional area distribution for the constrained op-
timization. The viscous compressible numerical simulations were performed
with three-dimensional unstructured meshes.

In the unconstrained optimization, it was found that the total aerodynamic
drag of the entire train with the optimized shape for the entire train is reduced

by 5.8% when compared to the unconstrained base model, whereas that with
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the optimized shape for only the first car is changed. On the other hand, in the
constrained optimization, the total acrodynamic drag was effectively reduced
by 15.3 % when compared to that of the constrained base model while that
with the optimized shape for only the first car is increased by 9.7%.

The low-risen and long vertical nose shape of the unconstrained optimum
shape weakens the whirled flow around the nose tip. On the other hand, the
low-risen and wide horizontal end shape of the constrained optimum shape
weakens the up-wash flow and vortices behind the blunt nose. Both shape
characteristics reduce the overall aerodynamic drag of each base model.

The three dimensional modeling is very necessary because the wake area
has to be simulated as accurately as possible for design optimization of the
actual front-rear symmetric train. Therefore, it can be said that the Vehicle
Modeling Function is a valuable tool in that it enables the three-dimensional
modeling of the train body efficiently with or without any constraint, leading
to a successful three-dimensional shape optimization. It also can be concluded
that considering both the first car nose and the last car nose at the same time is
necessary for the effective optimization of the nose shape so as to minimize

the total aerodynamic drag of the symmetric train.
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