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FY2018 Department of Mechanical Engineering

Master Course Program Entrance Examination
“Mechanical E'ngineering’ > (Part 2)

( 2017/8/29(Tuesday) 13 :00~16:00

Instructions

Do not open the exam booklet until you are instructed to begin.

Answer all Questions in Problems 1, 2, and 3.

If you find some incomplete printing or collating, report them to the proctor.

Make sure that you have all 6 answer sheets. Let the proctor know otherwise.

Use 2 answer sheets for each Problem. If there are Questions [ andlin a Problem,

use one answer sheet for one Question. If there are Questions [ ,II and Il in a

Problem, follow the instruction at the top of the Problem. If the space on the front

( ‘side of the answer sheet is not enough, you may also use the backside. If the space
1s still not enough, ask the proctor for an additional answer sheet.

6. On each answer sheet, write your candidate number and the Problem number in
the designated boxes. If you fail to do so, the answer sheet may not be graded.
Write “Mechanical Engineering (Part 2)” in “Subject”. Leave “( /of )’ blank unless
you use an additional answer sheet for the Problem.

7. Answer sheets with symbols and signs that are not related the answers may be
judged 1nvalid. _ -

8. Hand in all the answer sheets even if you have not used them:.

9. You are provided with 3 worksheets. Write your registration number on the upper
left corner of each worksheet, '

10. Hand in all 3 worksheets even if you have not used them.

11. You may take home the exam booklet.
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Problem 1

Answer both of the following Questions I and II. Use one answer sheet for
Question I and use another sheet for Question I1.

I. As shown in Figure 1-1, a thin cylindrical vessel closed by a
hemispherical shell at the bottom end is fixed on a wall. The wall is stiff
enough and its surface is horizontal. The vessel is fixed on the wall so that
its central axis becomes vertical to the wall. The x axis is set along the
central axis upward. The origin of the x axis O is set on the crossing point
of the central axis and the bottom end plane of the cylinder. The inner radius
and the thickness are r and f, respectively, for both the:cylinder and the
hemispherical shell. The length of the cylinder is L ( > » ). The thickness ¢
is thin enough in compari‘son with #. The mass density of the vessel is d and
the acceleration of gravity is g. Answer the following questions.

(1) Obtain the stress component distributions in the cylinder (0 = x

= L) in terms of x.

(2) As shown in Figure 1-2, liquid of mass density m is poured in the
vessel up to the height of x = A Obtain the stress component
distributions in the cylinder (0 = x = L) in terms of x.

(3) The vessel is completely filled up to x = L by the liquid of mass
density m. Obtain the minimum value of the thickness ¢ to avoid the
fracture of the cylindrical vessel. Assume that the fracture occurs when
the maximum principal stress exceeds o,. The vessel is not broken by

its own weight, and the fracture does not occur in the hemispherical
shell (x <0).
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II. Asshown in Figures 1-3 and 1-4, consider a beam BCD of length £ which
is fixed at point D and has a movable support at point B, and a beam AC of
length § which is fixed at point A and supported by beam BCD at point C.
The beam AC is subjected to a uniformly distributed load g per unit length.
The beams AC and BCD exert a force Rc mutually at point C. The beams
AC and BCD have the same flexural rigidity EI. Answer the following

questions.
z
X
Y
Figure 1-3
z
L
x 2
~ | L
L
2
Figure 1-4
& | /
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(1) Express the deflection of beam AC at point C, dac, in terms of Rc,
g, S and EI.

(2) Express the deflection of beam BCD at point C, &scp, in terms of Re,
L and EI.

(3) Express Rc in terms of ¢, S and L,

(4) Find the position (the distance from point B) at which the deflection
of beam BCD is maximum, and obtain the deflection at that position.
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Problem 2

Answer all of the following Questions I, II and III. Use one answer sheet for
Questions I and II, and use another answer sheet for Question III.

L. As shown in Figure 2-1, a solid rod of radius #, length £ and density
p isrolling on the inner surface of a semi-cylindrical channel with a radius
R (>\r) without slip, and it shows an oscillatory motion around the center
axis of the channel O. The oscillating angle around O is &, the angle of

~ rotation around the center of gravity of the rod O is ¢, and the
gravitational acceleration is g. Assume that the oscillating angle & is small.
Answer the following questions.

0

Figure 2-1

(1) Following the definition of moment of inertia, derive the moment of
inertia of the solid rod using the mass of the rod m (= pzr?f).

(2) Derive the kinetic energy of the rod.

(3) Derive the potential energy of the rod. The approximation,

cos & zl—%@z, holds when the oscillating angle # is small.

(4) Using the geometric relationship, derive the relation between &
and ¢.
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(5) Utilizing the fact that the maximum kinetic energy is equal to the
maximum potential energy, derive the natural angular frequency of the
oscillating motion of the rod.

II. The equation of motion of a single degree of freedom with damping and
external forces can be described as

mit+ex+hke=F, (1)

where m, ¢, k, F and x denote mass, damping constant, spring constant,
external force and displacement, respectively.

(1) Multiplying both sides of Equation (1) by the velocity and
performing energy integration over one period of oscillation 7', show
that the total energy (= kinetic energy + potential energy) per cycle
can be described by the work done by the external force and the
damping force.

(2) Consider the case where the external force is given by Equation (2).

F=c,x, 2)

where ¢, is a constant. Derive the instability condition based on the

fact that the total energy increases cycle by cycle when the system is
unstable.
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III. Consider the motion of a three-wheel vehicle on the xy plane shown in

Figure 2-2. The front steering wheel produces driving force without slip,
and the steering axis is on the center line C-C’ of the vehicle. The friction -
force between the rear wheels and the ground is negligible; the rear wheels
do not steer nor drive. The vehicle is subject to the drag force proportional
to the velocity along the x axis. The equation of motion of the vehicle is
written as

mi = F cos(& +8) - ex,
my = Fsin(5 +8),
J6 =1Fsiné,

where the mass of the vehicle is m, the moment of inertia of the vehicle
around the center of gravity is J, the drag coefficient is ¢, the distance
between the center of gravity and the front wheel is /, the displacement
along the x axisis x, the displacement along the y axisis y, the yaw
angle of the vehicle to the x axis is 4, the steering angle is &, and the
driving force is F . The masses of the wheels are negligible. Assuming that
the yaw angle 6 and the steering angle & are small, the equation is
linearized as

mi=F —cx,
my=F(5+8),
JB =IFS§.

Figure 2-2

Answer the following questions.

23/33



To control x, the driving force F is decided as

F=alv-x),

where v is the target value of %, and « is a constant. Here, assume that
y:o’ 6=O,al’1d §=0.

(1) Obtain the transfer function from the target value v to the velocity
%, and derive the condition of @ that makes the system stable.

(2) Consider the case where the system is stable. Examine whether the
steady state error between the target value v and the velocity x
remains, when the target value v is a unit step function.

Next, as shown in Figure 2-3, to control the displacement y, the steering

angle’ § is decided as
S=b(r-y),

where » is the target value of the displacement y, and & is a constant.

Assume that the driving force F is constant and the controlled system is
stable. .

Figure 2-3
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(3) Obtain the transfer function from the target value » to the
displacement ¥, and the transfer function from the target value r to
the yaw angle 8.

(4) Obtain the final values of the displacement y and the yaw angle 8,

when the target value » is a unit step function.

(5) The oscillation remained when this control was carried out. Explain

the reason considering the roots of the characteristic equation.

(6) Describe briefly what kind of control can suppress this oscillation,
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Probiem 3

Answer all of the following Questions I, Il and III. Use one answer sheet for
Questions I and II,‘ and use another answer sheet for Question III. Use
reasonable approximations and assumptions from an engineering viewpoint, if
necessary.

I. Consider the selection of materials in the aircraft design. Answer the
following question.

The weight ratio of materials used in large civil aircrafts has been
transited as shown in Figure 3-1. From this figure, it is recognized that
the fraction of composite material which has high specific strength.has
increased, and the use of titanium alloy has also increased accordingly.
The properties of typical materials are shown in Table 3-1. Composite
material (CFRP, Carbon Fiber Reinforced Plastic) is used with
titanium alloy (Ti-6Al-4V) rather than with aluminum alloy (A2024)
in the aircraft structure. Explain two reasons for this, considering
physical phenomena caused by the differences of the material
properties shown in Table 3-1.

%
e S T 4= Others
— Composite material
o
=
[+
o 50 pemsme oo peeeood
=
.20
g +— Titanium alloy
—— Steel
—— Aluminum alloy
0
A B C
(1982) (1995) (2009)
Model
Figure 3-1
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Table 3-1

Specific Young’s ratio Tensile Thermal Linear Spontaneous | Melting point
weight GPa strength conductivity expansion potential °C
MPa WHm-K)} coefficient v
X107%/K

Titanium alloy 4.4 113 980 7.5 8.8 -0.08 1540
Ti-6Al-4Y
Aluminum alloy 2.8 73.5 470 . 164 214 -0.54 502
A2024
Steel 7.8 199 830 427 12.3 -0.6 1400
SCM440
Composite 1.5 120 3530 34 0.2 +0.12 3650
material {Carbon fiber)
CFRP
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II. Aircraft parts made of titanium alloy are often formed by cutting.
Sawtooth chips are generated during the cutfing of titanium alloy under
many cutting conditions, as shown in Figure 3-2. Consider the case under
the room temperature where the depth of cut is d = 0.1 mm, the width of
cutis b= 1.0 mm, the cutting speed is V = 2.0 m/s, and the tool rake angle
is a = 0° This cutting phenomenon is discussed with a two-dimensional
model for simplicity. Answer the following questions. If necessary, use
cos14°=0.97 and sin14° = 0.24. Two-digit accuracy is enough for the
discussion.

Chip ‘ f

Cutting speed ¥
— 5 Chip
Rake angle o

Tool

Rake face z

Tool )
L. x

Shear interval P

Width of cut b Depth of cut

Shear plaﬁe

Workpiece
Workpiece
(a) Chip form (b} Enlarged view

Figure 3-2

(1) Consider the balance of cutting forces using a simple model without
sawtooth shape shown in Figure 3-3. Express the shear force Fg with
the principal force Fy, the thrust force F, and the shear angle ¢.
Calculate the value of Fg when Fy =360 N, F, =200 N, and ¢ =
14°.
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Chip

// FS
,;/' / Fy ¢
Fy :f; Lé

Workpiece

Tool

Figure 3-3
(2) Obtain the shear stress 75 on the shear plane.

(3) As shown in Figure 3-4, consider the shear deformation of the
workpiece in the first layer of the chip. The parallelogram OO'A'A is
deformed to the parallelogram OJKA by the shear force, while the
tool tip moves from Q' to O. Here, the shear interval is P, and the

shear slip is D. Express the shear strain y =% with the shear angle

¢, and calculate the value in the case of ¢ = 14°,

i
D i
p@ H i Tool
|
Al . ?
— g DS A :
i
i
d J :
. !
¢ S
4 ~ | -
0 o}
Workpiece
Figure 3-4
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(4) The modulus of transverse elasticity (modulus of rigidity) of
titanium alloy is assumed as G =41 GPa. Calculate the shear strain
from the shear stress 7, obtained in Question (2). In addition, explain
the reason why the value is different from the shear strain obtained in
Question (3).

(5) Next, consider the cutting energy which is transferred from the tool
to the workpiece. The tool works in the cutting direction with the
principal force Fy =360 N, the thrust force F, =200 N, and the
cutting speed ¥V = 2.0 m/s. Obtain the work per unit time (power) U.

(6) Asshown in Figure 3-5, the vectors of the cutting speed V, the shear
speed V, and the chip flow speed V. form a velocity triangle. Express
the power on the shear plane Us with the shear speed V; and the shear
force Fg, and calculate its value. This power on the shear plane Ug is
smaller than the power U from the tool obtained in Question (5).
Explain how the work corresponding to the difference between the
powers U and Us is consumed.

Chip
Tool
VS
Ve
2
|4

Workpiece

Figure 3-5

(7) Assume that all the power on the shear plane U obtained in
Question (6) is converted to heat in the cutting volume per unit time.
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Obtain the temperature rise Af; on the shear plane, considering the
heat from the shear plane to the chip. Note that the specific heat of
titanium alloy is ¢, =520 J/(kg'K), and the density is p = 4400
kg/m?. The fraction of the heat transferred from the shear plane to the
chip is r; = 0.75.

It is known that pure titanium transforms from the a phase to the
£ phase at around 1155 K. Discuss the crystal phase of the finished
surface, based on the obtained Ad,.

31/33



III. Answer the following questions about the cutting process design of
titanium alloy.

(1) Consider the heat from the shear plane to the workpiece. The

temperature rise AT on the shear plane is given by Equation (1),
assuming the shear plane as a moving heat source.

AT =

crcFs (Vssing %
b (Acppd) ? (1)

where ¢ is a constant, F; is the shear force, V; is the shear speed, 7,
is the fraction of heat transferred from the shear plane to the workpiece
b is the width of cut, d is the depth of cut, A is the thermal
conductivity, ¢, is the specific heat, p is the density, and ¢ is the

shear angle, Explain the reason why the titanium alloy is classified as

a difficult-to-machine material compared with steel, based on the
material properties shown in Table 3-2, -

Table 3-2
Tensile Hardness Shear strength Thermal Density Specific heat
strength Hv MPa conductivity kg/m? kg K)
MPa W/(m-K)

Titanium alioy 980 320 720 7.5 4400 520
Ti-6Al-4V
Steel 830 255 628 427 7800 461
SCM440

(2) Cutting fluid is always poured during the cutting of titanium alloy.
The schematic of the tool, the workpiece, and the cutting fluid is
shown in Figure 3-6 from a microscopic viewpoint. A relative speed
exists between the tool and the workpiece. The cutting fluid flows

between the tool and the workpiece. List three required functions for
the cutting fluid.
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Figure 3-6

(3) The gap between the tool and the workpiece is typically about 1 pm.
This means that it is difficult for the cutting fluid to fill the gap. For
this reason, a cutting fluid with low viscosity is desirable to fill the
gap. Explain whether the low viscosity conflicts with each required
function listed in Question (2). If the cutting fluid with low viscosity
conflicts with the required functions, describe how it conflicts.
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