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FY2025 Department of Mechanical Engineering

Master Course Program Entrance Examination

“Mechanical Engineering”

2024/8/27 (Tuesday) 13:00~15:30

Instructions
1. Do not open the exam booklet until you are instructed to begin.
2. Answer all Questions in Problems 1, 2, 3, 4 and 5.
3. Ifyou find some incomplete printing or collating, report them to the proctor.
4. Make sure that you have all five answer sheets. Let the proctor know otherwise.
5. Use one answer sheets for each Problem. If the space on the front side of the answer

7.

8.
9.

sheet is not enough, you may also use the backside. If the space is still not enough,
ask the proctor for an additional answer sheet.

On each answer sheet, write your examinee number (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” in “Subject”. Leave “( of )” blank
unless you use an additional answer sheet for the Problem.

Answer sheets with symbols or signs that are not related to the answers may be
judged invalid.

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

You are provided with five worksheets. Write your examinee number (candidate
number) on the upper left corner of each worksheet.

10. Hand in all the worksheets even if you have not used them.
11. You may take home the exam booklet.
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Problem 1

Answer the two following Questions I and I1.

I. Consider an ideal vapor-compression refrigeration cycle without loss
except at the expansion valve, as shown in Figure 1-1. Each
thermodynamic state at the positions a, b, ¢ and d in Figure 1-1 is
constant. The working fluid is saturated at the outlets of the condenser and
the evaporator. The working fluid is wet vapor at the inlet of the
evaporator and is superheated vapor at the inlet of the condenser. For
simplicity, superheated vapor is assumed to be an ideal gas with the gas
constant R and the isobaric specific heat c¢,. The specific entropy,
specific enthalpy, pressure and temperature of the working fluid are s, h,

p and T, respectively.

(1) Draw the p—h diagram and the T —s diagram of this cycle
together with saturated liquid and vapor lines of the working fluid,
and indicate the points in both diagrams that correspond to each

thermodynamic state at a, b, ¢ and d.

(2) Express the temperature T of the superheated vapor in the
condenser as a function of specific entropy s. Show the derivation
process too. Here, use a, b, ¢ or d as a subscript to describe
specific entropy s and temperature T at each position of a, b, ¢ or

d, such as T, and s.

compressor
a b
condenser
lexpansion
valve
evaporator
d C

Figure 1-1



II. Consider the cooling of water stored in a very large tank using a very
long single cooling pipe in the tank. The cooling pipe possesses a circular
cross-section with the outer diameter 27;. As shown in Figure 1-2, the
cooling pipe has its center axis along the z-axis and the radial position is
denoted by r. At any given position z and time ¢, the heat flux on the
outer surface of the cooling pipe (r = ry) has the inward radial direction
and a constant magnitude of value gq,,. At the time t = 0, the temperature
of the water inside the tank was uniform and equal to that of the outer
surface of the cooling pipe. Assume that water flow, radiative heat
transfer and phase change in the tank are negligible. The density p, the

specific heat C and the thermal conductivity A of water are constant.

(1) Figure 1-3 is a view of the cooling pipe from the z-axis direction.
Consider the control volume having the infinitesimal thickness dr
and the unit length along the center axis as shown in Figure 1-3.
Express the heat transferring into the control volume Q(r), including

the thermal conductivity A and the temperature T of the water.

(2) The heat balance of the control volume can be expressed as
Equation (1.1) using Q(r). Obtain the unsteady heat conduction
equation for T(t,r), by substituting Q(r) in Equation (1.1) with the

expression obtained in Question (1).

pC‘Z—:- 2nr-dr =Q(r) — Q(r +dr) (1.1)

(3) At each moment, the temperature distribution in the water can be
assumed to be in a steady state. At a certain time ¢ = t,, the
temperature of the water at r =r,(> 1) was T,. At this moment ¢,
obtain the temperature distribution of the water T as a function of r

in the range r, <r <ry.
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Problem 2

Consider a liquid flowing inside a circular pipe, as shown in Figure 2. The
physical properties of the liquid are constant, whose density and viscosity
are p and u, respectively. The top and bottom of the pipe are open, and
the liquid flows out from the bottom of the pipe under the action of gravity.
The liquid height L is much larger than the pipe inner diameter D (L > D).
The cylindrical coordinate system (r,6,z) used in the following is defined
as shown in Figure 2. The origin of the coordinate system is set at the top
center of the pipe and the z-axis points downward and corresponds to the
central axis of the circular pipe. The corresponding velocity components are
denoted by u,, up and u,. The gravity acts only in the z direction, and the
magnitude of the gravitational acceleration is g. The flow is axisymmetric
and free of swirl. The no-slip boundary condition applies at the pipe wall.
The flow is laminar and fully developed. The pressure at the liquid surface
is the same as the atmospheric pressure py. The effect of the surrounding
gas on the liquid flow is negligible. The effects of secondary flows at the
bottom and liquid surface and the surface tension are negligible. Answer
the following questions. |

T

>
T

N\~ Liquid surface

Figure 2



(1) In general, in a cylindrical coordinate system, the continuity
equation and the momentum conservation equation in the z-direction

at steady state are given by the following equations:

19 1 aUQ au

LG R T

e ® uz165 1350 8%
_ __p il 1‘—92
=5 tram T o ae o,

where p is pressure, and T is the shear stress given by

auz] [1 du, aug [aur ]

#[2 =u

In the system shown in Figure 2, express the differential equation for

u, using only necessary terms.

(2) Express the velocity distribution inside the pipe. In your answers,
write the boundary conditions and show the derivation that leads to

your answer.

(3) Express the volume of the liquid V which flows out from the pipe

during the time interval At.

(4) When At=250s, V=157x10° m®, D=40x10"* m and
p = 1000 kg/m3, give the value of the kinematic viscosity of the liquid
with its unit. In the calculations, use 7 =3.14 and g = 10 m/s?.

(5) The circular pipe is now modified to a square duct having each inner
side length of D which is the same as the inner diameter of the
circular pipe. Under the condition that the same volume of liquid flows
out for both the circular pipe and square duct, obtain the ratio of the
time interval required for the square duct to the time interval required
for the circular pipe. The friction coefficient of the square duct is given
as Cp = 21, /(pU?) = 14.2/Re, where 1,, is the wall shear stress, U



is the cross-sectional average velocity, and Re is the Reynolds
number.



Problem 3

A straight circular bar of a diameter D and a length L (> D) is fixed
to a rigid wall at the origin O, as shown in Figure 3. A concentrated load
P and a torsion moment T are applied at the end of the bar (x = L). Three
strain gauges a, b and c¢ are mounted at the point A (x =L/2, y=0,

z = D/2) on the surface of the bar. The Young’s modulus, the shear
modulus and the Poisson’s ratio are E, G and v, respectively. Here, the

5 ; . ; D* 4 ; %

moment of inertia of area is [ = 2—4 and the polar moment of inertia of
; D* . o .

area is [, = 2—2 Assume that the deformation due to gravitational force

can be neglected. Answer the following questions.

(1) Express the normal stress o, and the shear stress 7y, at the point
A interms of P, T, L and D.

(2) Express the displacement of z-direction at the point B (x = L/2,
y=0, z=0)interms of P, L, E and D.

(3) In the case of P =31.4 N and T = 15.7 N-m, obtain the strain
values &, &, and &, with three significant digit measured by the
strain gauges a, b and ¢ mounted at the point A, respectively.
Here, use the diameter of D = 20.0 mm, the length of L = 1040 mm,
the Young’s modulus of E = 208 GPa, the shear modulus of
G = 80.0 GPa and the Poisson’s ratio of v = 0.300 of the bar.

Next, consider weight reduction of the bar by changing the material
used in Question (3). The material properties after the change are the
Young’s modulus of E =52.0 GPa, the shear modulus of ¢ = 20.0 GPa
and the Poisson’s ratio of v = 0.300. The mass density after the change of
the material is 1/3 of that before the change. In addition, the diameter is
increased so that the displacement of z-direction at the point B is the
same as that of the material before the change. In this case, let D; be the

diameter after the increase. Answer the following questions.

(4) Obtain the ratio of D, to the diameter before the change of

material. In addition, obtain the ratio of the weight of the bar after



the changes of material and diameter to the weight before the

changes.

(5) For the point A, obtain the ratio of o, after the changes of material
and diameter to o, before the changes. In the same way, obtain the
ratio of 7,, at the point A after the changes to 7,, before the

Strain gauge ¢ Strain gauge b
Y
90, 45° |
X

Strain gauge a

changes.

A Concentrated load P

Torsion moment T

Figure 3



Problem 4

Consider the system consisting of Vehicle 1 and Vehicle 2 that are
connected by a spring, having a spring constant k, and a viscous damper,
having a damping coefficient ¢, as shown in Figure 4. The mass of
Vehicle | and Vehicle 2 are m; and m,, respectively. The displacements
from the initial positions of Vehicle 1 and Vehicle 2 are x,(t) and x,(t),
respectively, where t is time. The external force f(t) is applied on the
Vehicle 1, while Vehicle 2 is controlled by the force u(t). The initial state
of the system is stationary. The mass of the wheels of the vehicles, the air
resistance, and the friction from the horizontal floor are negligible. Only
horizontal motion of the vehicles is considered. Answer the following

questions.

(1) Defining the relative displacement between the vehicles
x(t) = x1(t) — x,(t), obtain the equation of motion of the system

using x(t) as a variable.

In the following questions, the viscous damper is removed and f(t) is
the unit impulse. Consider the feedback control system where the input
x7p(t) is the target value of the relative displacement, and the output is
x(t). F(s), U(s), X(s), and Xp(s) are the Laplace transforms of f(t),
u(t), x(t), and xp(t), respectively. U(s) is given by

kas[X7(s) — X()] + kp[X7(s) — X (s)]

Uls) = - 1+ 7s

2

where 7, kg, and kj, are positive constants.
(2) Derive the condition stabilizing the feedback control system.

(3) Here, the feedback control system is stable. When the input x¢(t)
is the unit step, obtain rlim x(t).



X2 (t) X4 (t)

u(t) > 110 —>
— Vehicle 2 k = Vehicle 1
m |2 m
B . ® O—=Q
N

Figure 4



Problem 5
Answer the following questions from (1) to (4) about gears.

(1) Inthe following description, fill the blanks with the appropriate word

or equation.

A gear is one of the power transmission elements and used to convert

input speed and torque into the desired output. To engage a couple of

gears, their should be equal. The is expressed as
m = , where d is the pitch circle diameter and z is the number

of teeth. Since actual gear boxes have various error factors, the gears
do not always smoothly rotate even if the gear geometry is ideally

designed. To guarantee smooth rotation of gears, it is required to have
an appropriate clearance called between the engaging teeth.

In the production process of carbon steel gears, tooth profiles are
roughly generated by the cutting or the form rolling process. To
harden the tooth surfaces, metallographic structure is transformed to
the austenite phase by heating at an appropriate temperature and then

transformed to the phase by cooling rapidly. Since the

quenched gear is hard, the tooth profiles are finished using the

process.

(2) An involute curve is widely used for the tooth profile of gears.
Describe two technical merits for adopting the involute curve using

around 20 words for each merit.

Consider the gear box shown in Figure 5. The gear box has four gears and
three shafts, which are the input shaft, the intermediate shaft, and the output
shaft. All the shafts are supported with rolling bearings of the same type. The
input torque is noted T7j, the output torque is 7o, and the outer diameters of
the Gearl, Gear2, Gear3, and Gear4 are D1, D2, D3, and D, respectively. The
pitch circle diameters of the Gearl, Gear2, Gear3, and Gear4 are di, d2, ds,
and d4, respectively. In addition, p) and p2 are the distances between the shafts,

as shown in Figure 5.



(3) In order to decrease vibration and noise of the output shaft, helical
gears are used for all gears. For the bearings that support the shafts
fixed with the helical gears in Figure 5, select the most suitable type
of bearings from the following list and justify your choice using
around 30 words.

A) Cylindrical roller bearing B) Self-aligning ball bearing

C) Angular contact ball bearing

(4) Assuming that energy loss during rotation is negligible, obtain the
output torque 7.

Bearing

M

- ./_
Input shaft 1|
- . % -

Intermediate shaft

Gear3

Bearing

Output shaft

Front view Side view

Figure 5
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No correction for English Problem.




