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FY2022 Department of Mechanical Engineering

Master Course Program Entrance Examination
“Mechanical Engineering” (Part 1)

2021/8/3 1(Tuesday) 9 :00~11:00

Instructions

OUs b

7.

8.
9.

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

Answer all Questions in Problems 1 and 2.

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

Make sure that you have all 4 answer sheets. Let the proctor know otherwise. -
Use 2 answer sheets for each Problem. If there are Questions I and I in a Problem,
use one answer sheet for one Question. If there are Questions I, 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
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 (Part 1)” 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. A

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

You are provided with 2 worksheets. Write your examinee number (candidate
number) on the upper left corner of each worksheet.

10. Hand in both 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 II. |

I. Let us consider a heat pump cycle. A unit mass of an ideal gas (1 kg)

~ with a constant specific heat is adiabatically compressed from State 1 at
an ambient temperature of 71 [K] and a volume of ¥1 [m?]. Then, this
compressed hot gas releases heat at constant volume to a thermal-storage
device, which has an infinite heat capacity and is kept at a constant
temperature of 7 (71 < Th) [K]. The gas after heat exchange is
adiabatically expanded to volume Vi [m®], where the work is taken out,
Finally, the gas absorbs heat from the ambient environment and returns to
State 1 with constant volume. Here, we consider a closed system heat
pump cycle, and a displacement compressor and a displacement expander
are used for compression and expansion processes. There is no fluid flow
loss during the heat exchange, and the heat transfer areas are large
enough. The specific heat at constant volume and heat capacity ratio of
this ideal gas are cv [J/(kg*K)] and «, respectively. Answer the following

questions.

(1) First, assume that the adiabatic compression process is reversible,
where the state after compression is State 2. The temperature and
volume of the ideal gas at State 2 are T> (Th < T2) [K] and V> [m?],
réspectiirely. Obtain the expression for the compression ratio (V1/V2)
by using those needed among the following parameters; Tu, T1, T2, ¢v
and «.

(2) The compressed gas (1 kg) exchanges heat with the thermal-storage
device during the constant volume process (= ¥2) from State 2 to
State 3 whose temperature is Th. Next, the ideal ‘gas at State 3 is
reversibly and adiabatically expanded to State 4 with an expansion
ratio of V1/V>, which is identical to the compression ratio. Then, the
ideal gas absorbs heat from the ambient environment without
changing its volume (= V1) until it returns back to State 1. Obtain the
amount of absorbed heat Q. during the process from State 4 to State



1, by using those needed among the following parameters: Tu, T1, T3,
¢y and «.

(3) Obtain the coefficient of performance & (= (the heat transferred to
the thermal-storage device)/(the compression work minus the
expansion work)) of the heat pump cycle 1—=2—3—4—1 in Question
(2) by using those needed among the following parameters: Th, T1,
T>, ev and k.

(4) Redraw the T-s diagram shown in Figure 1-1 on the answer sheet,
and plot S_fates 2, 3_and 4 in the T-s diagram. In addition, obtain the
expression which describes the relation between the specific entropy
s and temperature T of a constant volume process for an ideal gas.
Draw the constant volume lines of the ideal gas that pass through
States 1 and 2 in the T-s diagram. - '

Temperature T

/]
Tyl Tg) prmmmmmmm s

A

Specific entropy s

Figure 1-1

In the following questions, it is considered that the adiabatic
compression and expansion processes are irreversible. For the heat
exchange, as already described, there is no flow loss and the heat transfer
areas are large enough. In addition, the temperatures of the ambient
environment and the thermal-storage device are constant.



(5) The ideal gas at State 1 is adiabatically but irreversibly compressed
to State 5 whose temperature is 75 [K] and volume is ¥s [m?]. Here,
the temperature T is assumed to be the same as T» (T5=T2) which is
defined in Questions (1) to (4) for the adiabatic compressioﬁ case.
Then, the ideal gas exchanges heat with the heat storage device
without volume change (= Vs) until it reaches State 6 whose
temperature is Th (71 < Th<Ts = T3) [K]. The ideal gas at State 6
expands adiabatically but irreversibly to State 7 whose volume is ¥,
and finally returns back to State 1 without volume change by
absorbing heat from the ambient environment. Plot States 5, 6 and 7
in the 7-s diagram you have drawn in Question (4). In addition, draw
a constant volume line for the ideal gas which passes through States
5 and 6. '

(6) Answer the condition at which the coefficient of performance & (=
(the heat transferred to the thermal-storage device)/(the compression
work minus the expansion work)) of this heat pump cycle becomes 1,
in approximately 30 words.

(7) Let the amount of entropy generation during irreversible adiabatic
compression process from State 1 to State 5 be sg [J/(kg*K)]. Obtain
the expression for the compression ratio (= ¥1/¥5s) for the irreversible
case when the temperature of the compressed gas becomes Ts = T»
X1, by. using those needed among the following parameters; Th, 71,

T2, $g; cv and k.

(8) Write down methods to improve the coefficient of performance of
an irreversible heat pump which pumps up heat from the ambient

- temperature T [K] to the temperature of the thermal-storage device
Th [K]. Describe four or more methods, using approximately 30
words for each. As aforementioned, the working'ﬂuid is an ideal gas
which exchanges heat under constant volume without flow loss, and
the heat transfer areas are large enough.



II. Under the pandemic of COVID-19, we see body-temperature screening
everywhere with portable radiation thermometers. This kind of portable
infrared radiation thermometers for body temperature is modified from
normal radiation thermometers. Let us consider how the body temperature
is obtained. Assume that the surface of human body can be considered as a

-gray body with the emissivity &s = 0.98. You can use the Stephan-
Boltzmann constant o= 5.7 X 10" W/(m?:K*). Answer the following

questions.

(1) First, we will consider the effect of convective heat transfer
without considering radiative heat transfer. Let us employ a very
simple infinite cylinder core-shell model in Figure 1-2 as the thermal
‘model of a human head. The core cylinder with a radius Ry has a
constant temperature Tc. We need to obtain the surface temperature

" Tsat the radius Rz. Assume that the shell part is solid with thermal
conductivity 4 without heat generation. We consider the convective
heat transfer with a heat transfer coefficient 4 from the surface to the
room at temperature 7, . By assuming the one dimensional steady
heat conduction, describe the differential equation and ‘boundary
conditions for obtaining the temperature distribution of the shell part.

(2) Obtain the temperature distributfion of the shell part and surface
temperature 75 according to Question (D).

(3) Based on the result of Question (2), let us caiculate the value of
surface temperature Ts. Setting the thermal conductivity of shell part
A=05W/(mK),Ri=7cm,R=8cm, Tc =37 °Cand 7, =25°C,
the heat transfer coefficient % is varied. Identify the correct curve

among‘ A~E in Figure 1-3. Explain the reason. Here, you can
approximate log,(8/7)=0.13. ' '

(4) The infrared radiation thermometer is designed for detection of
infrared radiation from the measurement surface focused on a small
sensor. When optimized for measurement of the temperature range



near room temperature, a typical sensor has a sensitivity for infrared
radiation with the wavelength between 8 and 14 pm. Describe the
reason in about 50 words.

(5) Now, we consider radiative heat transfer without considering
convective heat transfer. Leét us assume that a whole human body can
be approximated with a convex object with a surface area S and a

surface temperature Ts. Express the amount of radiative heat transfer
Q from the human body to a large room at a temperature 7. using

S, Ts, T,, ssand o. Calculate the amount of radiative heat transfer
with two significant digits when § = 2.0 m2, Ts = 37 °C and T, =
27 C.

(6) Based on the resﬁlts in Questions (1)-(5), describe the relation
between body temperature and body surface temperature in about 30
words. ‘

Figure 1-2
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Problem 2

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

I. Consider the flow and the control volume ABCD shown in Figure 2-1.

* The liquid flows in at a uniform velocity from the control surface AB on
the left side, and its surface rises up to a certain height at some location in
the control volume. The liquid flows out at a uniform velocity from the
control surface CD on the right side. The pressure above the liquid
surface is assumed to be the atmospheric pressure F, (constant). Assume
that the shear stress acting on the wall BC is negligible. Let the density
of the liquid be denoted by p, the acceleration of gravity by g, the height
of the liquid level on the inflow side by H,, the flow velocity by V], and
the height of the liquid level on the outflow side by H,. The flow is

assumed to be two-dimensional, and the unit length is considered in the
normal direction of this papef sheet. Density and viscosity of air is
assumed to be sufficiently small. Assume that the liquid flow does not
vary in time, including the shape of the liquid surface. Answer the
following questions. '

(1) For the control volume shown in Figure 2-1, express the force F|
acting on the control surface AB using B, o, g, H, and H,.

(2) Express the momentum M _, that flows out from the control

oui

surface CD per unit time using p, H,, H, and V.

(3) Based on the result of Question (2), consider the inflow and outflow -

of momentum for the control volume. Using the momentum principle,
express the difference F —F, using p, H,, H, and V], where F

is the magnitude of the force acting on the control surface AB and
E, is the magnitude of the force acting on the control surface CD.

(4) ExpressH, using g, H, and V.

(5) Using the result of Quéstion (4), define a dimensionless number for
determining the condition that the liquid surface rises up, that is



H, <H, in Figure 2-1. In addition, using this dimensionless number,

" find the condition of H, < H,.

Control Volume Po

D

Liquid Surface
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|
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~
~

he > 5 4 |
e | \L :
Hy = ;

)
TIPS TPl T Pl P I TS TIPS T I FT T ATAFFS S

Figure 2-1
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II. A small circular tube with a diameter of D is connected to a sufficiently
large vessel filled with liquid. As shown in Figure 2-2, consider a
phenomenon where the liquid flows into the circular tube after the valve is
opened at a certain time. After the valve is opened, the height of the liquid
surface inside the vessel from the valve is kept constant. In the following,
consider a situation where sufficiently long time has passed after the valve
was opened. In this case, the liquid velocity inside the circular tube
becomes sufficiently small, so that the liquid pressure F, right behind the

- valve can be assumed constant in time. The liquid is incompressible, and
its density and viscosity are p and g, respectively.

As shown in Figure 2-2, the region filled with the liquid inside the circular
tube is divided into a liquid column region and a front region where the
flow is affected by the presence of the gas-liquid interface, and their
boundary is a control surface F. It is assumed that the front region does not
change its shape, and only the length L(f) of the liquid column region is
-increased with time ¢. The flow inside the liquid column region is
assumed to be laminar and its streamwise velocity component has a

parabolic profile in the radial direction of the tube. Assume that the length
of the liquid column region at a certain time =0 is L(0)=L,. Regarding

the liquid column region, answer the following questions.
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Figure 2-2
(1) Assuming that the temporal change of the momentum inside the

liquid column region is negligible, express the moving velocity
(0) U, of the gas-liquid interface at. {=0,using D, L,, AP

and u. Here, AP=F, — P, is the pressure difference between the

location right behind the valve and the control surface F.

(2) Assuming that the condition in Question (1) always holds for 720,

derive the equation governing the temporal development of the liquid '
column length L(t) by using D, AP and 2

(3) Assuming that AP does not vary with time, solve the equation

derived in Question (2) with the initial condition of the liquid
column length L, at =0, and find the temporal development of the

liquid column length L(¢) for ¢20.

(4) Using D, U, and AP, express the energy dissipation due to
viscosity per unit time at ¢=0 inside the liquid column region.

Here, the temporal change of the kinetic energy inside the liquid

column region can be neglected.



In the above considerations, it has been assumed that the pressure P, at

the control surface F is constant. Next, consider the front region in order to
- discuss how P, is determined. As shown in the enlarged view of Figure 2-
2, the gas-liquid interface contacts the wall with a contact angle of 6

" regardless of the moving speed of the gas-liquid interface. Along the
contact line between the gas-liquid interface and the wall, the reaction
force of the surface tension o, which is a surface force per unit length,
“acts on the gés—liquid interface from the wall. The gas pressure inside the
circular tube is assumed to be the atmospheric pressure £. Regarding the

front region, answer the following question.

(5) Considering the reaction force of the surface tension, express the
liquid pressure P, at the control surface F using D, F,, o and
@, based on the momentum principle for the control volume
surrounded by the broken line in the enlarged view of Figure 2-2.
Here, since the liquid velocity is sufficiently small, inside the control
volume, the friction between the fluid including the gas and the inner
surface of the tube, the momentum flows in and out associated with
fluid flow, and the temporal change in the momentum of the fluid can
be neglected.
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