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FY2017 Department of Mechanical Engineering

Master Course Program Entrance Examination

“Mechanical Engineering” (Part 1)

2016/8/30(MTuesday) 9 : 00~11:00

Instructions

A

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 IIin a Problem,
use one answer sheet for one Question. 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 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 and signs that are not related the answers may be
judged invalid.

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

You are provided with 2 worksheets. Write your registration 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 following Questions I and II. Use one answer sheet for
Question I and use another sheet for Question II.

I. Answer the following questions. Here, pressure, specific volume,

specific heat ratio, Planck constant, speed of light, and Boltzmann constant
are represented by P, v, x, h, ¢, and ks, respectively.

(1) Internal combustion engines are represented by various theoretical

cycles. Select all theoretically impossible cycles in Figure 1-1. And
explain the reason why they are impossible. '

P

P

P

adiabatic

adiabatic adinbatic

isothennal
isothermal

(a) (b) (©)

Figure 1-1

(2) Consider an isentropic process of a mixture gas of helium and
hydrogen with a molar ratio 2:3. Obtain the relation, Pv* =constant,

where x =31/21. Here, the mixture gas is assumed to be an ideal gas.

(3) Derive the theoretical thermal efficiency of an Otto cycle (a cycle
consists of isentropic compression, heat addition at constant volume,
isentropic expansion, and removal of heat at constant volume) as a
function of the pressure ratio ¢ and the specific heat ratio x. Explain

that the theoretical thermal efficiency decreases with decrease in the
specific heat ratio.

(4) Planck's law of thermal radiation can be obtained by considering
the population of electromagnetic waves (photons) in an unit volume.
Energy of photons is quantized and takes values of 0, Av, 2hv, 3hv,...

for the frequency v. For the system with absolute temperature T, the
number of photons with energy E;is proportional to ¢ 5%

9/17



(Boltzmann distribution). Derive the average energy E of this system.
Within a space of unit volume, the number of modes of

electromagnetic waves with frequencies between vand v+ dvis

8m1?

expressed as N, ., =——dv. Obtain the energy D of
¢

v~ ydv

electromagnetic waves with frequencies between vand v+ dv.

Finally, by converting the frequency v to the wavelength A, obtain the
energy D, .. ofelectromagnetic waves with wavelengths between

Aand A+ dA.
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II. As shown in Figure 1-2, cooling water with a density of p and specific
heat of Cp is flowing at a cross-sectional average velocity of U, inside a
cooling pipe with an inner diameter of D, a thickness of t, and a total
length of L, made of copper with thermal conductivity of .. The velocity
and temperature profiles inside the pipe are fully developed. Outside the
cooling pipe, high-temperature air of a free-stream temperature of T, is
flowing at a free-stream velocity of U, in a direction perpendicular to the
cooling pipe. Let the mixed-mean temperatures of the cooling water be T,
at the inlet and T; at the outlet of the cooling pipe, respectively. The
temperatures on the inner and outer surfaces of the cooling pipe are uniform
and are respectively, T, and T,. The heat-transfer coefficients at the inner
and outer surfaces are also uniform and are respectively, h,, and h,.

Neglect effects of radiation and gravity. Answer each of the following
questions.

mixed — mean temperature atinlet: Ty

ARy,

S— ‘q-...\

: “..___ Cooling pipe made of copper

¢ : (inner diameter: D. thickness: ¢

i i total tength: £, thermal conductivity: 1.)
MR | Cooling-{]

| water ‘ e density: p, specific heat: Cp,

¢ u cross-sectional average velocity: Uy
— i

High-temperature air ;

( free-stream velocity: U, o distance from inlet: x
free-stream temperature: Te,,)  heat transfer:d @l - f ,
B = ] rixed-mean temperature: Ty, (x}
. | .
mixed-mean temperature: T, (x}+dT,, (x)

! small distance: dx
|| - outer-surface temperature: T
H
— ]
i - e inner-surtace temperature: Ty
i ~[
mixed — mean temperature at outlet: 7y
Figure 1-2
outer — surface inner - surface
temperature: T, T\ /_ temperature: T,
free-stream P ! P w )
Temperature of ! cooting water
P Ny N N VAV VN .
high-temperature ¢ temperature; Ty, (x)
it T thermal resistance thermal resistance thermal resistance
of air: dR, of pipe: dR, of water: dR,,
Figure 1-3
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(1) Let the mixed-mean temperature of the cooling water be T,,(x) ata
cross section located by a distance x downstream of the inlet of the
cooling pipe. Consider amount of heat dQ transferred per unit time
between x and (x+dx) where dx denotes a short distance.
Express dQ by three independent equations by using differences in
the temperatures, heat transfer coefficients, thermal conductivity, and
other quantities defined in the problem statement. We model the heat
transfer based on a thermal network model as shown in Figure 1-3.
Find thermal resistance of the external air dR,, that of the cooling pipe
dR., and that of the internal water dR,,. Since the thickness ¢t of the
pipe is much smaller than the inner diameter D, the temperature profile
between the inner and outer surfaces of the pipe can be approximated
as a linear function of the radius and the area of the outer surface can
be regarded the same as that of the inner surface.

(2) Let the mixed-mean temperatures of the cooling water be T,,(x) at
the cross section at x and (Ti(x) +dT,(x)) at the cross section
at (x + dx). Take a control volume encompassed by these two cross
sections and the inner surface of the cooling pipe, and consider balance
of heat transfer for this control volume. Find the amount of internal
energy conveyed per unit time by the cooling water through the cross
section at x. Likewise, find the amount of internal energy conveyed
per unit time by the cooling water through the cross section at (x +
dx). Finally, derive an equation that shows a balance of heat transfer
for this control volume.

(3) Integrate the equation that yoﬁ found in Question (2) from the inlet
through the outlet of the cooling pipe, and find the mixed-mean
temperature Ty of the cooling water at the outlet of the cooling pipe
as a function of the mixed-mean temperature T, at the inlet of the
cooling pipe, density p and specific heat Cp and cross-sectional
average velocity Uy of the cooling water, temperature T, and heat-
transfer coefficient h,, at the inner surface of the cooling pipe, inner
diameter of D, and total length of L. By using this result, find the total
amount of heat @ that is transferred per unit time from the high-
temperature air to the cooling water.

12/17



(4) Let the inner diameter D, thickness t, and total length L of the
cooling pipe be respectively, 20 mm, 2 mm, and 1.0 m. Let the mixed-
mean temperature Ty at the inlet and cross-sectional average velocity
Uy of the cooling water be respectively, 20°C and 1.0 m/s. Let the
free-stream temperature T, and velocity U, of the high-temperature
air be respectively, 80°C and 10 m/s. Under these conditions, the
Nusselt number Nu,, at the inner surface of the cooling pipe is
proportional to the 0.8th power of the cross-sectional average velocity
Up and takes a value of 140. The Nusselt number Nu, at the outer
surface of the cooling pipe is proportional to the 0.6th power of the
free-stream velocity U, of the high-temperature air and takes a value
of 60. These Nusselt numbers are based on the inner diameter D of
the cooling pipe. Under these conditions, among the three thermal
resistances that you found in Question (1), which one becomes the
most dominant? Describe how the total amount of heat Q that is
transferred per unit time from the high-temperature air to the cooling
water changes according to the change in the cross-sectional average
velocity Up of the cooling water and the free-stream velocity U, of
the high-temperature air. Use the values listed in Table 1-1 for
approximate thermal properties if they are needed.

Tablel-1
Densit Specific Thermal Kinematic
(k /y}) heat conductivity | viscosity
gm (J/kgK) (W/mK) (m?/s)

Cooling pipe 9.0x103 4.0%10? 4.0x102 -
Cooling water 1.0%10%" 4.0x103 0.6 1.0x10°¢
High- 12 1.0x10° 0.03 2.0%10°5
femperature air

(5) By using the results that you obtained in Question (4), simplify the
overall thermal resistance and express the amount of heat Q that is
transferred per unit time from the high-temperature air to the cooling
water by using what are needed among the following parameters: the
mixed-mean temperature T at the inlet of the cooling pipe, density
p, specific heat Cp, and cross-sectional average velocity U, of the
cooling water, free-stream velocity U, and temperature T, of the
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high-temperature air, heat-transfer coefficients h,, and h, at the
inner and outer surfaces, thermal conductivity of A., inner diameter of
D, thickness of t, total length of L of the cooling pipe.
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Problem 2

As shown in Figure 2-1, a circular pipe with an inner diameter ¢ and a
length L is attached to a container filled with water at a distance H from the
water surface. The diameter d is sufficiently small compared to H and L. An
object with mass M is placed at the exit of the circular pipe. The object has
wheels so that it can move without friction. The density of water is p, and

gravity acceleration is g. Answer the following questions.

(1} Find the minimum force Fp that should be applied to the object in order
to prevent water from flowing out of the circular pipe.

[OHO)

Figure 2-1

Next, as shown in Figure 2-2, the object is at rest sufficiently far from the
exit of the circular pipe and the force F is imposed on the object. A jet is
flowing out of the circular pipe with the velocity V;. The jet flows toward the
object with mass A/ from the exit of the circular pipe, and the dimeter d of the
jet is kept constant. It has no vertical component of the velocity due to
gravity and keeps its horizontal position. The velocity profile in the cross-
section of the jet can be assumed uniform. The height H of the water in the
tank does not change.

Let us consider the cases without loss.

(2) Find the velocity V7; at the exit of the circular pipe.

(3) The force F=F is imposed on the object from the right so that the object
is at rest. Find the force Fi.
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(4) Find the maximum gauge pressure Pmax on the surface of the object.

(5) We change the force F from Fi necessary for the object to be at rest to
the force Fo found in Question (1). Let the right direction (x-direction)
be positive. Find the velocity of the object after a sufficiently long time.

Q Q *

A4

Figure 2-2

Next, let us consider the pipe flow as shown in Fig. 2-2. But, this time we
consider the pipe flow with entrance loss and friction loss. The entrance loss
coefficient of the junction between the container and the pipe is ¢, and the
friction factor of the pipe is A. Here, A is defined as follows, using the

averaged velocity # in the cross section and the pressure difference AP
between both ends of the pipe:

If the velocity in the circular pipe is sufficiently low, the flow becomes
laminar. Now, let us consider the fully developed laminar flow and the velocity

profile of the circular pipe is given using a constant ¢, the pipe inner diameter
d, and the distance from the center of circular pipe r as follows:

{[g]} )

Answer the following questions.
(6) Find the averaged velocity in the cross section, .

(7) Find the friction factor Ao using the velocity profile of Equation (1). Let
the viscosity of the water be 4.
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Next, consider the case where the friction factor A is assumed to be
constant.
(8) Let us assume ¢ =0.5, 1=0.02, L=25m, and d=0.05 m. In order to

: . . . . F
make the object at rest, the force F = F; is required. Find the ratio -2
1

H

where F is the one found in Question (3).

Hereafter, answer the following questions by using ¥ of the velocity at

the exit of the circular pipe. In addition, the temporal change in the
momentum of the jet is not necessary to be considered.

(9) Find the velocity v(f) of the object as a function of time after the

force F'is changed to zero at £ = 0 from the force required for the object
to be at rest.

Finally, the shape of the object is changed as illustrated in Figure 2-3. The
object at rest begins to move to the right when the force imposed on the
object becomes Fa.

(10) Find the velocity of the object after a sufficiently long time. Here, we
consider the case that the jet flows out of the object with the angle 9 at the
same speed as the one flowing in, and the effect of gravity upon the jet is
negligible.

Figure 2-3
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