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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 supervisor.
Make sure that you have all 4 answer sheets. Let the supervisor know otherwise.
Use 2 answer sheets for each Problem. In case there are 2 Questions in 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 reverse side. If the space is still not
enough, ask the supervisor for an additional answer sheet.

On each answer sheet, write your registration number (3 5i#% &) and the Problem
number (I S) in the designated boxes. If you fail to do so, the answer sheet
may not be graded. Write “Mechanical Engineering (Part 1)” in “Subject (B} H4)”.
Leave “(# ./ # %) 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.

Turn 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. Turn 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 answer sheet for Question II.

I. Consider a Stirling engine, which is composed of following four
processes; isothermal compression process at temperature 7, from State 1

to State 2, isovolumetric heating process with volume ¥V, from State 2 to
State 3, isothermal expansion process at temperature 7; from State 3 to
State 4, and isovolumetric cooling process with volume ¥, from State 4
to State 1. Here, R, isthe general gas constant, » isthe molar number of

the working fluid, and S, is the entropy at State 1.

(1) In the case that the working fluid is an ideal gas, and C, is molar

specific heat at constant volume of the working fluid, answer the
following questions.

1. Obtain the pressures at State 1, F, and State 3, A.

2. @, isthe amount of heat obtained from the surroundings, and W,

is the work done on the surroundings from State i to State j.
Obtain Q,, O,;, W,, and W,,. When the efficiency of the heat
regeneration is 100%, obtain the efficiency of the Stirling engine, 7,
by using @, and W,.

3. Obtain the entropies at State 2, S,, and State 3, S;.

(2) Consider the case that the working fluid exhibits phase change
between gas and liquid phases. Assuming that the molar volume of
the working fluid in liquid phase is considerably smaller than that in
gas phase, the molar volume in liquid phase can be ignored. Here, L
(>0) is molar heat of evaporation. The working fluid in gas phase is
regarded as ideal gas. The working fluid starts to condense af State la
during the isothermal compression process between State 1 and State
2, and the coexistence of gas and liquid phases continues to State 3.
Note that the working fluid is dry saturated vapor at State la and



State 3. P, (T) is the saturated vapor pressure of the working fluid at

temperature 7. Answer the following questions.

1. Obtain the volume at State la, ¥,,. Draw the P—V diagram of the

cycle and the saturated vapor pressure curve. Show the points of
States 1, la, 2, 3, and 4 in the P-V diagram.

2. Obtain the entropies at State la, §,,, and State 2, §,.



II. Consider the experimental method for measuring thermal diffusivity of
solid using unsteady heat conduction analysis. Assume that the thermal
transmittance between solid bodies, thermal diffusivity and thermal
conductivity of the solids are constant, and that the solids are insulated
from ambient air.

Thin electrical heater
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Figure 1-1

A thin electrical heater of thickness & and area A4 1is attached to an
edge face of a columnar thermal bath as shown in Figure 1-1. The
temperature of the columnar thermal bath, 7, is uniform and constant.
The thermal transmittance between the thin electrical heater and the
column, the thermal diffusivity and the thermal conductivity of the thin
electrical heater are %, a, and A, respectively. One dimensional heat
conduction along the column axis is assumed.

(1) Atthe time f=0, the power to the heater is switched on giving rise
to a constant amount of heat generation per unit time, Q. The
thickness of the heater is thin enough to assume that the temperature
of the heater, T, is uniform. The temperature of the thermal bath and
the heater is equal at ¢ =0. Determine the heat transport equation of
the heater in terms of T, and solve the equation to show that 7 is
expressed as in Equation (1).

0/ A4 t

T[l_eXp{—W}] (D

T=T,+



Consider controlling the heat rate, @, so that the temperature of

heater in Figure 1-1 shows a sinusoidal change with the time averaged
temperature of T,,, the amplitude of AT, and the angular frequency of

o. As shown in Figure 1-2, the heater is in contact with a slim rod of
thermal diffusivity a, to let the temperature of attached edge change
periodically. The initial temperature of the rod is 7,,, and the rod is long

enough to keep its initial temperature, T

o, at the non-contacted edge.
Assume that the thermal transmittance between the rod and the heater is
infinite, and that the temperature of the heater is not affected by the heat
flow from the heater to the rod. The coordinate x is defined along the rod
axis where its origin is at the contact point of the rod and the heater as
shown in Figure 1-2. One dimensional heat conduction along the axis is

assumed.

Thin electrical heater
Column z/ Rod
Iy
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O x
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Figure 1-2

(2) In the system of Figure 1-2, the temperature distribution in the rod,
7., can be described as Equation (2). Determine the heat conduction

equation of the rod in terms of 7, and its boundary conditions, and

obtain the unknown parameters m, n and p.

T, = mexp(nx)sin(fw t+ px)+ T, (2)

"%s



(3) When the phase difference between the temperature changes at two
points on the rod axis is A¢, determine the expression for thermal

diffusivity, a,, using A¢, o and the distance between the points
Ax . Determine also the expression for thermal diffusivity, «,, using

@, Ax, and the ratio of temperature amplitudes of these two points,

-

(4) Determine and explain the conditional expression of @ using &,

h, a and A that is required for the temperature of the heater to
change sinusoidally.

g



Problem 2

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

I. A laminar boundary layer develops on a flat plate in a uniform flow with
a veloeity U as shown in Figure 2-1. The pressure gradient along the x
direction is very small and is negligible. The flat plate is made of porous
material, and the fluid in contact with the plate is sucked downwards. The
fluid has a uniform velocity on the surface of the piate (y = 0); the x and y
velocity components are ¥ =0 and v=-v, (v,>0), respectively. The
density p and the viscosity g of the fluid are constant. The flow is two
dimensional and in steady state. Because the suction velocity v, is much
smaller than the uniform flow velocity U, the pressure gradient along the y
direction is negligible. Answer the following questions.

(1) At the position x, the boundary layer thickness and the mass flow
rate inside the boundary layer (per unit thickness perpendicular to the
x—-y plane) are given by &(x) and F(x), respectively. A control volume
ABCD is defined as shown in Figure 2-2. Obtain the mass flow rate

. . dF
across the control surface AD, m, using p, vo,a, and Ax.

(2) The momentum thickness of the boundary layer is defined as

9(x)=jj%[l—%) dy. )

By considering the momentum conservation in the x direction for the
control volume ABCD shown in Figure 2-2, derive a differential
equation that describes the change in the momentum thickness &

along the flow direction (the x direction). Note that the shear stress on
the control surface BC is given by 7, (> 0).

12/16i



(3) We approximate the velocity profile in the boundary layer as

2(2’-)—[ZJ2, 0<y<s
u_)s) \s
L= @

Derive a differential equation that describes the change in the
boundary layer thickness & along the flow direction (the x direction).

(4) Consider the case where the fluid is not sucked into the flat plate
{(vy = 0). The boundary layer thickness at the leading edge (x =0) is

&= 0. By solving the differential equation derived in Question (3),
express the boundary layer thickness & as a function of x.

(5) Show the changes in the boundary layer thickness along the flow
direction (the x direction) with and without the suction (v, > 0 and

v, = 0, respectively) qualitatively in a graph, and briefly explain the

difference between them.

(6) Consider the case where the fluid is sucked into the flat plate
(ve > 0). The velocity profile in the boundary layer is approximated

by Equation (2). Obtain the boundary layer thickness & and the shear
stress on the flat plate z; at a far downstream location.

Figure 2-1
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II. A fluid of constant density p is flowing steadily inside a two dimensional
elbow as shown in Figure 2-3. The flow separates from the corner D, is
contracted at the cross section G-H, and finally flows out uniformly from
the outlet I-J which is far downstream from the elbow corner. The duct
width before the corner from the cross section A-B to the cross section C-D
is W, and the duct width after the corner from the cross section D-F to the
cross section I-J is aW (0 < a < 1). The flow velocity and the static
pressure at the cross section A-B are given as ¥ and Pap, respectively.
The effects of wall friction and gravity can be neglected. Answer the
following questions.

(1) The width of the contracted flow at the cross section G-H is
narrower than the duct width (aW) and can be written as cal, where ¢
is a contraction coefficient (0 < ¢ < 1). The contracted flow velocity
Vou inside this contracted region and the static pressure Pgy at the
cross section G-H are both assumed to be uniform. The total
pressure loss in an accelerated flow is negligible. Describe Vgy
using necessary parameters from a, W, V, Pap, Pgu, and p.

(2) Then, contraction coefficient ¢ is considered. It is assumed that
the static pressure Pcg at the corner wall C-E can be expressed as,

PCE=PAB+}/§V2(O < y<1). In addition, horizontal component of

the momentum entering the cross section C-D can be neglected.
Write an expression relating ¢, g, and y.

(3) Using the above results, describe total pressure loss of the flow
passing through this two dimensional elbow from the cross section
A-B to the cross section I-J using a, ¥, p, and ».

15
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