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[Problem 4]

Consider a cylinder with outer diameter 2a, inner diameter 2b, and length L. Answer
the following questions. Here, this cylinder is considered as a rigid body in Question 1,

while it is an elastic body.

1. Consider the motion caused by horizontal impact force at height # (> 0) from the
center of gravity O of the cylinder placed on the floor, as shown in Figure 1. Here,
mass of cylinder, dynamic coefficient of friction between cylinder and floor, and
gravitational acceleration are denoted as M, u’, and g, respectively. Also, the
velocity of the center of gravity of the cylinder immediately after the impact and the
angular velocity about the central axis of the cylinder are denoted as vy and v,
respectively. Here, the tangential velocity of the cylinder uo is given by uo = amy.
The height of the impact in the case of rolling without slipping immediately after
the impact is denoted as /.

(1) Obtain the moment of inertia about the central axis of the cylinder.
(2) Show hg using a and b.
(3) Consider the case of # > hy. Show the equations of motion of the cylinder on
the velocity of the center of gravity v and the tangential velocity of the cylinder
u.

(4) In the case of & > hy, obtain the time ¢ taken for the cylinder to start rolling

without slipping after the impact, and the velocity of the center of gravity v; at

that time.

o

The concentrated load P is applied to this cylinder at the center in the longitudinal
direction as shown in Figure 2. Assume no deflection at the supporting points.

Here, Young’s modulus is denoted as £ and the Bernoulli-Euler theory is assumed.




o

(1) Obtain the distribution of bending moment in a cross section.
(2) Obtain the second moment of area.
(3) Obtain the maximum value of tensile stress in a cross section.

(4) Obtain the maximum value of deflection.

Figure 1

e~

INEE
o
o

Figure 2
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[Problem 5]

Maxwell’s equations are given by the following equations:

V:-D=p,
V-B=0,
VxEZ-QE,

ot
VxH=i+§—p—,
ot

where E is the electric field, D is the electric flux density, H is the magnetic field, B is
the magnetic flux density, p is the charge density, and / is the current density. Answer
the following questions about the electromagnetic wave propagating in a nonmagnetic,
insulating, and isotropic medium (p=0,i=0, D = g&F, B = uoH, where & and uo are
the electric permittivity and magnetic permeability of vacuum, respectively, and & is the

relative dielectric constant of the medium).

1. Derive the equation,
V(ExH)= M_C!_(EL‘E)_IEIZ +&‘H12)
ar\ 2 2

using a vector identity, V- (XxY)=Y (V xX)-X-(V xY). Describe the physical

meaning of this equation in around 30 words.

2. Consider a plane wave propagating in the medium along the x axis,

0
E(r,t)=| E, |cos(kx—wt),
0

L2




where £y is the amplitude of the electric field, £ is the magnitude of the wave vector,

and o is the angular frequency.

(1) Give the magnetic field H(r, 1), and find the relation between & and .

(2) Describe the Poynting vector S (= E x H).

(3) Electromagnetic wave intensity (power per unit area) / is given by the time
average of the magnitude of the Poynting vector |S|. Give the intensity /
using Fo.

(4) Let us calculate the amplitude of the electric field in the core of an optical fiber.
Light of 10 mW power is guided in the circular core with a diameter of 10 um
and a relative dielectric constant & = 2.1. Calculate £y by assuming that the
light is completely confined and uniformly distributed inside the core. Use the
following values, if necessary: & = 8.9 x 1072 C-V-'-m™, uo = 1.3 x 10°°

Hm™.




[Problem 6]

Let us discuss electrical conduction in semiconductors from carrier transport.  Answer
the following questions. In the derivations of formulae, pay attention to the

positive/negative signs.

1. Fundamental mechanisms of the carrier transport are the drift and diffusion. It is
assumed that the carriers can be transported in only one-dimensional direction
(x-axis). When there exists an electric field £ in a semiconductor, electrons are
accelerated by the field, while decelerated by phonon scattering for instance.
Considering the electric field in the positive direction of x-axis, an equation of

motion of electron is therefore given by Equation (D.

LAV, V.
m L =gl —m" X @)
dt T

m*: effective mass of electron, e: elementary charge, 7: relaxation time of electron,

vx: velocity of electron

(1) Describe the drift velocity of electrons varini at the steady state condition using
only physical constants and physical quantities included in Equation (.

(2) Describe the drift current density igin using electron concentration n with
referring the above question. When there exists a gradient of electron
concentration dn/dx in a semiconductor, electrons are transported by diffusion.
Describe the diffusion current density igir using the diffusion coefficient of
electrons De.  Based on these, describe the total current density iiotal.

(3) The drift current density iarin derived in the previous question can be expressed
using electron mobility z. Here, the Einstein relation given by Equation @
is known to hold between D, in igifr and g in igrin.  Derive the Einstein relation

using the law of equipartition of energy.

wh




SCT

e

k: Boltzmann’s constant, 7" temperature
Note that D can be expressed by Equation (3.
De = le @

vin: thermal velocity of electron, /: mean free path of electron

Let us consider an ideal pn junction, in which acceptors and donors are distributed
uniformly in p-region and n-region, respectively. Fill in the blanks of the
following sentences.

Consider the behavior of electrons and holes before and after forming a
junction. Here, there is no transfer of carriers into and from the exterior. In the
n-region before forming the junction, the quantity of electrons in conduction band
and positively-charged donors are equal, securing the | (a) | condition. The
same condition is also secured in the p-region. After forming the junction, due to
the difference in the carrier concentrations, electrons are transported from the
conduction band in the n-region to that in the p-region, while holes are transported
from the valence band in the p-region to that in the n-region by .
Accordingly, an electric double layer consisting of positively-charged donors and
negatively-charged accepters is formed at the boundary. It allows the carriers to
be transported by toward the opposite direction to the direction.
Eventually, these are balanced to reach the thermal equilibrium state when

(d) | in the p- and n-regions become identical. This space with few carriers is
called as the | (e) | and the height of the potential barrier generated is called as
the .

When a bias voltage is applied to the pn junction, the current-voltage

characteristics shown in Figure 1 is obtained. Consider the generation mechanism




of the electric current when the reverse bias voltage is applied (V < 0). Here,
since the potential barrier existing at the boundary becomes , the electric
current caused by the transport of , such as electrons in the n-region and
holes in the p-region, is negligibly small. Accordingly, the electric current caused
by the transport of , such as electrons in the p-region and holes in the
n-region, is dominant.  Specifically, the in the vicinity of the barrier edge
go down the barrier to cause the concentration gradient in the respective regions,
which allows the | (i) | to be transported by | (b) | toward the barrier,
resulting in the electric current to flow. Here, as the | (i) | are generated by
()| their concentration is extremely low and thus the electric current is

negligibly small when the reverse bias voltage is applied.

O ;V

Figure 1
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[Problem 7]

Answer the following questions on plastic deformations of metals with the

face-centered cubic (FCC) structure, the body-centered cubic (BCC) structure, and

the hexagonal close-packed (HCP) structure.

(M

(2)

4

)

In general, primary-slip plane and slip direction of a metallic crystal
correspond to the closest-packed plane and closest-packed direction,
respectively.  Answer one of the closest-packed planes and one of the
closest-packed directions for a metallic crystal with the BCC structure. For
the answer, use the Miller indices.

Ratio of the lattice constants in the ¢ and a directions (c¢/a) for the primitive
unit cell of a metallic crystal with the HCP structure is varied by the materials.
Calculate ¢/a for the primitive unit cell with an ideal HCP structure composed
of rigid spheres. Use three significant digits.

Elemental metals with the HCP structure can be classified into two groups with
different primary slip planes. Here, it is known that there is a correlation
between the primary slip plane and the c¢/a value, and that the primary slip
plane changes at ¢/a = 1.60 with a few exceptions. Answer the primary slip
planes corresponding to the cases of ¢/a > 1.60 and c¢/a < 1.60, respectively,
using the Miller indices.

Consider the tensile deformation of polycrystalline material with the FCC,
BCC, or HCP structure until the fracture. Which polycrystalline material
generally shows the smallest elongation until the fracture? Answer it with the
reason in around 15 words.

It is known that the dislocation of the primary-slip system for the crystal with

the FCC structure whose lattice constant is « dissociates as the following




2

LI

formula. Show that the self-energy of the dislocation is reduced by this
dissociation reaction.

%’-[110]»%[211]+%[12T}

yo

A tensile test of a Cu single crystal, which has the FCC structure, in the single slip

direction was performed at room temperature. The stress-strain relation shows a

work-hardening curve after the elastic deformation. Answer the following

questions.

(1) Three stages (I, II, and III) appear in the work-hardening curve. Draw the
work-hardening curve with stress on the vertical axis and strain on the
horizontal axis, schematically. Here, the difference of the slopes at the
respective stages 1, I1, and III has to be depicted clearly in the figure.

(2) What kinds of phenomena take place at the respective stages I, II, and III?

Describe them in around 20 words, respectively.

In addition to the work-hardening, there are following two strengthening
mechanisms related to the dislocation by adding foreign element. Explain
respective strengthening mechanisms, particularly by using the words in the
brackets, in around 40 words.

(1) Dispersion strengthening mechanism (Orowan loop)

(2) Solid solution strengthening mechanism (Cottrell atmosphere)




[Problem 8]

Chemical reactions have been used in syntheses of various chemicals and energy
conversion processes. Let us discuss production of hydrogen gas and fuel cells using
hydrogen gas. Note that g and / denote gas and liquid states, respectively, and all the
gaseous species behave as perfect gas. Use the values for the gas constant, R = 8.314
J-K™'-mol™', and Faraday constant, F = 96490 C-mol™!. The standard state is the state

at 298 K and 1 atm (= 1.013 x 10° Pa).

1. One mole of methane gas CHa(g) reacted with water vapor H,O(g) to form carbon
dioxide gas COx(g) and hydrogen gas Ha(g) in accordance with Reaction (.
Calculate the standard enthalpy A H, [kJ] and the standard internal energy
AU, [kI] for the reaction with three significant digits, using the thermochemical
data given in Table 1.

CHa(g) + 2H20(g) — COa2(g) + 4Ha(g) ®

2. One mole of CHa(g) was completely combusted using pure oxygen gas Ox(g) to
form COx(g) and H20(g) in an adiabatic vessel under a constant total pressure of 1
atm. The temperature of CHa(g) and O(g) before the combustion reaction was
298 K, and neither CHa(g) nor Ox(g) remained after the reaction. Calculate the
temperature of the products (adiabatic flame temperature). For the answer, show
the combustion reaction formula first and then calculate the adiabatic flame
temperature with three significant digits, using thermochemical data in Table 1.
Assume that the standard molar heat capacities at constant pressure C,

[J-K™" mol™"] of all the chemical species involved in the reaction are independent of

temperature.
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Hydrogen gas generated by the steam reforming reaction of methane gas (Reaction D)

is to be separated from the reformed gas. For this purpose, a high temperature

hydrogen separation membrane, operated at the reforming temperature around 873 K to

promote the reforming reaction efficiently by separating hydrogen gas, is under

development. Let us discuss about a Pd separation membrane, in which hydrogen is

known to dissolve and diffuse in the form of hydrogen atom.

[9S]

Ha(g) dissolves as hydrogen atom in Pd through Reaction @ to form a dilute Pd-H
alloy. Here, H(Pd) denotes dissolved hydrogen atom in Pd and its activity ay is
expressed by the mole fraction of hydrogen atom (the Henrian standard state).
Ha(g) — 2H(Pd) @

The alloy behaves as an ideal dilute solution. Find the relationship between the
hydrogen gas activity £, (= pu:/P°) and the equilibrium concentration of atomic
hydrogen, Ci [mol-em™].  Here, P° [atm] (= 1 atm) and pu. [atm] are the standard
pressure and the partial pressure of hydrogen gas, respectively. Assume that Ky

denotes the equilibrium constant for Reaction @ and the molar volume of the

alloy v [cm?® mol™'] is constant regardless of the hydrogen concentration.

When the values of 7, at both sides of the Pd membrane are different, flux
across the Pd membrane (thickness: ¢ [cm]) occurs. Draw the schematic
concentration profile of hydrogen atom in the Pd membrane under the steady state
condition, when the hydrogen atom diffusion across the Pd membrane is the
rate-limiting process. Derive the equation for the hydrogen atom flux Ju
[mol-cm™-s7'] across the Pd membrane. The equilibrium hydrogen concentrations
at respective sides of the Pd membrane are Cj; [mol-cm™] and C]; [mol-cm™],
and assume the diffusion coefficient of atomic hydrogen in the Pd membrane Dy

[em?'s7!] is constant regardless of the hydrogen concentration.
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Currently, the fuel cells using oxide-ceramic electrolytes or polymer electrolytes are
commercialized for stationary applications. Here, let us discuss a polymer electrolyte
fuel cell using H"-conducting electrolyte, composed of the following cell construction.

Note that po: [atm] and @y, (,,, denote the partial pressure of oxygen gas and the water

activity with respect to pure water as the standard state, respectively.

H* 02(9), H,0(D), Pt
Po, = 0.205 [atm]
(Polymer Electrolyte) Ao =1

H,(9), Pt
pu, = 1.00 [atm]

5. Show the half-cell reactions at the right-hand-side and the left-hand-side electrodes,

and answer the overall cell reaction.

6. Calculate both standard electromotive force E° [V] and open circuit voltage
(equilibrium electromotive force) E [V] of the cell at 298 K with three significant

digits, using thermochemical data in Table 1.

Table 1 Thermochemical data (298 K, 1 atm).

Chemical AHS, AG, C; .
species [kJ-mol™"] [kJ-mol™'] [J-K~"mol™]
CHs (g) ~74.81 ~50.72 35.31
CO: (g) —393.5 —394.4 37.11
H20 () -285.8 ~237.1 -

H-0 (g) —241.8 —228.6 33.58
Hz (g) 0 0 -
02 (g) 0 0 29.36

AH ;98 : Standard enthalpy of formation
A fG;)S: Standard Gibbs energy of formation

C ;J” : Standard molar heat capacity at constant pressure

12

L




(Calculation Sheet)



(Calculation Sheet)






