MANUFACTURING
Doctoral Qualifying Examination, May 2016
Mechanical Engineering Department, Columbia University

Problem 1

a)

b)

Calculate the electrochemical equivalent k of (i} Titanium in trivalent form; and (ii) an alloy
consisting of 62% Nickel in divalent form and 38%Aluminum. Also calculate the
electrochemical machinability K, for the metal and the alloy. Assume the current efficiency
1is 0.95. Assume the percentages given above are weight percentages. What is the physical
meaning of the electrochemical equivalent and the electrocheinical machinability? If the
applied voltage U is 12V, calculate specific energy e. (See material data at the end of the
Manufacturing section)

It is known that the inter-electrode gap variation under constant tool feed rate (1D case) can
U-AU

ds . s
be expressed as o K.x —V,, whete S - gap size, K, — EC machinability, x -
it |

electrolyte conductivity, I/ —applied voltage, AU - total surface over-voltage (voltage drop
from the source to the anode), and ¥y —tool feed rate. Assuming the tool is stationary, solve
the above equation and obtain an expression of the gap § as an explicit function of time #, if
the I/ — AU is (i) constant and (ii) . The initial gap is S, that is, when ¢ = 0, § = S,

In an electrochemical machining process, if an anode surface is described by y, =
0.5/1 — x2 , (i) determine the anode surface normal N , and the angle between the anode

surface normal N . and the y axis, that is, cosa = cos(ﬁa',f), and (ii) determine the
U—-AU .

18

expression for the coordinates of tool electrode profile (x., y.), assuming S, = K &
i
known.
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MANUFACTURING
Doctoral Qualifying Examination, May 2016
Mechanical Engineering Department, Columbia University

Problem 2

a)

b)

It is known that cooling is a major requirement in gas lasers such as CO; lasers (wavelength =
10.6 pm). Two types of cooling scheme are commonly used: (1) slow flow and (2) fast axial
flow. What is the main cooling mechanism for each type?

In a slow flow CO; laser, the laser cavity is cylindrical with the aperture radius of 7 mm, the
waste heat uniformly generated within the cavity space is 2.3 X 10°W /m’, the coolant
temperature is 20°C, and the maximum allowable gas temperature in the cavity is 250°C.
Determine the waste heat generated per unit length of the cavity space, thermal conductivity of
the gas mixture (assuming it is a constant), and the temperature at radius of 2.4 mm. For the
same laser, if laser power is 110 ¥ and the wall plug efficiency is 11%, determine the cavity
length required to produce such power and the Fresnel number of the laser cavity.

The surface of semi-infinite Ni solid is uniformly heated by Fj = 5.5x10° W/m®. Heat
conduction can be considered as one-dimensional with no convection, radiation and melting.
Determine (i) the time #,, for the surface (z = 0) to reach the melting temperature, and (ii)

when 7 =1 us,let z/ 2ot =1 and determine the value of z.

m



MANUFACTURING
Doctoral Qualifying Examination, May 2016
Mechanical Engineering Department, Columbia University

Problem 3

a) A thick Ti plate is welded using a laser source of 510W at a speed of 50mm/s. If the
absorption of the laser power is 65% and the ambient temperature is 20°C, determine the
peak temperature on the plate surface at a distance of 0.75 mm from the center line along
which the laser travels.

b) If surface temperature lower than 650°C is not considered to affect the Ti plate, determine the
heat affected zone size.

¢) Determine the surface cooling rate at 1,8 mm behind the laser spot along the center line.

7 50
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MANUFACTURING
Doctoral Qualifying Examination, May 2016
Mechanical Engineering Department, Columbia University

Problem 4

a) A low carbon steel sheet metal is bent using a 680W laser. The sheet thickness is 2.1 mm. If
the beam radius is 2.4 mm, scanning is done at a rate of 70 mm/s and a surface reflection
coeflicient of 55% is assumed, deterinine the bending mechanism dominating the process.
Coefficient of thermal expansion, a,; = 12.6 % 107° /K. For other material data, use those of
Iron’s.

b) Determine the time of laser material interaction at irradiated surface (dwelling time) and the
time to thermally conduct through the thickness.

¢) Determine the bend angle, @, assuming a two-beam model.

d) Determine the temperature rise in the top portion of the sheet metal, assuming a two-beam
model.



Doctoral Qualifying Examination, May 2016
Mechanical Engineering Department, Columbia University

MANUFACTURING

Useful data

Faraday’s constant F =
Planck’s constant h,, =

96,500 coulomb (or A - sec)
6.625 x 10734 ] - sec

Velocity of light in vacuum ¢ = 3 x 10% m/sec
Boltzmann’s constant kp = 1.38 x 10723] /K
eV = 1.6 x 10719

Material Atomic [Valence Density
weight :
g g/cm3 1b/in3
Aluminum| 2698 3 2.7 0.09799
Copper 63.546 1 8.97 0.32436
2
Iron 55.847 2 7.86 0.28422
3
Lead 207.19| 2 11.36]  0.41078
4
Nickel 58.71 2 8.92 0.32255
3
Platinum 195.09 2 21.47 0.77636
4
Titanium | 47.9 3 452 | 0.16344
4
Material Material properties
14 L( L\r Cp Tm T\' K o
(ke (kg™ (kFke™h)  (kg'ec™h {°¢) (“Cy (Wm 1K™ (<1075 m? 571
Tungslen 19,300 185 4,020 140 3diu 5930 lad 6.7
Aluminium 2,700 a7 9,492 BIA] Hot) 2450 226 9,30
lron 7.870 275 0,302 40d) 1,530 3000 50 138
Titawium 4,511 437 9000 51U 1,668 3,260 L] 08l
304 staindess steel K030 7 300 6,500 500 1450 3,000 20 u.5

Nickel: T, = 1,455°C,a = 2.298 x 10™5m?s™ 1, K = 90.9Wm 1K1
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MANUFACTURING
Doctoral Qualifying Examination, January 2016
Mechanical Engineering Department, Columbia University

Problem 1

a) In an electrochemical machining process, if an anode surface is described by
z=0.34/1-04y" , determine the anode surface normal 7, and the angle between the anode

surface normal #, and the z axis, that is, cos @ = cos(#,_, k).

b) Calculate the electrochemical equivalent of (i) Nickel in trivalent form; and (ii) an alloy
consisting of 55% Copper in divalent form and 45% Aluminum. Also calculate the
¢lectrochemical machinability for the metal and the alloy. Assume the current efficiency is
0.9. Assume the percentages given above are weight percentages. What is the physical
meaning of the electrochemical equivalent and the electrocheinical machinability? Why the
current efficiency is less than one? (See data at the end of the Manufacturing portion of the
Qualifying Exam)

¢) The goveming equation of the one-dimensional inter-electrode gap ¢ under constant tool
feed rate V7 is 96 =V, -V, = M

dr G

k - electrolyte conductivity, K, - electrochemical machinability, I/ — applied voltage, and AU

- total surface over-voltage. :

(i) Determinc the equilibrium gap size; (i1) If instead the tool is stationary and / - AU =21

V, solve the above equation and obtain an explicit expression of the gap G as a function of

time 7, for initial gap Gy; and (iii) Repeat (ii) if the tool is still stationary but I/ — AU = &> V.

—V,, where V; — linear material removal rate,
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MANUFACTURING
Doctoral Qualifying Examination, January 2016
Mechanical Engineering Department, Columbia University

Problem 2

a) An incoming laser beam has wavelength 0.9 pm and waist radius wo =3 mm at z= 0.0 m. If
the beam radius w(z) at z= 5 m is measured as 4,15 mm, determine its A value.

b) Todesign a Nd:YAG laser (wavelength =1.06 pm) cavity having Fresnel number of 17,
determine the cav1ty length L and aperture radius a, if /L must equal to 0.0038. What is the
physical meaning of the Fresnel number?

¢) Briefly explain laser cavity filling and stability. If a laser cavity has length, ., and both the
- front and back mirrors are concave (R;>0, R»>0) and R; = 2R, determine the range of R; and
R if the cavity is to be stable.
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MANUFACTURING
Doctoral Qualifying Examination, January 2016
Mechanical Engineering Departmeut, Columbia University

Problem 3

A low carbon steel plate is to be bent with a 350  laser, whose beam spot size is 8 mm. The
plate is 110 mm wide and 190 mm long with a surface refection of 55%. The scanning is along
the sheet width direction with velocity of 14 mm/s. The modulus of elasticity, £ = 208 GPa, and
lincar coefficient of thermal expansion, a; = 12.6 x 1078 /K. For other material properties of the
low carbon stecl, please use the ones for iron given in an attached table, After the first scan, the
sheet is bent by 0.4°,

a) Determine the sheet thickness.

b) In this process, which forming mechanism is dominant? Why?

¢) Determine the bending moment that is induced during the process.

d) Determine the temperature rise between the top and bottom layer of the sheet,
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MANUFACTURING
Doctoral Qualifying Examination, January 2016
Mechanical Engineering Department, Columbia University

Problem 4

a) A thick Ti plate is welded using a laser source of S00W at a speed of 50mm/s. If the
absorption of the laser power is 65% and the ambient temperature is 20°C, determine the
peak temperature on the plate surface at a distance of 0.8 mm from the center line along

which the laser travels.

b) If surface temperature lower than 660°C 1s not considered to affect the Ti plate, determine the
heat affected zone size.

¢) Determine the surface cooling rate at 2mm behind the laser spot along the center line.




MANUFACTURING
Doctoral Qualifying Examination, January 2016
Mechanical Engineering Department, Columbia University

&

Useful data

Faraday’s constant F = 96,500 coulomb (or A - sec)
Planck’s constant b, = 6.625 x 107** J - sec
Velocity of light in vacuum ¢ = 3 x 10% m/sec
Boltzmann’s constant kg = 1.38 x 10723 /K

leV = 1.6 x10719

Material Atomic (Valence Density
weight
g g/em3 tb/in3
Aluminum| 26.98 3 2.71 0.09799
Copper 63.546 1 8.97 0.32436
5 .
Iron 55.847 2 7.86 0.28422
3
Lead 207.19 2 11.36] 0.41078
4
Nickel 58.71 2 8.92 0.32255
3
Platinum 195.09 2 21471 0.77636
4
Titanium | 47.9 3 452 0.16344
4
Malterial Material propertics
P L Ly Gy T T K a
kg™ (K krhy ket Okt oo (°C) (e (Wi 'K 107 m? )
Tungsten 19,400 145 4120 140 4410 5,930 Lod 0.7
Aluminiwm 2700 37 9442 i) 660 20450 220 SRl
fron 7470 275 6,302 200 1,536 EXTHG) 30 134
Titanium 4,510 437 004 Ay I.bid 3,200 14 .41
30 stainless steel #0030 s M0 0,500 500 L 3000 20 s

Nickel: T, = 1,455°C, & = 2.298 x 10™5m2s™1, K = 90.9Wm™ 1K1
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Doctoral Qualifying Examination, January 2015
Mechanical Engineering Department, Columbia University
MANUFACTURING

Problem 1

a) Calculate the electrochemical equivalent & of (i) Titanium in trivalent form; and (ii) an alloy

b)

consisting of 62% Nickel in divalent form and 38%Aluminum. Also calculate the
electrochemical machinability Kv for the metal and the alloy. Assume the current efficiency
nis 0.95. Assume the percentages given above are weight percentages. What is the physical
meaning of the electrochemical equivalent and the electrochemical machinability? If the
applied voltage U'is 12V, calculate specific energy e. (See material data at the end of the
Manufacturing section)

1t is known that the inter-electrode gap variation under constant tool feed rate (1D case) can
U-AU ‘

S
electrolyte conductivity, U— applied voltage, 4U - total surface over-voltage (voliage drop
from the source to the anode), and Fy —tool feed rate. Assuming the tool is stationary, solve
the above equation and obtain an expression of the gap S as an explicit function of time ¢, if
the U— AU is (i) constant and (ii) e*. The initial gap is So, that is, when ¢ = 0, .S = Sp.

be expressed as % =K x —V,, where § - gap size, Ky — EC machinability, x -

In an electrochemical machining process, if an anode surface is described by y, =
0.5/ 1 — x2 , (i) determine the anode surface normal N, and the angle between the anode
surface normal N , and the z axis, that is, cosa = oos(ﬁa,lz) , and (ii) determme the

U-AU .
1s

expression for the coordinates of tool electrode profile (x,, y.), assuming S, =K ,x

I
known.

&
)i
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Doctoral Qualifying Examination, January 2015
Mechanical Engineering Department, Columbia University
MANUFACTURING

Problem 2

a) A low carbon steel sheet metal is bent using a 680W laser. The sheet thickness is 2.1 mm. If
the beam radius is 2.4 mm, scanning is done at a rate of 70 mm/s and a surface reflection
coefficient of 55% is assumed, determine the bending mechanism dominating the process,
Coefficient of thermal expansion, o = 12.6 x 107 /K. For other material data, use those of
Iron’s.

b) Determine the time of laser material interaction at irradiated surface (dwelling time) and the
time to thermally conduct through the thickness.

¢) Determine the bend angle, as, assuming a two-layer model.

d) Determine the temperature rise in the top portion of the sheet metal, assuming a two-layer
model. '
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Doctoral Qualifying Examination, January 2015
Mechanical Engineering Department, Columbia University
MANUFACTURING

Problem 3

a) Tt is known that cooling is a major requirement in gas lasers such as CO; lasers (wavelength =

10.6 um). Two types of cooling scheme are commonly used: (1) slow flow and (2) fast axial
flow. What is the main cooling mechanism for each type?

b) In aslow flow CO; laser, the laser cavity is cylindrical with the aperture radius of 7 mm, the
waste heat uniformly generated within the cavity space is 2.3 X 10°W /m?>, the coolant
temperature is 20°C, and the maximum allowable gas temperature in the cavity is 250°C.
Determine the waste heat generated per unit length of the cavity space, thermal conductivity of
the gas mixture (assuming it is a constant), and the temperature at radius of 2.4 mm. For the
same laser, if laser power is 110 ¥ and the wall plug efficiency is 11%, determine the cavity
length required to produce such power and the Fresnel number of the laser cavity.

¢) The surface of semi-infinite Ni solid is uniformly heated by Fy = 5.5x10° W/m?. Heat
conduction can be considered as one-dimensional with no convection, radiation and melting.
Determine (i) the time ¢, for the surface (z = 0) to reach the melting temperature, and (ii)

when t =1 ps, let z/ 23t =1 and determine the value of z.

2~

T, = ]L}SE"OC'
":5 ha%)
o = 2298 x V0O 7z

= G0.9 %

il



EE ' Doctoral Qualifying Examination, January 2015
' Mechanical Engineering Department, Columbia Umversnty
MANUFACTURING

Useful data

Faraday’s constant F = 96,500 coulomb (or A - sec)
Planck’s constant b, = 6.625 x 1073* J - sec
Velocity of light in vacuum ¢ = 3 x 108 m/sec
Boltzmann’s constant kg = 1.38 x 107?3]/K

leV = 1.6 x 1071

Material Atomic |Valence Density |
weight
g g/cm3 | 1b/in3
Aluminum| 2698 3 271 0.09799
Copper 63.546 1 8.97 0.32436
2
L Iron 55.847 2 7.86 0.28422
3 .
( Lead 207191 2 11.36]  0.41078
4
f Nickel 58.71 2 892 0.32255
3 .
I Platinum 195.09 2 2147 0.77636
4
L Titanium | 479 3 452 | 0.16344
4
Materin] Material properties
P Lg Ly Cp Tm Ty X a
(kg™ KTkg™) kg™ kg'°Ch (PO) {¢C) (Wm™! K1) [x107° m? s~y
T(mgstcn 19,300 L85 4,020 1406 3.410 5,930 164 6.07
Aluminium 2,700 397 9,492 900 660 2,450 226 9.30
Iron 7,870 275 6,362 160 1,536 3,000 50 1.38
Titaninm 4,510 437 9,000 519 1,668 3,260 19 Q.81

304 stainless stec B,030 w300 6,500 500 1,450 3,000 20 0.5




MANUFACTURING Doctoral Qualifying Examination, January 2014
Mechanical Engineering, Columbia University

Problem 1

a) In a one-dimensional eleetrochemical machining process with a stationary tool, it is known
that the initial gap between the tpol and workpiece is 2.5 min, the coefficient of
elecirochemical machinability X, is 4.39 mm?/Amin, the electrolyte conductivity & is 0.5
A/Vmm, the voltage al the cathode is 0 V, and AU at the anode is zcro. Determine the gap z,
at =7 min if the voltage at the anode is constantat U/ = 1.2 V.

b) Determine the gap z, at /=7 min if the voltage at the anode is U= 0.14¢ V, where £ is time in
minutes.

¢) In an electrochemical machining process, if an anode surface is described by z =
0.4y/1 — 2, determine the anode surface normal N , and the angle between the anodc

surface normal Kfa and the z axis, that is, cosa = cos(Na,E) .

E



Problem 2

a)

b)

<)

If a COz laser is of the slow flow type, determine the minimal aperture radius a, such that the
limiting temperature Trm = 250°C will not be exceeded in the cavity. It is known that the
waste heat O =5.2x10° W/m®, coolant temperature 7, = 20°C, and gas thermal conductivity k&
=0.14 W/mK.

Determine {he r value at whieh the temperature is 40% of the limiting value of 250°C.

Determine its wall plug efficiency if the laser generates 175W power and has a cavity lenglh
of 3.4 m,



Problem 3

a) A low carbon steel sheet metal (similar to iron in properties) is bent using an 750W laser.
The sheet thickness is 0.9 mm, width 85 mm, and length 110 mm. If the beam radius is 1.75
mim, scanning is done at a rate of 45 mm/s along the width of the sheet metal and a surface
reflection coefficient of 60% is assumed, delcrmine the bending mechanism dominating the
process. (Modulus of Elasticity, £ = 208 GPg, and linear coefficient of thermal expansion, au
=126 x 1078 /K)

b) Delermine, after the first pass the bend angle, as.
¢) Determine the temperature rise in the top portion of the sheet metal.

d) Determine the induced bending moment, M.

GO



Useful data

Faraday’s constant F = 96,500 coulomb (or A - sec)

Planck’s constant b, = 6.625 X 107* [ - sec

Velocity of light in vacuum ¢ = 3 x 10® m/sec
Boltzmann’s constant kp = 1.38 x 10723/ /K
1eV = 1.6x 1071

Material Atomic |Valence Density
weight
g glem3 1b/in3
Aluminum|  26.98 3 2.71 (0.09799
Copper 63.546 1 8.97 0.32436
2
Iron 55.847 2 7.86 0.28422
3
Lead 207.19 2 1136 041078
4
Nickel 58.71 2 8.92 0.32255
3 -
Platinum 195.09 2 2147 0.77636
4
Titanium 47.9 3 4.52 0.16344
4
Material Material properties
P Lg Ly Cp Tm Tv K [
gm™) (kg™) k™) gkg'och o) ) wWmlkTH  x103m?sT)
Tungsten 19300 185 4020 140 3410 5930 164 6.07
Aluminium 2700 397 9492 900 660 2450 226 930
- 7870 275 6362 460 153 3000 50 1.38
Titaniur 4510 437 2000 519 1668 3260 19 0.8
Stainless 8030 ~300 6500 500 1450 3000 20 .50

steel (304)

L0



Doctoral Qualifying Examination, January 2013
Mechanical Engineering, Colambia University
MANUFACTURING

Problem 1

a) Briefly describe the difference between spontaneous emission and stimulated emission.

b) It is know that, under thermal equilibrium, N2/N;= 0.85 and 4./B = 1.45 x 10721 (Js/mB),
where N; and Ny are number of atoms per unit volume at higher and lower energy levels,
respectively, and 4. and B are probability per unit time of spontaneous and stimulated
emission, respectively. Determine temperature T and frequency v associated with the atomic
transition.

¢} If the stimulated emission probability B is 6.2 x 1031 m*/Js%, determine how long it takes for
N3 to reduce to 20% of its initial value.

d) In an optical resonator, where the reflectivities of the back and front mirrors are Ry = 100%
and R, =33%, the length is L = 0.58m and the medium absorbs 6% of a laser light, Ifitis
known that the laser light is increased by 53% after a round trip. Determine the small signal
gain coefficient §. What does f§ account for?

S

0
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Doctoral Qualifying Examination,‘ January 2013
Mechanical Engineering, Columbia University
MANUFACTURING

Problem 2

a) If alaser drilling process of stainless steel 304 can be described by one-dimensional heat
conduction model, please state at least three assumptions under which the model is largely
valid.

b) If it is known that the absorbed laser intensity is a constant of 525,000 W/cm’, determine how
long it takes for the steel surface to reach its vaporization temperature.

¢) At that time 7, what is the temperature at depth of 2vat , where a is the diffusivity of the
steel?
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Doctoral Qualifying Examination, January 2013
Mechanical Engineering, Columbia University
: ' MANUFACTURING
Problem 3

A low carbon steel plate is to be bent with a 350 W laser, whose beam spot size is 8 mm. The
plate is 110 mm wide and 190 mm long with a surface refection of 55%. The scanning is along
the sheet width direction with velocity of 14 mm/s. The modulus of elasticity, E = 208 GPg, and
linear coefficient of thermal expansion, ag = 12.6 ¥ 1078 /K. After the first scan, the sheet is bent
by 0.4°.

a) Determine the sheet thickness.

b) In this process, which forming mechanism is dominant? Why?

¢) Determine the bending moment that is induced during the process.

d) Determine the temperature rise between the top and bottom layer of the sheet.



Doctoral Qualifying Examination, January 2013
Mechanical Engineering, Columbia University
MANUFACTURING

Useful data

Boltzmann’s constant kg = 1.38 X 10723J/K
Planck’s constant h,, = 6.625 X 1073*J-sec
Velocity of light in vacuum ¢ = 3 x 10% m/sec
1eV=1.602x1071°]J

Material Material properties
o Ly Ly Cp Ta v K o
kgm ¥  kg!) WkgH) GkglCT) (O Q) Wa'K)  (x1075m?s7h)
Tungsten 19300 185 4020 140 3410 5930 164 6.07
“Aluminium 2700 397 9492 900 660 2450 226 9.30
7870 275 6362 460 1536 3000 50 1.38
Titanium 4510 437 3000 519 1668 3260 19 0.81
Stainless 803D ~300 6300 500 1450 3000 20 0,50
steel (304)
t Brror Funclion’
W eri w W erfw W erfw
.00 0.00000 0.36 0.38533 1.04 0.83863
0.02 0.02256 0.38 040901 108 087333
0.4 0OdA T 0.40 (.42839 1.12 0.88674
0.06 0.06762 0.44 046622 116 08991
0.08 1.0900% 0.48 0.50275 1.20 0.91031
0.10 D.11246 0.52 0,53790) 1.30 0.93401
0.12 0.13476 0.56 0.57162 | 40 0.95228
.14 0.15655 0,60 1).60386 1.50 09661 1
016 0.17901 0.64 0.63459 L.G0) 0.97633
0.18 0.20004 0.65 0.66378 1,70 098379
0,20 022270 mF2 0.69143 1.80 0.08009
0.22 0.24430 0.76 0.71754 1.0 0.99279
0.24 (26570 .80 0.74210 2,04) 0.09532
0.26 0.2864910) (.84 0.76514 2.20 (99814
0.28 0,30788 .88 0.78669 2.40 0.99951
0.30 0,32863 0.92 0.BO6TY 2.60) 1.99974
.32 0.34913 0.96 0.52542 2.80 0,99902
0.34 0.36436 1.00 0.84270 34X} 0.99998

"The Gaussian error function is defined as
2 W .
ol = ‘*':J P
\ar

The complewentary error tunction is defined us

vrfew =1 erfw

563



MANUFACTURING

5 ze

Doctoral Qualifying Exammatlon, J: anuary 2012
" 'Meclianical Engineering, Columbia Umvermty

Useful data

Faraday’s constant /7 = 96,500 coulomb (or A-sec)
Planck’s constant 4 = 6.625x10™* J-sec

Velocity of light in vacuum ¢ = 3x10° m/sec
leV = 1.6x10™°J

Atomic

Material Valence] Density
weight
g gicm3 | 1b/in3
Aluminum| 26.98 3 2.71 0.09799
Copper 63.546 1 8.97 0.32436
2
Iron 55.847 2 7.86 0.28422
3 ‘
Lead 207.19 2 11.36] 0.41078
4
Nickel 58.71 2 8.92 0.32255
3
Platinum 195.09 2 21.47)  0.77636
4 .
Titanium 479 3 452 0.16344
4
Material Material properties
p Lf Ly Cp Tin Ty K o
kgm™) kg ) (Wkg™'y OkglocH) O O WmlkTh) (x107mlsTh
Tungsten 15300 185 4020 140 3410 5930 164 6.07
Alumninium 2700 397 9492 900 660 2450 226 .30
“Jan.— 7870 275 6362 460 - 1536 3000 50 1.38
Titaniem 4510 - 437 9000 519 1668 3260 19 0.81
Stainless 8030 ~300 6500 500 1450 3000 20 0.50

steel (304)
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MANUFACTURING Doctoral Qualifying Examination, January 2012
Mechanical Engineering, Columbia University
Problem 1
In an electrochemical machining process, if an anode surface is described by

- a)

z=03y1-04y* , determine the anode surface normal 7, and the angle between the anode

- surface normal 7, and the z axis, that is, cosa = cos(#,_,k).

b)

Calculate the electrochemical equivalent of (i) Nickel in trivalent form; and (ii) an alloy
consisting of 55% Copper in divalent form and 45% Aluminum. Also calculate the
electrochemical machinability for the metal and the alloy. Assume the current efficiency is
0.9. Assume the percentages given above are weight percentages. What is the physical
meaning of the electrochemical equivalent and the electrochemical machinability? Why the
current efficiency is less than one? (See data at the erid of the Manufacturing portion of the
Qualifying Exam)

The governing equation of the one-dimensional inter-electrode gap G under constant tool

. KK (U -4U ) :
feed rate Vy is ci—f =V, -V, = —”(—G_ﬁﬁ—) -V, , where V; — linear material removal rate,
x - electrolyte conductivity, K, - ele'ctrochemical machinability, U — applied voltage, and AU
- total surface over-voltage. '
(i) Determine the equilibrium gap size; (ii) If instead the tool 1s stationary and U - 4U=2.1
V, solve the above equation and obtain an explicit expression of the gap G as a function of
time ¢, for initial gap Gy; and (iii) Repeat (ii) if the tool is still stationary but U —~ AU = e
v :
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MANUFACTURING Doctoral Qualifying Examination, January 2012
Mechanical Engineering, Columbia University

Problem 2

a) An incoming laser beam has wavelength 0.9 pm and waist radius wo=3 mm atz=0.0m. If
the beam radius w(z) at z = 5 m is measured as 4.15 mm, determine its M value.

b) To design a Nd:YAG laser (wavelength =1.06 pm) cavity having Fresnel nomber of 17,
“determine the cavify length L and aperture radius g, if o/L must equal to 0.0038. What is the
physical meaning of the Fresnel number?

c) Briefly explain laser cavity filling and stability. If a laser cavity has length, £, and both the
front and back mirrors are concave (R,>0, R;>0) and R; = 2R,, determine the range of R; and
R; if the cavity is to be stable.



MANUFACTURING : " Dactoral Qualifying Examination, January 2012
Mechanical Engineering, Columbia University

Problem 3

a) Ina CO; laser, what physical phenomena do the energy levels correspond to? Give two
examples. What is the purpose of adding &, and He? Define the wall plug efficiency.

b) If the CO; laser is of the slow flow type, determine the minimal aperture radius «, such that
the limiting temperature Ty, = 250°C will not be exceeded in the cavity. It is known that the
waste heat Q =6.5x10° W/m®, coolant temperature 7, = 20°C, and gas thermal conductivity &
= 0.14 W/mK. Also determine the r value at which the temperature is 2/3 of the limiting
value of 250°C,

¢) For a laser vaporization drilling process of titanium plates, calculate (i) the time it takes for
the surface to reach the vaporization temperature, assuming one-dimensional heat flow, no
convection or heat generation, and the absorbed laser intensity is 1.7x1 0'° W/m?; and (i1) the
time it takes for the laser to penetrate the 1.9 mm plate thickness. (See data at the end of the
manufacturing section). :
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MANUFACTURING Doctoral Qualifying Examination, January 2011
' Mechanical Engineering, Columbia University

Problem 1

a) Calculate the electrochemical equivalent of (i) Aluminum; and (ii) an alloy consisting of

b

be expressed as a6 Vv, —
' dt

55% Copper in divalent form and 45% Aluminum (the percentages given are weight
percentages). Also calculate the electrochemical machinability for the metal and the alloy.
Assume the current efficiency 1s 0.8. What is the physical meaning of the electrochemical
equivalent and the electrochemical machinability? Why the current efficiency is less than
otie? (See data at the end of the Manufacturing portion of this exam paper)

if the applied voltage {/ is 12 V and total current at anode [ is 785 A, calculate volumetric
material removal rate {,, mass removal rate (J,,, and specific energy e.

It is known that the inter-electrode gap variation under constant tool feed rate (1D case) can
kK (U —4AU)
;= . Vj'
¢
where - gap size
- - -V — linear removal rate

¥y — tool feed rate

K - electrolyte conductivity

K, - electrochemical machinability

{/ — applied voltage

AU - total surface over-voltage
(i) Determine the equilibrium gap size; and (ii) if the too] is now stationary and U — AU = ¢,
solve the above equation and obtain an explicil expression of the gap & as a function of time
¢, for initial gap Gy.

1572
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Problem 2

a) An incoming laser beam has wavelength 1.06 pm and waist radius wg = 4.2 mm atz = 0.0 m.
If the beam radius w(z) at z = 6.5 m is measured as 4.5 mm, determine its A value,

b) For the transverse electromagnetic mode of a laser beam, TEM,,;, explain what p and { values
mean and the physical cause of the phenomena behind these values. If the laser beam
indicated in (a) is TEMag and is generated from a cavity whose aperture radius is 2.1 mm,
determine the cavity length.

¢} Briefly explain laser cavity filling and stability. 1fa laser cavity has length, L, and both the
front and back mirrors are concave (R>0) with equal radius, R, determine the range of R if the
cavity 1s to be stable.
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Problem 3

a) A laser light of wavelength of 355 nm irradiates from the normal direction at a metal surface
exposed in air. (1) If the extinction coefficient of the metal is 10.5, determined the skin depth
of the light; and (i1} if the complex index of refraction of the metal is . = 2.3-/10.5,
determine the reflectance of the light from the metal surface.

b} In CO; lasers, what physical phenomena do the different energy levels correspond to? Give
two examples. What is the purpose of adding N; and He? Define the quantum efficiency and
the wall plug efficiency.

c) For a laser vaporization drilling process of titanium plates, calculate (i) the time it takes for
the surface to reach the vaporization temperature, assuming one-dimensional heat {flow, no
convection or heat generation, and the absorbed laser intensity is 1.5x 10'® W/m?; and (1) the
time it takes for the laser to penetrate the 2 mm plate thickness.



Useful data

Faraday’s constant F = 96,500 coulomb (or A-sec)
Planck’s constant 4 = 6.625x107* J-sec

Velocity of light in vacuum ¢ = 3x10% m/sec

leV =1.6x107"]

490

Material Atomic |Valence Density
weight
g glem3 Ib/in3
Aluminum| 26.98 3 2.71 0.09799
Copper 63.546 1 8.97 0.32436
2
Iran 55.847 2 7.86 0.28422
3
Lead 207.19 2 1136 (.41078
' 4
Nickel 58.71 2 8.92 0.32255
3
Platinum 195.09 2 2147 0.77636
4 .
Titanium 47.9 3 4.52 0.16344
4 -
Material Material properties
P Ly Ly Cp Tm T K a
kgm=)  Jkg™h) kg™ (kg'ecTh) o) o) (WmrKTY) (xi0-fmEsTh
Tungsten 19300 185 4020 140 3410 5930 164 6.07
Alominium 2700 197 9492 900 660 2450 226 9.30
7870 275 6362 460 1536 3000 50 1.38
Titanium 4510 437 9000 519 i668 3260 19 0.81
Stinless 8030 ~300 6500 500 1450 3000 20 0.50

steel {304)
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MANUFACTURING | Doctoral Qualifying Examination, January 2010
Mechanical Engineering, Columbia University

Problem 1

a) Calculate the electrochemical equivalent of (i) Nickel in trivalent form; and (ii) an alloy

consisting of 55% Copper in divalent form and 45% Aluminum. Also calculate the
electrochemical machinability for the metal and the alloy. Assume the current efficiency is
0.9. Assume the percentages given above are weight percentages. What is the physical
meaning of the electrochemical equivalent and the electrochemical machinability? Why the
current efficiency is less than one? (See data at the end of the Manufacturing portion of the

- Qualifying Exam)

b)

c)

In an one-dimensional electrochemical machining process with a stationary tool, it is known
that the initial gap between the tool and workpiece is 2.5 mm, the coefficient of
electrochemical machinability X, is 3.9 mm®/Amin, the electrolyte conductivity x is 0.63
A/Vmm, and the voltage at the cathode is 0 V and AU at the anode is assumed to be zero.
Determine the gap z, at # = 3.8 min if the voltage at the anode is constant at {U=1.2V.

Determine the gap z, at £ = 3.8 min if the voltage at the anode is U= ¢” V, where ¢ is time in

minutes. Also determine the equilibrium gap size under this applied voltage The other
condltlons are the same as in b). :

6
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Problem 2

a) To design a Nd:YAG laser (wavelength =1.06 um) cavity having Fresnel number of 18,
determine the cavity length L and aperture radius a, if /L must equal to 0.004. What is the
physical meaning of the Fresnel number?

b) A circular laser beam of diameter 7 mm and Wavelength 850 nm is focused by a lens with
focus length 90 mm. Ifthe beam is of TEMyo (Transverse Electromagnetic Mode), determine
the diffraction-limited spot size and depth of field.

¢) An incoming laser beam has Wavclengtﬁ 10 pm and waist radius wo=3 mmatz=0.0m. If
the beam radius w(z) at z = 7 m is measured as 3.5 mm, determine its M value.



L2

Problem 3

a) In a COxs laser, what physical phenomena do the energy levels correspond to? Give two
. examples. What is the purpose of adding N, and He? Define the wall plug efficiency.

b) Ifthe CO; laser is of the slow flow type, determine the minimal aperture radius &, such that
the limiting temnperature Tj, = 250°C will not be exceeded in the cavity. It is known that the
waste heat 0 =6.5x10° W/m®, coolant temperature T, = 20°C, and gas thermal conductivity k
=0.14 W/mK. Also determine the # value at which the temperature is 2/3 of the limiting
value of 250°C.

¢) For a laser vaporization drilling process of aluminum plates, calculate (i) the time it takes for
the surface to reach the vaporization temperature, assuming one-dimensional heat flow, no
convection or heat generation, and the absorbed laser intensity is 2x10'° W/m?; and (ii) the
time it takes for the laser to penetrate the 1.5-mm plate thickness (See data at the end of the
manufacturing section).

&



463

Useful data

Faraday’s constant F' = 96,500 coulomb (or A-sec)
Planck’s constant # = 6.625x107* J-sec

Velocity of light in vacuum ¢ = 3x10° m/sec

1eV = 1.6x10™°J

Material Atomic [Valence] Density

weight ,
g g/cm3 |  1b/in3
Aluminum| 26.98 3 2.71 0.09799
Copper 63.546 1 8.97 0.32436
2
Iron 55.847 2 7.86 0.28422
3
Lead 207.19 2 11.36/ 0.41078
' 4
Nickel 58.71 2 8.92 0.32255
3
Platinum 195.09 2 2147 0.77636
4 :
Titanium 479 - 3 4.52 0.16344
4
Material Material properties
fid Lf L\r Cp Tm ,Tv K o
kgm™3) Mkg!) Wkg™') Okg'°c™) 0 O WmlkH  (x1077m?s7))
Tungsten 19300 185 4020 140 3410 5930 164 - 6.07
Aluminium 2700 397 9492 | 900 660 2450 226 . 930
Jog— 7870 275 6362 460 1536 3000 50 1.38
Titanium 4510 437 9000 519 1668 3260 19 0.81
Stainless 8030 ~300 6500 500 1450 3000 20 0.50

steel {304)




Doctoral Qualifying Examination, January 2009

Mechanical Enginecring, Columbia University | o2
MANUFACTURING
Problem 1:
a) In an electrochemical machining procéss’, if an anode surface is described by

b)

z=0.44/1-0.5y" , determine the anode surface normal 'ﬁa and the angle between the anode

surface normal 7, and the z axis, that is, cosa = cos(#,, k).

Calculate the electrochemical equivalent k and coefficient of electrochemical machinability
K, for divalent nickel, assuming the current efficiency 7 is 90%. (See data at the end of the
manufacturing section). Describe the physical meaning of k and K,

The governing equation of the one-dimensional inter-electrode gap G under constant tool
K (U — AU) '

G .
« - electrolyte conductivity, K, - electrochemical machinability, U/ — applied voltage, and AU -
total surface over-voltage.

feed rate V7 is Z—? =V, -V, = —V,, where V; — linear material removal rate,

i.  Determine the equilibrium gap size

ii.  Ifinstead the tool is stationary and I/ — AU = 1.5 V, solve the above equation and
obtain an explicit expression of the gap G as a function of time ¢, for initial gap Gy

iii. Repeat (ii) if the tool is still stationary but U— AU =¢" V.,

17 of 24



Doctoral Qualifying Examination, January 2009
- Mechanical Engineering, Columbia University

Hog

MANUFACTURING

Problem 2:

a) An incoming laser beam has wavelength 1.1 um and waist radius wo=4 mm atz=0.0 m. If
the beam radius w(z) at z = 6 m is measured as 4.66 mm, determine its M value.

b) For the transverse electromagnetic mode of a laser beam, TEM,,, explain what p and / values
mean and the physical cause of the phenomena behind these values. If the laser beam
indicated in (a) is TEM3q and is generated from a c¢avity whose aperture radius is 2.5 mm,
determine the cavity length. ' '

¢) Briefly explain laser cavity filling and stability. If a laser cavity has length, L, and both the

front and back mirrors are concave (R>0, R>>0) and R; = 2R,, determine the range of R; and
R; if the cavity is to be stable. :

18 0of 24



Doctoral Qualifying Examination, January 2009
Mechanical Engineering, Columbia University % Cf

, _ , >

MANUFACTURING

Problem 3:

a) A 300 W slow-axial-flow COx laser has a cavity length L=0.5 m and aperture radius a=11
mm. Determine the waste heat O in W/m® and wall plug efficiency, given limiting
_ temperature 7, = 250°C, coolant temperature T, = 20°C, and gas thermal conductivity & =
0.14 W/m°C. .

b) For fusion cutting of titanium using an inert gas, the specific energy is about 14 J/mm?. (i)
-Given laser power P = 850 W, determine cutting speed v in mm/s for workpiece thickness ¢ =
3 mm and (ii) Sketch v vs. ¢ for the given power.

c¢) For a laser vaporization drilling process of aluminum plates, calculate (i) the time it takes for
the surface to reach the vaporization temperature, assuming one-dimensional heat flow, no
convection or heat generation, and the absorbed laser intensity is 2x10'® W/m?; and (ii) the
time it takes for the laser to penetrate the 2.5-mm plate thickness (See data at the end of the
manufacturing section).

190f24



USEFUL DATA FOR MANUFACTURING QUESTIONS

Doctoral Qualifying Examination, January 2009
Mechanical Engineering, Columbia University

Faraday’s constant ¥ = 96,500 coulomb (or A-sec)
Planck’s constant % = 6.625x10>* J-sec

Velocity of light in vacuum ¢ = 3x10% m/sec

1eV = 1.6x10™"]

+30

Material Atomie [Valence Density
weight
g | glem® | Ibsin’
Aluminum| 26.98 3 271 0.09799
Copper 63.546 1 8.97 0.32436
' 2
Iren 55.847 2 7.86 0.28422
3
Lead 207.19 2 11.36] 0.41078
4
Nickel 58.71 2 8.92 0.32255
3
Platinum 195.09 2 2147 0.77636
2 .
Titanium 479 3 4.52 0.16344
L [ -
Material Material properties
Fa Lf Ly CP Tm Tv K o
(kgm™) Wkg™!) Kikg™) (kgiec™h O O WmlK)  (x105m2sl)
Tungsten 19300 185 4020 140 3410 5930 164 6.07
Alominium 2700 397 9492 900 660 2450 226 930 .
7870 275 6362 460 1536 3000 50 1.38
Titanium 4510 437 9000 519 1668 3260 19 0.81
Stainless = 8030 ~300 6500 500 1450 3000 20 .50
steel (304} .
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MANUFACTURING A Doctoral Qualifying Examination, January 2008
Mechanical Engineering, Columbia University

Pr(,)blem 1

a) In an electrochemical machining process, if an anode surface is described by x*+4z* -1=0,
determine the anode surface normal 7, .

b) For a nickel iron consisting of 6% of nickel in trivalent and the rest of iron in bivalent,
calculate electrochemical equivalent k and the coefficient of electrochemical machinability
K, assuming that each element dissolves independently and simultaneously during the
-electrochemical machining. Assume the current efficiency is 0.85. If the applied voltage U
is 22 V and total current at anode I is 740 A, calculate mass removal rate ,,, and specific
energy e (See data at the end of the Manufacturing portion of the Qualifying Exam).

¢) The governing equation of the one-dimensional inter-electrode gap under constant tool feed
. kK (U - AU
rate is i2§=I{, -V, =——¢(———)—
dt G :
rate, V, —tool feed rate, # - electrolyte conductivity, K, - electrochemical machinability, U —
applied voltage, and AU - total surface over-voltage.

~V,, where G - gap size, V, —linear material removal

(i) Determine the equilibrium gap size, ‘

(ii))  If instead the tool is stationary and U — AU = 2.0 V, solve the above equation and
obtain an explicit expression of the gap G as a function of time ¢, for initial gap
G,, and ' '

(iti)  Repeat (ii) if the tool is still stationary but U — AU =0.5¢ V.

395
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. Problem 2

a) A circular laser beam of diameter 8 mm and wavelength 355 nm is focused by a lens with
focus length of 25 mm. Determine the diffraction-limited spot size and depth of field,
@) if the beam is of Gaussian, that is, in TEM,, (Transverse electromagnetic mode)
(ii)  if the beam is in TEM,,, or
(iii)  if the beam is known to have a M* value of 2.3.

b) An incoming laser beam has wavelength 10 zm and waist radius wo =3 mmat z=0.0m. If
the beam radius w(z) at z = 7 m is measured as 3.5 mm, determine its M* value.

¢) For a TEM,, laser beam generated from a cavity whose aperturé radius is 2 mm, determine
the cavity length.



34}

Problem 3

a) For laser fusion cutting of 304 stainless steel involving an inert gas, the specific energy is
about 8 J/mm?”. If the cutting speed is chosen as 30 mm/s, determine the laser powerin W
required cutting a 2-mm thick plate. Assume heat conduction is negligible.

b) If the same laser was used for vaporization drilling of the same 304 stainless steel plate, what
penetration velocity in m/s can it achieve? Assume the absorption coefficient is 0.4 for both

the fusion and vaporization cases, heat conduction is negligible, and initial temperature is
20°C. '

c) For laser forming of aluminum plates of 1.5 mm thick with a scanning speed v = 30 mm/s
and a beam diameter D =14 mm or 3 mm, what is the likely forming mechanism for each
case? Justify your answer quantitatively.



_Useful data

Faraday’s constant F' = 96,500 coulomb (or A-sec)

Planck’s constant £ = 6.625x10™ J-sec

Velocity of light in vacuum ¢ = 3x10° m/sec
1eV = 1.6x10™J

378

Material Atomic |Valence Density
weight
g g/cm3 | Ib/in3
Aluminum| 26.98 3 2.71 0.09799
Copper 63.546 1 8.97 0.32436
2
Iron 55.847 2 7.86 0.28422
3
Lead 207.19 2 11.36} 0.41078
. a |
Nickel 58.71 2 -8.92 0.32255
3 ,
Platinum 195091 2 21.47  0.77636
, 4 ‘
Titanium 479 3 452 0.16344
4
Material . ‘ Material properties
' p L Ly Cp Tm Tv K o
(kgm™) (kg™ (Wkg™') (kg'°c) O () Wm 'K (x10m?sh)
Tungsten 19300 185 4020 140 3410 5930 164 6.07
Aluminium 2700 397 9492 900 660 2450 226 9.30
L 7870 275 6362 460 1536 3000 S0 1.38
Titanium 4510 437 9000 519 1668 3260 19 0.81
Stainless 8030 ~300 6500 500 1450 3000 20 0.50

steel (304)
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MANUFACTURING ' Doctorél Qualifying Examination, J anﬁary 2007

Mechanical Engineering, Columbia University

" Problem 1

)

d)

Describe the physical mea_ning of electrochemical equivalent k and the coefficient of

electrochemical machinability K,. If an alloy consisting of 35% trivalent titanium and the
rest divalent nickel, calculate its electrochemical equivalent k assuming that each element

dissolves independently and simultaneously during electrochemical machining. Also
calculate its coefficient of electrochemical machinability K, assuming current efficiency
is 0.8. (See data at the end of the Manufacturing portion of the Qualifying Exam).

If the applied voltage U is 14 V and total current at anode [ is 825 A, calculate volumetric
material removal rate Q,, mass removal rate (,,, and specific energy e.

In an one-dimensional electrochemical machining process with a stationary tool, it is

known that the initial gap between the tool and workpiece is 2.75 mm, the coefficient of -

electrochemical machinability K, is 4 mm®Amin, the electrolyte conductivity « is 0.65
A/Vmm, and the voltage at the cathode is 0 V and AU at the anode is assumed to be zero.

-Determine the gap z, at = 4 min'if the voltage at the anode is constant at U=1.25V.

Determine the gap z, at £ = 4 min if the voltage at the anode is U=e*V, where  is time
in minutes. Also determine the equilibrium gap size under this applied voltage. The
other conditions are the same as in ¢) :
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MANUFACTURING Doctoral Qualifying Examination, January 2007
Mechanical Engineering, Columbia University

Problem 2

" a) Anincoming laser beam has wavelength 1.06 ym and waist radius w, =4.5 mm. If one
measured the beam radius w(z) = 4.77 mm at z = 6.5 m from the waist, determine its M
value.

b) Fdr the transverse eIéctromagnetic mode of a laser beam, TEM,,;, explain what p and [ values
mean and the physical cause of the phenomena behind these values.

" ¢) Briefly explain laser cavity filling and stability. If a laser cavity has length, L, and both the
front and back mirrors are concave (R>O) with equal radius, R, determine the range of R.
values for a stable caVJty



MANUFACTURING Doctoral Qualifying Examination; January 2007
Mechanical Engineering, Columbia University

Problem 3

a) Ina CO, laser, what do the energy levels correspond to? Give two examples. What is the
purpose of adding N, and He? Define the wall plug efficiency.

b) If the CO, Jaser is of the slow flow type, determine the minimal aperture radius a, such that
the limiting temperature 7}, = 250°C will not be exceeded in the cavity. It is known that the
waste heat Q =6.5x10° W/m®, coolant temperature 7, = 20°C, and gas thermal conductivity k
=0.14 W/mK. Also determine the » value at which the temperature is 2/3 of the limiting
value of 250°C.

c¢) If such a laser was used for vaporization cutting of tungsten with a penetration velocify V=
1.25 m/s, determine the absorbed laser density F, in W/m? (assuming heat conduction
‘negligible). See data at the end of the Manufacturing portion of the Qualifying Exam.

270



_Useful data

- Faraday’s constant F = 96,500 coulomb (or A-sec)
Planck’s constant 4 = 6.625x10 J-sec
Velocity of light in vacuum ¢ = 3x10® m/sec

1eV = 1.6x10™°J

Material Atomic [Valence Density
weight
g g/cm3 | Ib/in3
Aluminum; 26.98 3 2.71 0.09799
Copper 63.546 1 8.97 0.32436
, 2
Iron 55.847 2 7.86 0.28422
3
Lead 207.19 2 11.36f 0.41078
_ 4 ,
Nickel 58.71 2 8.92 0.32255
3
Platinum 195.09 2 21.47F 0.77636
4
Titanium 479 3 4.52 0.16344
4
‘Material » Material properties
F4 Lf Lv Cp Tm Tv K o
Ggm=3) (Jkg™h)  KkgTH) (kg7lec) o) () (WmTlKD)  (x105m?s7)
Tungsten 19300 185 4020 140 3410 5930 164 . 6.07
Aluminium - 2700 397 9492 900 660 2450 226 9.30
Jon— 7870 275 6362 460 1536 - 3000 50 1.38
Titanium 4510 437 9000 519 1668 3260 19 0.81
Stainless 8030 3000 20

steel (304)

~300

. 6500

500

1450

0.50




MANUFACTURING 7
Doctoral Qualifying Examination, January 2006
Mechanical Engineering, Columbia University
Problem 1:
a) Calculate the electrochemical equivalent of (i) Aluminum; and (ii) an alloy consisting of 56%

b)

Copper in divalent form and 44% Aluminum. Also calculate the electrochemical
machinability for the metal and the alloy. Assume the current efficiency is 0.8. Assume the
percentages given above are weight percentages. What is the physical meaning of the
electrochemical equivalent and the electrochemical machinability? Why the current
efficiency is less than one? (See data at the end of this exam paper)

It is known that the inter-electrode gap variation under constant too!l feed rate (1D case) can
be expressed as a _ V,-V,= xKU-40) v,
dt

where G - gap size

V; — linear removal rate

Vr — tool feed rate

k - electrolyte conductivity

K, - electrochemical machinability

U — applied voltage

AU - total surface over-voltage
(i) Determine the equilibrium gap size; and (ii) if the tool is now stationary and U— AU = e,
solve the above equation and obtain an explicit expression of the gap G as a function of time
t, for initial gap Go.

17 of 22
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MANUFACTURING
Doctoral Qualifying Examination, January 2006
Mechanical Engineering, Columbia University
Problem 2:
a) A circular laser beam of diameter 10 mm and wavelength 800 nm is focused by a lens with

b)

focus length 100 mm. If the beam is of TEMyg (Transverse electromagnetic mode),
determine the diffraction-limited spot size and depth of field.

If the laser cavity is to be modified to have TEMsg, what value should the aperture radius be
if the cavity length is 1 meter? What will be the diffraction-limited spot size now? .

If the cavity length remains to be 1 meter, both the front and back mirrors of the laser cavity

are concave (R;>0, R>>0), and R; = 2R, determine the range of R; and R; for the cavity to be
stable. '

18 0f22



MANUFACTURING

Problem 3:

Doctoral Qualifying Examination, January 2006
Mechanical Engineering, Columbia University

a) A laser light of wavelength of 450 nm irradiates from the normal direction at a met_al surface
exposed in air. (i) If the extinction coefficient of the metal is 11, determined the skin de.pth of
the light; and (i) if the complex index of refraction of the metal is n. = 2.5-j11, determine the
reflectance of the light from the metal surface.

b) For a laser vaporization drilling process of titanium plates, calculate (i) the-time it takes for
the surface to reach the vaporization temperature, assuming one-dimensional heat flow, no
convection or heat generation, and the absorbed laser intensity is 10" W/m?; and (ii) the time
it takes for the laser to penetrate the 3-mm plate thickness, assuming no heat conduction and
the absorbed laser intensity remains the same (See data at the end of this exam paper).

Useful data:
Faraday’s constant F' = 96,500 coulomb (or A-sec)
Metal Atomic weight (g) Valence Density (g/cm3)
Aluminum 26.98 3 2.71
Cadmium 112.40 2 8.67
Chromium 51.896 : 2,3,6 7.2
- Cobalt 58.93 2,3 8.92
Copper 63.546 1,2 8.97
Materia) Material properties
P Lg Ly Cp Twm T K o :
kgm™3)  (kg™!) (Jkg™)) (kgTl°cl) Q) O (WmIKTY)  (x1075 m?sl)
Tungsten 19300 185 4020 140 3410 5830 164 6.07
Aluminium 2700 397 9492 900 660 2450 226 . 930
7870 275 6362 460 1536 3000 50 1.38-
Titanium 4510 437 9000 519 1668 3260 19 0.81
Stainless 8030 ~300 6500 500 1450 3000 20 0.50

steel (304)

19 of 22
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MANUFACTURING Doctorsal Qualifying Examination, .fanaary 2665
' Mechanical Engineering, Columbia University

Problem 1

a) In an electrochemical machining process, if an anode surface is described by z=0.641—3",
determine the anode surface normal 7, and the angle between the anode surface normal 7,

. andthez axié, that is, cosa = cos(,, k).

b) Calculate the eléctrochemical equivalent £ for an alloy consisting of 45% Nickel in divalent
and 55% Aluminum. What is the physical meaning of k? (See data at the end of this exam
paper)

¢) In an one-dimensional electrochemical machining process with a stationary tool, it is known
that the initial gap between the tool and workplece is 3 mm, the coefficient of
electrochemical machinability K is 4.39 mm®/Amin, the electrolyte conducmuty xki80.5
A/Vmm, and the voltage at the cathode is 0 V and AU at the anode is assumed to be zero.
Determine the gap z, at ¢ = 10 min if the voltage at the anode is

() U=1.1V, and (ii) U= 0.2 ¢t V, where ¢ is time in minutes:

Problem 2

a) To design a Nd:YAG laser (wavelength =1.06 pum) cavity having Fresnel number of 20,
determine the cavity length L and aperture radius a, if a/L must equal to 0.005. What is the
physical meaning of the Fresnel number?

b) A 100 W slow-axial-flow CO; laser has a cavity length =3 m and aperture radius a=4 mm.
Determine the waste heat Q in W/m® and wall plug efficiency, given limiting temperature Ty,
= 240°C, coolant temperature 7, = 20°C, and gas thermal conductivity &= 0.14 W/m°C.

Problem 3

a) For fusion cutting of titanium using an inert gas, the specxﬁc energy is about 14 J/mm?. (i)
Given laser power P = 800 W, determine cutting speed v in mm/s for workpiece thickness ¢ =

~ 2 mm and (i) Should the speed be halved if the thickness doubles?

b) Explain the physical meaning of Fourier number oD/ vt* (c is thermal diffusivity, D is beam
spot size, v is scanning speed, and ¢ is workpiece thickness) used in laser forming and
explain how to use it to determine if the temperature gradient mechanism or the buckling
mechanism is more dominant. For laser forming of aluminum plates of 2 mm thick with
scanning speed v = 25 mm/s, determine the Fourier number value for (i) D = 10 mm, and (ii)
D =4 mm, and comment on dominant mechanism for each case.

Useful data:
Faraday’s constant F' = 96,500 coulomb (or A-sec)
Aluminum: atomic weight is 26.98g; valence is 3; thermal diffusivity is 97.46 mum %/s

Nickel: atomic weight is 58.71g



MANUFACTURING | Doctoral Qualifying Examination, January 2004

Mechanical Engineering, Columbia University

Problem 1

a)

b)

In an electrochemical machining process, if an anode surface is described by
z=(.5,/1- 0.5y , determine the anode surface normal 7_ and the angle between the anode

surface normal 7, and the z axis, that is, cosa = cos(7, K.

Calculate the electrochemical equivalent k and coefficient of electrochemical maclnnablhty
K, for aluminum, assuming the current efficiency 7 is 90%. What is the physical meaning of
kand X,? (Faraday’s constant F = 96,500 coulomb (or A-sec); for aluminum, atomic weight
is 26.98g, valence is 3, and density is 3.71g/cm’.)

In an one-dimensional electrochemical machining process with a statlonary tool, it is known
that the initial gap between the tool and workpiece is 2 mm, the coefficient of
electrochemical machinability K is 3 mm®/Amin, the electrolyte condactivity xis 0.5
A/Vmm, and the voltage at the cathode is 0 V and AU at the anode is assumed to be zero.
Detemine the gap z, at £ =3 min if the voltage at the anode is U = £ V, where £ 1s time in
minutes. .

Problem 2

2)

b)

An incoming laser beam has anelength 1.06 um and diameter of 12.5 mm. It is focused by
a lens with focal length of 125 mm. If the beam is of Gaussian, determine the diffraction

limited spot size and the depth of field. What will be the diffraction-limited spot size if the

beam is of TEMy; type or if the beam has a M value of 1.4 (TEM stands for transverse
electromagnetic mode) -

A CO;ylaser (4 =10.6 um) has a cavity length Z=2 m. Determine the output aperture radius a
if three fringes of the output laser beam are allowed. If the laser is of the slow flow type,
determine the waste heat 0 in W/m3, given limiting temperature T, = 250°C, coolant
temperature T, = 20°C, and gas thermal conductivity k= 0.14 W/m°C. If this laser delivers .
power P =110 W, determine its wall plug efficiency.

For vaporization cutting of stainless steel 304 with a penetration velocity ¥V'=1.2 m/s,
determine the absorbed laser density F; in Wim? (assuming heat conduction negligible). See
below for matenal properties. :

Material Material properties

L¢ Ly Cp Tm - Ty K ‘ o
ucgm—3) kg ®kg™") (kgl°c) (0 o) Wmlkl) (x105m?s))
' 'Ih.ngsten 19300 185 4020 140 © 3410 5930 164 6.07
Alnminiuom 2700 357 9492 90D 660 2450 226 . 9.30
~JEone— 7870 275 6362 460 1536 3000 50 1.38
Titaniom 4510 437 9000 51% . 1668 3260 19 0.81
Stainless 48030 o ~300 6500 500 1450 3000 20 0.50

steel (304)




	2016 - May
	2016 - January
	2015
	2014
	2013
	2012
	2011
	2010
	2009
	2008
	2007
	2006
	2005
	2004

