12-MTL-A2, TRANSPORT PHENOMENA IN MATERIALS ENGINEERING

NATIONAL EXAMINATIONS DECEMBER 2019

3 hours duration

NOTES

1. If doubt exists as to the interpretation of any question, the candidate is urged to submit with the

answer paper, a clear statement of any assumptions made.

2. The examination is an open book exam. One textbook of your choice with notations listed on

the margins etc., but no loose notes are permitted into the exam.

3. Candidates may use any non-communicating calculator.

4. Regular graph papers will be provided.

5. All problems are worth 25 points.

6. Any four questions constitute a complete paper.

7. Only the first four questions as they appear in the answer book will be marked.

8. State all assumptions clearly.

10of10



12-Mtl-A2/December 2019

A polymer melt follows the power law for variation of shear stress (Tyx) with shear strain

rate (dVx/dY) given by the following equation:
Tyx =-To [de/dY]n
where 1o = zero-shear viscosity
Vx = local velocity in the x-direction

n = Power law index

Derive an equation for the velocity profile (Vx) and volumetric flow rate (Q) for flow

between two parallel plates. The direction between the parallel plates is the Y -direction.

A 2.5 mm thick, 2.5 m long square steel plate is removed from an oven at 430 K to an

atmosphere at 295 K. Calculate the initial heat loss (W) for the following conditions:

a) [15 points] The plate is hung horizontally.

b) [10 points] The plate is hung vertically.
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3. A liquid of constant density and viscosity flows upwards in the annulus between very long

and concentric cylinders (R2> r > Ri) as shown below:
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The inner cylinder is electrically heated and supplies a constant uniform heat flux (q1) to the
liquid. The outer cylinder is maintained at a constant temperature To. Assume that both flow
and temperature are fully developed.

a) [15 points] Obtain an equation velocity V..

b) [7 points] Write the equation of energy and state your assumptions.

¢) [3 points] Write appropriate boundary conditions for energy equation.
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A flat ceramic mold of thickness L is used for solidification of metals. The outside surface
of the mold loses heat to the surroundings with a constant heat transfer coefficient of 150

W/m2.K. The temperature in the mold is at steady state except at very early times.

a) [8 points] Derive an equation for solidification thickness as a function of time.

b) [3 points] A plate of 38-mm thick nickel is cast in a 10-mm thick ceramic shell mold.

Calculate the solidification time.

¢) [9 points] The flat ceramic mold is replaced with a cylindrical shell of thickness L.

Derive an equation for solidification thickness as a function of time.

d) [5 points] A cylinder of 38-mm diameter nickel is cast in a 10-mm thick ceramic shell

mold. Calculate the solidification time.

DATA: Thermal conductivity of ceramic shell = 0.7 W/m.K
Effective latent heat of fusion of nickel = 291 kl/kg
Effective density of nickel = 7.85 g/cm?
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An alloy composed of metals A and B has a face centered cubic structure (FCC) at a

temperature of 1200 °C. They are allowed interdiffuse for about 28 hours and the following

concentration profile is obtained:

0.02

Determine the value of the interdiffusion coefficient (Dag) for Cs = 0.02 mol/cm’.
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APPENDIX A

Summary of the Conservation Equations

Table A.1 The Continuity Equation

(1.1)

op O 0
L +— +— =0
” ax(pu,) P (o, ) P (ou,) (1.1a)
Cylindrical coordinates (r, 4, z)
p 18 18 8
/s Bl s =0
o Ty P (et g (o) (1.1b)
Spherical coordinates (r, 8, ¢)
op 1 0( 5 1 0 ) 1 0
—+— ru, |+ —ou,sm @)+ —\pu
o P ar(p ) eny P L LR ey a¢( / (I.1c)

Table A.2 The Navier-Stokes equations for Newtonian fluids of constant p and p

O (. o\ I - 2~
5+(u-V)u=—;VP+g+V(V u) (A2)
Rectangular coordinates (x, y, z)
%+ %+ ou, N Ou, __la_P+ +ul d'u, +52ux ou,
x-component o Uy 2y U T 0 ox &Y 52 P s (A2a)
du, ou, ou, ou,, 1 6P o*u, 0'u, 0Ju,
y-component 5 e Y +“zE:—;5}—}+gy M2 Ef_'.""" Py (A2b)
Ou, N Ou, N Ou Ou, _ _10P o u. N &*u.  8'u.
z-component 5 " Hx 5 Ty Y s T S = PPV I (A2¢)

60f10




12-Mtl-A2/December 2019

Cylindrical coordinates (r, 8, z)

o, A, uy M, A, u
+u, —L+-—+% -t
& r 9 & r
r-component ___1_245 ) ﬁ(l o"(rur)) iﬁ u, 2 du, +c"’ u, (A2d)
o &MNEG s JTr e Fee &
Moy Fo Ma Oy Wy | 1y
a ad r & v
G-component 1 P a(1é(m,)) 1 d%u 2 0Ou, 3u (A2¢)
= g v | | L+
ol 2l a\r & 2 a0
M _ A, u, . M,
by, —E+ 4y, —
a & r 90 174
z-component 3 3 2
p rar\ o re o 174
Spherical coordinates (r, 8, ¢)
Ou, L, Oy g O My NOu, ug ¥ 1OP
o0 " or r 06 \rsin@)o¢ r r por
r-component o (. . 50  ou . ot (A2g)
+v——2(r u,.)+ — — | sin0—=+ |+
r2 or r’sin @ 06 00 ) r*sin® @ o4*
Bup Oy up Buy [ My \Oup muy Mg oo 1 OP
o e Ty 80 \rsind)od - r oop
Yo,
1 8( ,0u,) 1 8( 1 @ 1 %u
— ==+ sin @ £
c-sompenchl 2 or [r or j e aﬁ(smﬁ FrAL )] Fsin’0 o¢ (AZh)
20u,_ 2c010 %4
r2 00 r’sin@ ¢
ﬁ{"—+u % au Oug My U, 8u¢ u,u, +u9u¢ cotd = — 1 @
ot or r 00 rsin@ 0¢ r r prsing o¢
L 91, Oy g add. ( e ( sme)) 71 21 i
J=CEmpOnEn N r* or or r* 00\ sin 9 06 r*sin® @ o¢’ (A2)
! 2 ou, 2cotf du,
Lt =
resin@ 8¢ r sinf o¢
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Table A.3 The Energy Equation for Incompressible Media

or . :
pcP{5+(u‘V)(T)}=[V'kVT]+TG (A3)
Rectangular coordinates (x, y, z)
oT oT oT or o(,oT o[, oT of(,or .
pop| —o ity s bu = ko ks R kst e (A3y)
ot Tox oy oz ox\ &) o\ adv) oOz\ Oz
Cylindrical coordinates (r, 0, z)
oT oT u, OT or 12 oT 1 o (,0T o(,oT -
pl —tu, —+——+tu, —|=—— rk— Sl k— |+—| k— +TG (A3b)
ot or r 00 oz ror or) r*06\ 06) 0z\ 0z
Spherical coordinates (r, 0, ¢)
or oT u,oT u, OT
ocp| —+u,—+-—-r—+—"——|=
ot or r 060 rsinf O¢
(A3c)
Lzﬁ(rzka—T)+ - 1 ﬁ—(ksin@£)+ . I . 912 +T,
y-or or r-sind 06 86 ) r sin“0og\ 0¢ '
Table A4: The continuity equation for species A in terms of the molar flux
oC — .
atA :_(V'NA)+RA,G 4)
Rectangular coordinates (x, y, z)
o|N
o, _ (v, L, VLY "
ot Ox oy Oz
Cylindrical coordinates (r, 8, z)
oC, {1 7} 1 0 0 } -
=<——[N,| +——IN,), + =N, +R
ot rar[ A]r raé’[ A]9 02[ A]; AG (4b)
Spherical coordinates (r, 8, ¢)
oC, 1 0/, 1 0 . 1 0 .
=———\r{N, | )+ —(N,],sin@)+ —|N +R, .
ot {rz ar( [ A]r) rsineag([ A]9 ) rsint93¢[ A]¢} AG (4(;)

8 of 10




12-Mtl-A2/December 2019

Table A.5: The continuity equation for species 4

ac,

t +@-v)C,=D,V*C,+R,; (5)
Rectangular coordinates (x, y, 2)
%, +u, o, +u.aC" +u, oc, =£(D6CAJ+3 p%i +2(D8CAJ+RAG (52)
ot ox oy T oz ox 0z 0z ’

Ox

y\ Y

Cylindrical coordinates (r, 8, z)

o 1 0o 30y, 3, 12,020, 1 0(500), 85004

a " or r 80 oz ror o ) oo\ 80 ) az\ &z

Spherical coordinates (r, 8, @)
0C, ,, %Cu 4 0C,  H 0C, 1 z(rzDQC_i)
ot o r 08 rsn@ ¢ r°Or or

= ]_ i(Dsints?ac‘*)+ . l O [ po +R, .
2 sin@ 00 20 ) Fsn‘6og\ 0¢ ) *

(5¢)
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Table 1: Properties of Dry Air at One Atmosphere

Density and specific heat are from Hilsenrath (1955); thermal conductivity and viscosity are from
Touloukian (1970); other values are calculated.

T p p K Cp p/n  gB/(va) o

g [] poess] fooge] (B [on] [00gde] [i0e]
200 17690 1336 18.10 1006.4 1324 638.6 10.17
210 1.6842  13.92 18.95 1006.1  121.0 505.2 11.18
220 1.6071  14.47 19.80 10057 1111 404.2 12.25
230 15368  15.01 20.63 1005.6 1024 327.0 13.35
240 14728  15.54 21.45 1005.5  94.8 267.3 14.49
250 14133  16.06 22.26 1005.4  88.0 220.4 15.67
260 13587  16.57 23.05 10055  82.0 183.3 16.87
270 1.3082  17.07 23.84 10055  76.6 153.6 18.12
280 12614  17.57 24.61 10057  71.8 129.6 19.40
290 12177  18.05 25.38 10060 67.5 110.1 20.72
300 1.1769  18.53 26.14 10063  63.5 94.1 22.07
310 1.1389  19.00 2687 10068  59.9 80.9 23.43
320 1.J032  19.46 2759 10073 567 70.0 24.83
330 1.0697  19.92 28.30 1007.9  53.7 60.8 26.25
340 1.0382 2037 29.00 1008.5  51.0 53.1 27.70
350 1.0086  20.81 29.70 1009.2  48.5 46.5 29.18
360 0.9805  21.25 3039 1010.0  46.1 41.0 30.69
370 0.9539  21.68 31.07 1010.9  44.0 36.2 32.22
380 0.9288  22.11 31.73 10120 42.0 32.1 33.76
390 0.9050 2252 32.39 1013.0 402 28.6 35.33
400 08822  22.94 33.05 10142 385 25.5 36.94
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