National Exams May 2014
04-CHEM-B1, Transport Phenomena

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.
Candidates may use any non-communicating calculator.

4. All problems are worth 25 marks. One problem from each of sections A, B, and C must
be attempted. A fourth problem from any section must also be attempted.

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

6. State all assumptions clearly.
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Section A: Fluid Mechanics

[25 marks overall] Consider the laminar flow of water between two infinite parallel plates
that are spaced 20 apart.

a)

b)

[15 marks] Starting with the appropriate form of the conservation equation (see
Appendix A), show that the steady-state velocity profile between the plates is given

cere -2

[10 marks] If the inlet temperature of the water is Tin and the surfaces of the plates
are maintained at a temperature of 7, again using the appropriate conservation
equation derive the differential equation that describes the steady-state temperature
profile. Do not attempt to solve this equation, but state all appropriate boundary

conditions. :

[25 marks] Consider the spinning cone viscometer shown in Fig. Al. You may assume
that the velocity profile between the spinning cone and the base is linear. The cone angle is
45° and the cone is spinning at 1500 rpm. Determine the torque required to keep the cone
spinning if the viscosity of the fluid is 1.5 Pa's.

n=1500rpm

T <&

<.

\ h=15mm

R=7cm

Fig. Al: Spinning cone viscometer
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Section B: Heat Transfer

[25 marks overall] Heat is generated within a hollow cylinder as shown in Fig. Bl at a
rate of 2000 W per unit length. The inner surface of the cylinder is insulated and has a
temperature of 71. The outer surface is exposed to air at a temperature of T =25°C and a
heat transfer coefficient of # = 75 W m™ K''. The thermal conductivity of the cylinder is
k=12 W m™ K and the inner and outer radii are 0.02 m and 0.04 m, respectively.

h=75Wm?2K?
T..=25°C
Ri=0.02m {} --------------------------------------------- > insulated
R,=0.04 m . — &7
LY. . '\
[N,
. T g’ =2000 W/m
2 k=12W mtk?

Fig. B1: heat generation in a hollow cylinder -

a) [20 Marks] Starting with the appropriate conservation equation (see Appendix A),
show that the temperature profile in the hollow cylinder is:

- 22 2
ng_ 1 R121n I +R2 r| L R_I_R2 +T,
21k R, 2 h\ R,

b) [5 marks] What is the maximum temperature in the cylinder?

[25 marks overall] A square composite wall (20 cm by 20 cm)-is insulated on five sides as
shown in Fig B2 (note that the front and back are also insulated). A very thin square heater
(negligible thickness) is sandwiched between the copper and alumina sections. The heater
delivers 500 W of heat uniformly across its cross-section. Both convection and radiation
heat transfer occurs on the open face of the wall. The surface témperature of the open wall
is 55°C at steady-state. Use the information given on the diagram to determine:

a)  [10 Marks] The temperature of the thin heater (72). ..
b)  [5 Marks] The temperature at the copper-insulation interface (771).
¢)  [10 Marks] The convective heat transfer coefficient, 4. *
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Perfect {;=15mm (,=15mm L3 = 15 mm
Insulation

Tourr = 20°C \

A

Qgen = 500 W —]

20

Copper J \_ Glass

k=97 Wm'K* Alumina ks=15Wm™'K*
ky=30WmtK*

Fig. B2: Composite wall
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Section C: Mass Transfer

[25 marks] As a gas (component A) diffuses to a solid catalyst surface as shown in Fig.
C1, the reaction Ay — B occurs at a constant volumetric rate -k4. At the catalyst surface,
the instantaneous reaction Ay — B occurs. As component B diffuses back through the
boundary layer, component B reacts to form another gas (component C) according to
By — C(g at a constant volumetric rate -kp.

volumetric reactions:

Yasg ——————————————— z=6
% — Ag) > Big; Ra=ka
A l TB and C \ Big) > Cig)i Re = -k
Do
Yao — — - z=0 A-mix

instantaneous reaction:
Ag) > B

Fig. C1: Gas diffusing to a solid surface

Starting with the appropriate conservation equation (see Appendix A), show that the mole
fraction profile of A in the boundary layer is, Coe
_z _ky (52 -z’ )
Ya 5 Yas 2eD,

and that the flux of component A through the boundary layer at any location is given by,

5 CD —mix
N,= kA(”z__Z)‘_-g?—yAa

[25 marks overall] Helium gas at 25°C and 4 bar is contained in a glass tube as shown in
Fig. C2. The inner and outer diameters of the tube are 100 mm and 110 mm, respectively.
At these conditions, the concentration of helium at the inside surface of the glass is 1200
mol/m>. The helium concentration on the outer surface of the glass can be assumed to be
negligible. Using a mass diffusivity of helium in the glass of 2.3 x 10" m?s, determine:

a)  [15 Marks] The rate at which helium diffuses through the glass per unit length of

tube.
b) [10 Marks] The helium concentration halfway between the inner and outer surface

of the glass tube (at » = 52.5 mm).
Dre-glass = 2.3 x 107 m?/s

¢ = 1200 mol/m*

¢o = 0 mol/m’

Fig. C2: Glass tube containing He
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APPENDIX A

Summary of the Conservation Equations

Table A.1 The Continuity Equation

op ~
—+(V- =0
-+ pil) (1.1)
Rectangular coordinates (x, y, 2)
op O 0 0
——t+— +—lou, J+—(ou,)=0
~ 5o 5‘y( ) > (o) | (1.13)
Cylindrical coordinates (v, 8, 2) _
p 10 1o 0 '
—_— —_— +—— — ::0
% (pru, )+~ aH(xme)+ P (pu,) (1.1b)
Spherical coordinates (r, 0, ¢)
op 1 0( 0 ) 1 0
e u |+ —\pu, sinf)+ —A\pu, )=0
o 6r( ) rsingd ae( »5inf) rsind a¢( ) (Lic)

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

o . oo 1 - - ~
E+(u-V)u——;VP+g+V(V u) (AZ)
Rectangular coordinates (x, y, z)
Ou, Ou,, Ou, ou, 1LopP o’u, du, 0u,
x-component . T o tu, oy U, __;a“Lgx*'V Py + P 52 (A2a)
Ou, Ou, Ou, Ou, 1 6P 62uy 62uy azuy
y-component o Tu, o tu, oy tu, Py :”;5;+gy+" P + o7 + Py (A2b)
Ou, Ou, Ou, ou, 10P d’u,, 0’u, 0Ou,
z-component 7 g T oy U ——;g+gz+‘/ w2 o o (A2c)
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Cylindrical coordinates (r, 8, 7)
i i, up, A, D, Uy

Ltu, —+——tu, ——
a a r 0 & r
r-component 1 P 7 lﬁ(ru,)J 1 %, 2 0u, Ju, (A2d)
=——— &tV | T Y 2 T A Ve
p a\r o rt 08* r° 068 &
A +u, A, +£‘9—dl‘9 +fu, Ay 4 Lo
a a r 0 174 r
¢-component 1 P o(10(ru,)\ 1, 20u Ju, (A2¢)
m——— gyt — | |t 5t Tt
pr 00 a\r o rt 80° r° 00 &
d{z d”z ‘uH d"z 0‘}12
+u, +—= +u,
a a r 0 174
z-component 2 2
:—i£+ , TV 12 rdl’ +-175L2’+§l:’ (A2f)
o) ra-\ o re oo 174
Spherical coordinates (r, 6, @)
Ou, Ou, u, oOu, u;, \ou, u u; .1 0P
tu, —+ L+ — -t =t g
ot o r 00 \rsin@)op r r - por
r-component 18, 1 o(. . ou 1 & (A2g)
+v —2——2—(r u,)+ —————| sinf + 5 5
r- or r“sin@ 060 00 ) r°sin“ @ 0¢~ | .
2
Oug +u, Oty +E"—au" + l_l¢ Ouy + 2t —ﬁcotQ:—L@iJrge
ot or r 00 \rsin@ ) 0¢ r r pr 00
6 t —l—i(rz%)+—l—£( L i(u siné?))+————*1 Oup A2h
componen L el o »2 30 \sin6 06 " ° r2sin’ @ dg> (A2h)
+£6u, _ 2cotd Ouy
r? 86 r’siné ¢
Ouy +u, Oty | 2o Oy s Oty Uit Mo¥s g 1. oz
ot or r 086 rsin@ 0¢ r r -, prsind O¢
12(p0), L0 12 )]s o'u, |
¢-component FZor\” or ) 7 00\sin0 96 " * rsin 6 04" (A2)
+g, +v ‘ ,

2  Ou, 2cotf Ou,
+ TS
r‘sin@ 0¢ r°sinf O0¢
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Table A.3 The Energy Equation for Incompressible Media

T (- ] : N
pcp[_ét_Jr(u.v)(T) =[v-kVT]+TG | (A3)
Rectangular coordinates (x, y, z)
oT oT orT orT o(,oT o(,er) of(,or :
pCp| — U, ——tu, —FUu, —— =~ k= |+ —|k—+—| k— |+ 15 (A3a)
ot ox oy oz | ox\l ax) oyl oy) oz\ oz
Cylindrical coordinates (r, 0, z)
or,, o 4ol , or _l_&)_(er_T_J+_1__@_(k6_T]+g(kgT_j+T-
por| oyttt e o | e T ae\ o0 ) e ar )0 (A0
Spherical coordinates (7, 0, 1))
oT oT  u, oT u, oT
pepl —+u,—+-—F—+———— =
ot or r 08 rsinf 0¢
1 8( ,, or 1 af,. or 1 8, or) . (A30)
5= rk— +-2—_—"——‘ ksin@— +—2——.—2———— k— +TG
r or or ) r°sin@ 060 00 ) r’sin6 og\ 0¢
Table A4: The éontinuity equation for species A in terms of the molar flux
oC =\, -
atA - _(V'NA)+ Ry “4)
Rectangular coordinates (x, y, 2) '
o|N .
aCA - 6[NA]2 + [ A]y + a[]vz‘i]z +RAG (4a)
ot Ox Oy oz ’
Cylindrical coordinates (, 0, z)
oC, 10 10 0 :
oo L0 e D e VL R ()
Spherical coordinates (r, 0, 9)
oC, 1 0/, 1 0 . 1 0 :
=———\r° N )+ —([NV ], sin0)+ —I|N +R
o {rz ar( [ A]r) rsind 59([ 4losin ) rsinﬁagﬁ[ A]¢} 4G (4¢)
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Table A.5: The continuity equation for species A

oC - ;
6[A +@-V)C, ZDAVZC,H”RA,G (5)
Rectangular coordinates (x, y, z)
. C .
o, +u, s o % +u, o, =—a—(DaCA )+i p%a +£(Da A)'{'RAG (5a)
ot ox 7 oy oz ox\_ ox ) Oy oy ) oz oz :
Cylindrical coordinates (r, 6, z)
o, +u, OCs Mo oy +u, 9Ca l—a—(rD s j+—12——a—(D o, )+—6—(D—6C“ )+RAG (5b)
ot or r 00 Oz roOr or r- 00 00 0z 0z ’
Spherical coordinates (r, 0, @)
0Cy ,y Cu 40 Cu, U C, :%Q(FZD@)
ot or r 00 rsin@ 0¢ r°or\. or
(59

+ 21. i(Dsin06CA)+ 5 ,12 2 DaCA +R,,
r*sinf 06 06 ) r°sin” 0 0¢ o¢ |
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