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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. All problems are worth 25 points. One problem from each of sections A, B, and C must be

attempted. A fourth problem from any section must also be attempted.

5. 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

A 42-feet long, 4-inch inside diameter pipe discharges water from a 16-feet diameter tank
into a reservoir. The initial height of water surface in the tank is 26 feet from the water
surface in the reservoir. Assuming a Darcy friction factor of 0.008 (or Fanning friction
factor = 0.002) and accounting for entry and exit losses, calculate the time taken to

discharge 1500 ft> water from the tank to the reservoir.

The velocity profile for turbulent flow up to a Reynolds number of 1 x 10° in a smooth

circular pipe with a radius R varies according the flowing expression:

V: = Viax [R —1)/R]"

where r is the radial distance from center of the pipe and Vmax is the maximum velocity at
the center of the pipe. For an incompressible liquid, obtain an equation relating average

velocity (Vav) to the maximum velocity (Vmax).
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B1l. Hydrocarbon oil at 80 °C enters a 4.6 meters long, 1 cm inside diameter pipe. The inside

pipe surface temperature is constant at 165 °C. The oil is to be heated to 120 °C in the pipe.

Calculated the amount of oil (in kg) that can be heated in an hour.

DATA: Specific heat capacity of oil = 2.0934 kJ/kg.K

Kinematic viscosity of water = 1.43651 x 10* kW/m.K

Viscosity of oil varies with temperature as follows:

Temperature (in °C) Viscosity (in cP)
65 6.50
95 5.05
120 3.80
150 2.82
175 1.95

B2. Consider heat transfer by conduction through a long hollow cylinder of length L with both

ends insulated. The temperature at inner radius r; is T; and temperature at outer radius o is

To.

(a) [7 points] Write the unsteady-state differential equation for heat transfer.

(b) [12 points] Obtain the steady-state temperature profile.

() [6 points] Derive an expression for steady-state heat flow q.
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SECTION C: Mass Transfer

Carbon dioxide from an aqueous solution has to be removed by an air stream flowing at 91
cm/s using a 12.7 cm internal diameter wetted wall column. At one point in the column,
CO, concentration in air stream is 1 mole percent and CO; concentration in water is 0.5
mole percent. The column is operated at 10 atm pressure and 27 °C. Assuming air to be an

ideal gas at the operating conditions,

(a) [22 points] Determine the gas-phase mass transfer coefficient at this point in the

column.

(b) [3 points] Determine the mass flux at this point in the column.

DATA:
Viscosity of air at 27 °C = 1.85 x 10” cP
Diffusivity of CO, in air at 27 °C and 1 atm = 1.36 x 107 m%s

Henry’s Law constant for CO, in air at 27 °C = 16.4 atm/mole percent of CO; in solution

Gas A diffuses through a stagnant film of gas surrounding a catalyst particle of radius Ry,
and undergoes the reaction 3A - B at the particle surface. Instantaneously, Gas B diffuses
back through the stagnant film into the bulk. Assuming isothermal conditions and steady

state, obtain an expression for the local reaction rate in terms of the effective gas-film

thickness (8) and the bulk gas stream composition (Xao).
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APPENDIX
Summary of the Conservation Equations
Table A.1 The Continuity Equation
ap -
——+(V-pu)=0
v (V- i) (1.1)
Rectangular coordinates (x, y, z)
do 0 d d
—_—+— +— +— =
ot ax (pux) ay (Jouy) oz (puz) (113)
Cylindrical coordinates (r, 8, z)
ap 19 1o ad
—_—+—— J+—— +— =0
ot I"ar(prul) rag(pub’) az(puz) (llb)
_Spherical coordinates (r, 0, ¢)
o 1 a( , 1 : I 9
—+—=—\or'u, )+ — sin 8 )+ — =
at v or ') rsin @ 68('0“0 ) rsin@ d¢ ¢) (e

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

0 (. o\ 1 - 1~
—67+(u V)M=—;VP+g+V(V u) (A2)
Rectangular coordinates (x, y, )
du, ou, du, ou, 1P *u, u, u,
x-component T ” tu, 5 +u, e —‘p’g +8, Vv o g Y (A2a)
du,, auJ, E)uy au), 19 r'l“ul, azuy 62uy
g —=+u +u, +u =———tg +V L+ +
y-component 7, x e T T oy B ' 9yt oz (A2b)
du, ou, ou, du, 1P Pu. 0w, u.
z-component e +u, ™ +”y§ _‘EZ——‘;B‘Jfgz"'V e g P Lars (A2c)
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Cylindrical coordinates (r, 8, 7)
du, A, u, M, M, U
—tu, —L e+ tu, ———
a or r J0 oz r
r-component - l&P+ i lz?(m__) +Lf?1”r iauﬂ_'_o"zur (A2d)
por =7 |a\r o rroae* ¥ a8 o’
Ry g To Mo My, Py 1oty
o o r 90 oz r
6-component 1 oP g (1d(ru,)\ 1 d*u, 2 ou Ju, (A2¢)
= —t g, V| — | —— +—2-—-—1”+—2—L+—,"—'
or 96 or\r or r° 08" r° 90 ok
ou u. U, du, L
——+ur—__+——  —
o o r dO oz
z-component 2 2
Lk sllif, ), 1T P (A2)
g: 2 2 2
ye, r o or re d0 o
Spherical coordinates_(r, 0, P)
o, ou, wp b, (M NOu, _uy My 1P
ot " 9r r 36 \rsin@|agp r r o ar &
r-component 5 A2
. SRy 1 a (. ,ou, | d°u, (A2g)
+v| == (ru J+ e sin 0 |
r°sinf 90 a6 ) risin" @ d¢
. 2 -
B, g YOy (Y N ity g 1P,
at ar v 96 \rsin@) ag ¥ r o8
1 8 ,0u, 1 9/ 1 @ . 1 0%,
6- t —— |+ —| ——=—Uysinf) |+ 5———= A2h
componen r’ ar( or ) r’ 86(5m8 86?( ¢ )) rlsin’ @ a¢’ (AZh)
+
L2 00, Dcotd duy
r? 96  r’sin@ ag
aﬂ_}_u _aﬁ+u_ﬁniﬂ_+.u—¢.%+w+yﬁ_u¢cot6=_ I g
ot " gr r 8O rsin@ dp ¥ r orsing a¢
1 g ,0u\ 1.9 (1 3 ( . D
——|r—+5—= —\u, sin@) |+ ———7 i
¢-component Ry r? ar( ar r’ 66(sin6 68( ’ )) risin® @ ag’ (A2}
! . 2 ?ﬂr_+ 2cot@ du,
r’sin@ og r’sin@ d¢

6 of 8



16-CHEM-B1, Transport Phenomena

May 2018
Table A.3 The Energy Equation for Incompressible Media
oT - ] :
pc,,[T(u-vxﬂ - [v-kvT 1, a3

Tlectangular coordinates (x, y, 2)

aT oT oT aTrl o (,oT 6 aT a aT .
ocp|—+u, —+u, —+u, — k— k—+—|k—|+T; (A3a)
ot ox ay 0z ax ox 6y )Y az 0z

Cylindrical coordinates (7, 0, z)

£+ 6T+u0 or +u, aT|_La rk£ +L_6__ kg +i ki]; +T
Pl ot "or r 00 az r or or r 96\ 46 oz\ 0z G (A3b)
Spherical coordinates (r, 0, @)
aTr aT u, oT u, aT
4 o +'—_+—.————— =
at "or r 30 rsin@ a¢
(A3c)

—L—i rzk£ + I ks nH—T ——1 kaT +T,
reor or ) risin@ 88 00 ) r'sin®@ap\ a¢

Table A4: The continuity equation for species 4 in terms of the molar flux

aC,
at

_(V ‘ NA )+ RA,G (4.

Rectangular coordinates (x, y, z)
6CA _( a[N41, N a[NA ]_1' + a[N'f ]:

at dx ay dz

J +R, g (42)

Cylindrical coordinates (7, 0, z)

aC, 1a 14 0 -
= _—{:;[FNA:L+;5§[NA]€+—5;[NA]Z}+RA-G (4b)
Spherical coordinates (r, 8, ¢)
aC, 10, I @ ;
=-J——IF'|N —A(N 6 | R
o rar LA e LARE By LA WSS R
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Table A.5: The continuity equation for species A
oC - .
atA +@-V)C,=D,V’C + R,q 5)

Rectangular coordinates (x, y, z)

aCA o (')CA tu aCA tu GCA =—d—(D?&‘)+'i(DaCA)+'a—(DaCA )+RA,G (Sa)

o8 “ax Yoy oz ox\ ox ) oy\ dy ) 0z\ 90z

Cylindrical coordinates (r, 0, 2)
9C, ,  9C, #,9C,, 9C, 13 (rD ac,,)

I

ot or r 00 C oz rorl or 30 ) az\ oz

1 0 aC d aC .
+r_2—(D_i)+—(D,_A)+RA.G (Sb)

Spherical coordinates (r, 8, @)
aCA+ur6CA+&,_6CA+ 'ifp aCA=_1?i rzDaC"
ot ar r 48 rsin@ d¢

.
= l. = Dsin@ac"’ +— ']2 L Dac" +R, .
r-sinf a6 96 | rsin“ @ d¢ ’

(5¢)
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The Periodic Table of the Elements

1 18
""""1“9'" Alkall metals Element name—|> Mercury T
Alkaline earth metals At ic#
H Transition metals 80 <— omic He
101 2 Other metals 13 14 15 16 17 400
Metallolds {seml-metal) Symbo| —l H
Lt Baryfium Nonmetals g Bavan Easliai Tirugen [y i [ZE)
3 4 Halogens 5 6 7 8 8 10
Li Be Noble gases 200.59 «{— Avg. Mass B c N fo) F Ne
6.94 9.01 10.81 12.01 14.01 16.00 19.00 2018
Sodium Magnesium Alumipersy fillicen Phadfihons Bubur Chiirs Argnn
1 12 13 14 16 16 17 18
Na | Mg Al | si P s cl | Ar
22.99 24.31 26.98 28.09 30.97 32.07 35.45 3995
3 4 6 6 7 8 9 10 1" 12
Polassium Cakhum Scanawm Titariam Vanadien Cheommm Mangamese Tran Tabat ickel Copper Zne Ttk TarmAniim vanic Eafarmum Feamie Erpiun
19 20 21 22 23 24 26 26 27 28 29 30 31 32 33 34 36 36
K Ca Sc Ti \' Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr
39.10 40.08 44 96 47,88 50.94 §2.00 54,94 55.85 58.93 58.69 63.55 65.39 69,72 72.61 74.92 78.96 79.90 83.80
Rubldium Stronlium Yitrhum Zireenlum Niobium Molybdenum Tochnetium Ruthanium Rhaodium Palladium Sltver Cadmium Irsdam Tin Antimany Tuluman Aadire =
7 38 39 40 41 42 43 44 45 46 47 48 49 50 61 52 63 64
Rb Sr Y Zr Nb Mo Te Ru Rh Pd Ag Cd In Sn Sh Te | Xe
8547 87.62 88.91 91.22 92.91 9594 (98) 101,07 | 102,91 106.42 107.87 112,41 11482 | 118.71 121,76 127.60 126.90 131.29
Ceslum Bardum Lutatium Hafnium Tantalum Tungsten Rhenium Oamiim ndium Platimim Gokd Mercury Thealibim Luad iasisths Falaitkmm e Teadon
56 56 §7-70 71 72 73 74 75 76 77 78 79 a0 a1 82 83 84 85 86
Cs Ba * Lu Hf Ta w Re Os ir Pt Au Hg TI Pb Bi Po At Rn
13291 137.33 17497 | 17849 | 180.95 183,84 | 18621 190,23 | 192,22 195,08 196.97 20059 | 204.38 | 207.20 208.98 (209) (210) (222)
Francum aium Tawranclum | Rutharordrum Bubnium Seatorglam Bohnum Fiarsiam Tiatveram | Db | Tosalganhin | Copemwiom |  Unueblian | Ununeuadin | Ciungsnigm | s | Unnssprie (- Ununscias
87 88 89-102 104 106 106 107 108 109 110 111 112 113 114 116 117
Fr Ra o Lr Rf Db Sg Bh Hs Mt Ds Rg Cn Uut | Uuq | Uup | Uuh | Uus | Uuo
(223) | (226) (262) | (267) | (288) @) | @r2) | @1 | @m®) (281) (280) (@85) | (284) | (289) (288) (203) | (2947) | (294)
Lanfhanum Cerum Samaram Europium Gadolinmum Tarbum Dysprosium Holmum Erbium Thullum Yaeroium
N X 57 58 69 60 61 63 64 66 66 67 68 69 70
lanthanides | La | Ce Pr Nd | Pm | Sm | Eu Gd Tb Dy Ho Er Tm | Yb
138.91 | 14012 140.91 144.24 {145) 150,36 | 151.97 157.25 168.93 162,60 | 164.93 | 167.26 168.83 173.04
Actinium Thorium Protactinlum Umnum Neplunium Plutonium Americium Curium Berkallum Catfornium Elratsinium Fermlum Mandalevium Nobefium
- . 89 90 91 92 93 94 95 96 97 98 99 101 102
actinides | Ac | Th Pa u Np | Pu | Am | Cm Bk cf Es | Fm | Md | No
(227) | 23204 | 23104 | 23803 | (237) | (244) | (249) (247) (247) (@51) | (252) | (257) (258) (259)
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