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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.

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.

Candidates may use any non-communicating calculator.

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

State all assumptions clearly.
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SECTION A: Fluid Mechanics

Three reservoirs of water are located and connected by a piping system. 8.64 liters/second
of water is flowing out of the reservoir A through a pipe 61 meters long and 7.8 cm
diameter, 4.32 liters/second of water is flowing out of the reservoir B through a pipe 30.5
meters long and 4.32 liters/second of water is flowing out of the reservoir C through a pipe
45.75 meters long. The level of water in reservoir A is 15.25 meters above datum point
line, the level of water in reservoir B is 3.05 meters above datum point line and the level of
water in reservoir C is 15.25 meters below datum point line. The datum point is the point
where pipes from reservoir A, B and C join. Taking the Darcy friction factor of 0.008,

calculate the diameters of the pipes from reservoir B and reservoir C.

Consider a steady, two-dimensional, laminar, constant properties, fully developed flow
between two parallel plates separated by a distance “b”, flowing with an average velocity
U,. The two dimensions are x (along the direction of the plate) and its perpendicular
direction y (along the direction between the plates). If the pressure is independent of y and

the body forces are neglected, obtain an expression for the velocity distribution.
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SECTION B: Heat Transfer

Water is flowing through a heat exchanger tube with an inside diameter of 1.25 inches and

a length of 9 feet. Water enters at 45 °F with a flow rate of 18 gallons per minute. The tube

wall temperature is constant at 200 °F. Assuming the heat exchanger tube to be smooth,

determine the exit temperatures of water using analogies of Reynolds, Colburn, Prandtl and

von Karmen.

DATA: Prandtl Number of water = 6.78
Kinematic viscosity of water = 1.06 x 107 ft*/s
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B2. Hot oil flowing at a mass flow rate of m passes through a coil of tubes inside a well-stirred
tank heats the contents from an entering temperature of Ti,. Assuming the exit temperature

is the same as that inside the tank and if the temperature of the outer surface of the heating

coil is To,

(a) [20 points] Derive an expression for the temperature profile as a function of time.

(b) [5 points] What is expression for temperature for t = ?
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SECTION C: Mass Transfer

A mixture of air and water vapor at 1 atm and 75 °F is passing over a 2 ft long flat plate at

a rate of 210 ft/s.

(a) [20 points] Determine the mass transfer coefficient of water vapor in air if the flow
is turbulent and the concentration of water vapor in air is very low, i.e., Ppn/P = 1.

(b) [5 points] Find the mass transfer coefficient of water vapor in air when the mixture is
passing over a sphere of 3 inches diameter instead of a long flat plate. All other

conditions remain the same.

DATA: Viscosity of air = 1.24 x 107 lbg/ft.s
Density of air = 7.44 x 10 Ib/ft’

Diffusivity of water vapor in air = 2.37 x 107 ft/s

Consider the steady-state diffusion of a solute through a membrane sphere (inner radius R;
and outer radius Ro). The region between Ro and R; defines the membrane, and the solute
concentration is highest at the core region. The spheres are placed in a large reservoir and

the solute concentration in the bath is zero. Assume that the partition coefficient is one.

(a) [2 points] State the steady-state form of the differential mass balance for diffusion in
a sphere with no convection or reaction.

(b) [2 points] State the boundary conditions.

(c) [15 points] Solve to obtain the concentration distribution in the membrane.

(d) [6 points] Determine the flux atr = Ro.
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APPENDIX
Summary of the Conservation Equations
Table A.1 The Continuity Equation
d -
2 (V- pii)=0 (1.1)
ot
Rectangular coordinates (x, y, z)
ao 0d 0 d
—+— +— +—\ou_ )=0
o ax(/?”x) ay(ﬂ“y) aZ(P”_) (1.1a)
Cylindrical coordinates (r, 0, 7)
oo 19 10 9
—+——\poru, J+—— +—Ipou,)=0
by ——er D+~ lou) az(pu;) (1.1b)
Spherical coordinates (r, 4, ¢)
oo 1 0 , 1 0 . 1 0
—+——\oru, )+ — sin & )+ — =0
ot r*or ) rsineae(p"” ) rsin<96¢('0u¢) L)

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

ou 1
—Z +(li-Vi=-=VP+g+vV
- HEvE-— (v:i) (A2)
Rectangular coordinates (x, y, z)
ou, O, 0w U lop . au, g 0u, ) a*u,
x-component g, Ty T gy T 4z 0 dx e ax?  ayt 8z’ (a2a)
auy auy auy auy 1 8P azuy f'izuv aznl_
3 +U +u +u, =———4g, +V L
y-eomponent Tt T m A, T T T ey B T a6 (@2b)
ou; +U du, +u o, +u ol i£+g +v u, + O, +82”’
z-component ot e T e T e 0oz o o ot e (A2c)
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Cylindrical coordinates (r, 9, z)
Ju du, U, du du, u
Ly, —+——Ctu, ———
ot o r 968 T oz r
r-component 1 JP 3 (10, )y 1 3%, 2 du, du, (A2d)
=———+g +V|[—|— e = — =i
Jo, or\r or rt 08" r° 08 oz
ou, o Oy Y au,, . o, Wy
ot or v d8 = ok r
6-component 1 P g (10(ru,)\ 1 3%, 2 du,  J9°u, (A2e)
=—— vi—|——=|+— +— +
ord6 ' |ar\r o ¥t g 1t ae o’
ou, ou, Uy OU. ou
U, —=+—— —=
o & r J@ oz
z-component ou b  a
= _lﬁ_P.Fgr +V lg_ 7 = +L2 ”2: + ij: (Azf)
ye, ) ror\ or r° 48 "
Spherical coordinates (r, 0, ¢)
8u,+u aur+u_,96u,+ Uy, au,_ﬁ_ﬁ__lg
at " ar r 36 \rsin@)op r r oo
r-component - A2
2 1 0% (, 1 a (. . 1 du, (A2g)
+v—2——2(ru,)+ —————|siné 4 e 7
re or r-sin@ 06 06 ] r°sin” @ a¢
2
au5+ur 6u0+zﬂauﬂ+ lf¢ auﬁ+urug_ﬁcot5=_iﬁ+gﬁ
at or r 960 \rsin@| d¢g r r or 06
1 o0 ( ,du, 1 9 1 o . 1 a’u,
6- t —— ||+ =—|——y,sinl) |+ 5———=—F7 A2h
compornen gy r? ar( ar ) r? 68(5m6 36( ? )) rtsin* @ a¢’ a2h)
+
20, 2ootf 3%,
¥2 960 r’sin@ d¢
aﬁ+u,aﬁ+ﬁ oy u.¢ il Lt B ot - - 1_ or
ot or r 06 rsin@ d¢ r r orsingd 0
1 af ,0u,y 1 a( 1 9 : 1 9w,
——|rr—=l+5—=| ——,sin0)|+ 5—=—= i
¢-component r? a»-( or ] r? afr‘(sme aa( "’ )) rsin® @ ag’ (A20)
+g,+v

2 du, Z2cotf du,
= 2 w5 233
r‘sinf d¢ r°sin@ 0¢
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Table A.3 The Energy Equation for Incompressible Media

o -
pcp[at @V = [V VT 1 (A3)

. v

Rectangular coordinates (x, y, z)
pc,,[ﬂw U L £}=ai S (kﬁz) S5t @

a  Tax Yoy ooz ax ) oy\ dy) adz\ o9z

Cylindrical coordinates (r, 0, 7)
oT 9T  u, oT aTl

Il

ocpl—+u, —+——+u, —

14 oT 1 d oT 0 oT .
—— |kt ——bk—|+—hk— |+ T
ot " 9r ¥ 66? 0z r EJr( ) " ( ) ( ) G (A3b)

or | r?2 o6\ 06 odz\ oz

Spherical coordinates (r, 0, ¢)
—tu,—+— ——
ot o rae rsm@ 6¢

i (A3c)
L9 2590 Vo l LEFIApLY i - 9 (19 +7,
P ar or r’sin@ 00 96 ) r’sin 496¢ ¢
Table A4: The continuity equation for species 4 in terms of the molar flux
aC - .
atA = (V'NA)'*'RA,G 4)
Rectangular coordinates (x, y, z)
oc, (i) AN, Y,
ot ox dy z A9 (42)
Cylindrical coordinates (7, 8, z)
aC, 1 ad 1o a :
=={——|rN | +——|N |, +—|N, L }+R
R e S P LA RS A LA ()
Spherical coordinates (r, 8, ¢)
aC 1 9/, 1 . 1 9 :
=—J——1r’|N,| |+ —\N, | siné)+ —I|N +R, .
ot {r2 ar( [ A]’) rsin @ 69([ ] ) rsin@ a¢[ AL} 4G (4c)
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Table A.5: The continuity equation for species A
ag” +(ﬁ'V)CA =DAV2CA +RA’G (5)

Rectangular coordinates (x, y, z)

9C, . C, €, C, a(DaCA)+a(DacA) a(DaCA

+u +u u =— — +—|D—4|+R
ot “oax Y9y Caz ox\ ox ) dy\ dy ) dz\ oz ) 40 (52)

Cylindrical coordinates (r, 8, z)

C 0C a4 d d :
9C, +u,a A+u—”dC”+uZ ¢, _19/,p < +—17—a— D € 2 D—ac" +Ru6  (5b)
ot or r 90 dz ror or r- a6 a6 0z 0z ’
Spherical coordinates (r, 8, ¢)
aC, . 9C, 4 3Cy , Y aC, _ iz 9 (259
ot or r a8 rsiné d¢p r°or ar
. i i 5¢)
)1C l N (
+ ql. = DsinBr(‘1 +—5—— Ll Dd(” +R,
r sing a8 d@ ) r°sin“6 a¢ ¢ ’
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