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NOTES

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.

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

A1. A Newtonian fluid is flowing in laminar flow through a circular horizontal tube of radius R
and length L. At the entrance the pressure is po and at the exit the pressure is p~. You may
assume that gravity forces in this system are negligible, the flow is fully developed and that
there is no accumulation in the system. Perform a shell momentum balance and derive an
expression for the average velocity of this fluid.

A2. Benzene (density = 0.899 g/cm3, viscosity = 8 x 10-4 N.s/m2) flows steadily through a 150-
meter long horizontal pipe of 5.5 cm inside diameter at a flow rate of 15 liters/min. The
equivalent roughness for the pipe is 8.5 x 10-4 ft.

a) [13 points] Calculate the pressure drop.

b) [10 points] What is the pressure drop if the same amount of kerosene (density = 0.82
g/cm3, viscosity = 2.5 x 10-3 N.s/m2) is flowing through the same pipe?

c) [2 points] Explain the difference in pressure drop between (a) and (b).

Moody friction factor (~ vs. Reynolds number (Re) for pipes
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Section B: Heat Transfer

B1. Heat flows through the walls of an annular pipe whose inside and outside radii are R; and
R.o, respectively. The thermal conductivity (k) of the material is related to the temperature
by the equation k = aT2 + b, where a and ❑are constants.

a) [20 points] Derive the temperature profile of the pipe wall.

b) [5 points] Compute the heat loss through the walls of the pipe.

B2. Nitrobenzene (viscosity = 7 x 10~ N.s/m2, thermal conductivity = 0.15 W/m.K, specific
heat capacity = 2.38 J/g.K) at a flow rate of 14,400 kg/hr is to be cooled from 400 K to 315
K by heating a stream of benzene from 305 K to 345 K. Two tubular heat exchangers are
available each with 44 cm internal diameter shell fitted with 166 tubes. Each tube is 5 m in
length with 19 mm outside diameter and 15 mm inside diameter. The tubes are arranged in
two passes on 25 mm square pitch with a baffle spacing of 150 mm. There are two passes
on the shell side and the operation is to be countercurrent. With benzene passing through
the tubes, the anticipated film coefficient on the tube side is 1000 W/m2K. Assuming true
cross-flow prevails in the shell and using the figure below for double shell pass
exchangers, what value of scale resistance could be allowed if these heat exchangers were
used?
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Section C: Mass Transfer

Cl. The convection mass transfer coefficient lc~ is useful for determining the rate convection
from a surface where the concentration is constant into the flowing medium. It relates the
local flux to the concentration difference given by NA = k~ (C,~ — CAo ), where CAS is the
surface concentration and CAo is the fax-field or baseline/background concentration.

For laminar flow across a flat plate, the Sherwood number (Sh) is given by the equation

Sh = k~ x/D,~ = 0.332 (ReX)li2 (Sc)li3

where Schmidt number (Sc) = v/D~, Reynold's number (ReX) = v~„~ ~c/v, and kinematic
viscosity (v) = µ/p.

Water is flowing through a pipe of radius R at flow rate of Q. One small section of the pipe
of length L is made of lead. The solubility of lead salts in water (containing oxygen) at
system temperature is S (µM). As you know, lead is toxic and thus, the concentration needs
to be minimized. Assume the diffusion boundary layer is much smaller than R, and that
flow is laminar throughout. Also assume that the inlet water is free of lead salts.

a) [7 points] Derive an expression for the flux as a function of length along the pipe.

b) (5 points] Derive an expression for the total amount of lead entering the water per unit
time.

c) [5 points] Derive an expression for the average lead concentration at the outlet of the
pipe.

d) [8 points] How much would the concentration of lead change at the outlet when the
temperature is increased from 25 °C to 100 °C? The viscosity of water at 25 °C and 100
°C is 9 x 10~ Pa.s and 2.7 x 10~ Pa.s, respectively. The solubility of lead salts in water
containing oxygen at 100 °C is twice that at 25 °C.

C2. A swimming pool is 80% full. In the time interval tl, 10% of the water evaporates,
dropping the water level from 80% to 70% full. In the time interval t2, another 10% of
water evaporates, dropping its water level from 70% to 60%. Assume the gentle breeze
above the pool is constant over time.

a) [3 points] Write the assumptions necessary to calculate the time two intervals, tl and t2.

b) [11 points] Write the expression for average evaporating flux N~.

c) [11 points] Obtain an expression each for time intervals tl and t2, and calculate the ratio
t2~t1.
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APPENDIX A

Summary of the Conservation Equations

Table A.1 The Continuity Equation

Rectangular coordinates (x, y, z)

ap+ax (~X)+—~,~~y)+ aZ (,~`Z)- 0 (l.la)

Cylindrical coordinates (r, B, z)
ap + 1 a ~pNurl+ 1 a 

~Pue~+ a ~PuZ~- ~ (l.lb)ac ~ a~ ' ~ ae aZ
Spherical coordinates (r, B, ~)

ap + 1 a~ Zu ~+ i s (~B Sine)+ 1 a (~) oat rZ a~ '~ r ~S~ne ae ~S~ne a~ ~ = 1.1c

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

+~u•0}u =— 1 DP+g+v~O2u~ ~A2~
P

Rectangular coordinates (x, y, z)
C~u au (~u C~u 1 (~P (~Zu C~ Zu a2u
x -I- 2f X ~- Zf x -#- Zf x = - - - -f -f- V x -I- x -I- xx-component at ax '' ay Z 8z pax gx axz ay Z azz (A2a)

au au au au 1 ap aZu aZu aZu
y -{- 2f y -I- Zf y -I- ZL y = - — — -f- 't' V y -f- y -f- yy-component at X ax '' ay Z 7z pay g'' ax e aye az2 (A2b)

au au au au 1 aP a2u aZu aZu
z-component ~ + uY Z + u y Z + u= ~ _ --- + gZ + v z + ? + ZZ (A2c)at cox ?y az p az ax cry az
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Cylindrical coordinates (r, 8, z)
2

~r ~- Lf ~r -f- ue ~r -F Zl ~r — ue
~` r G~" Y' O~8 Z OIL Y'

r-component 1 ~P O 1 ~~ru,~ 1 O zur 2 aue ~zur
p c,~, +gr+v c~ r ~ +r2 oBZ r2 aB + aiz

~° + u ~B + ue ~B + u ~B + urue
d` r c~ ~ oB Z az r

B-component 1 oP o 1 0 ~rue ~ 1 o zue 2 our o Zue
_— —+g~+v — — + 2 2 + 2+ 2,~ ae a~ ~ a~ ~ ae ~ ae ~

~`Z + u ~`Z + ue ~`Z + u ~Z
a~ r a~ ~ ae Z ~

z-component 1 OP 1 O ~Z 1 ~ZuZ ° zuZ
p ai +gZ +v r c3~ ~ ~ + r z ~B2 + ~z

Spherical coordinates (r, B, ~)
au,. + u au, + uB au,, + u~ our _ ue _ u~ _ _ 1 aP +
at a~ r a8 r sin B a~ r r par gr

r-component 2 2
+ v 1 a ~r 2u ~+ I a sin B ~u~ + 1 ~ ur

r z ar 2 r2 sin B aB a9) r 2 sin2 B adz

aue + u aue + ue aue + u~ aue + urue — u~ cot 8 — _ 1 aP + ge7t r a~ N a9 r sin B a~ r Y p~ aB

1 a~ 2 aue 1 1 8~ 1 8 1 1 ague
0-component 2 — ~' + 2 —~uB sin9~ + z z 2a~ a~~ r ae Sin e ae ~ ~ sin 8 7~

+v 2 our 2 got e au~+---~z ae YZ Sin e a~
8u~ au~ ue auk u~ auk uru~ ueu~ 1 aP+ u + + + + cot B = —
at ar r aB r sin B a~ r ~ pr sin B a~

1 a 2 au~ 1 a 1 a 1 alum~-component y,z ay. ~ ar + r 2 ae (S~n e ae ~u~ sin B~~ + ~,2 sin2 8 a~2
+g~ +v

+ 2 our + 2 cot 8 aue
~2 Sin e a~ ~Z Sin e a~

(A2d)

(A2e)

(A2~

~A2g)

(A2h)

(A2i)
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Table A.3 The Energy Equation for Incompressible Media

p~P ~~ +~u • 0}~T~ _ [O • kOT~+7'G (A3)

Rectangular coordinates (x, y, z)
aT aT a~ aT _ a r aT 1 ~ ~ 7 ~ aT 1 ( )

pcP —+ux —+uy —+uZ — ~ k— +— k— +— k— +T~ A3aar ax a aZ ax ~ axe aZ aZ ~
Cylindrical coordinates (r, 4, z)

8T aT ue aT aT 1 a aT 1 a aT a aT
pcP —+ur —+--+uZ — _-- Yk— + 2 — k— +— k— +7'~ (A3b)at a~ Y ae aZ ~ a~ a~ ~ ae ae aZ aZ

Spherical coordinates (r, B, ~)
7T aT ue aT u~ aTPcP — -F- Zl, — + — — -+- — _ar a~ ~ ae ~S~ne a~

i s Z aT 1 a aT i a aT (A3c)
—rk—+ —ksinB—+ —k—+7'

NZ aY aN Y'2 slne ae ae NZ SLn2 B a~ a~ G

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

at ~ ~
Rectangular coordinates (x, y, z)

aCA _ aLNA ~z aLNA ~v a~NA ~Z
at 7x 

+ ay + az + RA,c (4a)

Cylindrical coordinates (r, B, z)
aCA _ _J 1 a [rN ] + 1 a [N ] + a [N ] } + Rat l~ a~ A r ~ ae A B aZ A Z~ A,~ (4b)

Spherical coordinates (r, 8, ~)
acA __ ? a ~~ z ~N~~r ~+ 1 a 

~~NA~esin9~+ 1 a [NA ]~ +RAC (4c)at ~ a~ ~S~ne ae ~S~ne a~
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Table A.5: The continuity equation for species A

(~CA 
+ (u Q)CA = DAQ ZCA +RAG (51

ac ~ ~

Rectangular coordinates (x, y, z)
ac ac ac ac a ~ ac 1 a ac a ~ ac 1

A +uX `' +uy A +uZ A =— D A +— D A +— D A +RAG (Sa)at ax ay aZ ax ax) a~ ay aZ aZ ~
Cylindrical coordinates (r, B, z)

aCA aCA ue aCA ac,, _ 1 a ~ aCA 1 1 a ~ aCA 
J a ~ aCA J

+ur +— +uZ — rD + 2 — D +— D +RAC (Sb)a~ a~ ~ ae aZ ~ a~ a~~ ~ ae ae aZ aZ
Spherical coordinates (r, B, ~)

acA + u . a~A + ue aCA + u~ ACA = 1 a ~rZD aCA Jar a~ ~ ae ~ Sin e a~ ~2 a~ a~
1 a~ acA 1 1 a acA ~s~~

+ — DsinB + — D +Rr 2 See ae ae) ~z S~n2 e a~ a~ A,~
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