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ChE 204 — Introduction to Transport Phenomena — Final Exam

Question 1:
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3 atm
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Question 2:

The water level in the tank is 15m above the ground. A hose is
connected to the bottom of the tank, and the nozzle at the end of the
hose is pointed straight up. The tank is closed and the pressure above
the water is 3 atm.

a) Determine the maximum height to which the water stream could rise

b) BONUS QUESTION: Why it the height calculated in a) “the
maximum height”?

c) Calculate the power of the pump needed to have a height of 200 m in
the presence of frictional losses (minor losses due to closed elements are
negletted). The internal surface roughness of the pipe is € = 0.1
1073m, the pipe diameter is 20 cm, the pipe length is 5 m, the average
velocity in the pipe is 50 m/s. (p = 1000 kg/m?®; g = 9.81 m/s?; u= 8.9
x 10 Pa-s)

Consider the composite wall below:
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A=350m
h; = 30 W/m2K A B C h,=60 W/m2K
T,=20-C T,=-15-C

< > > & >
< > < >« >

Lo=10 mm Lg =100 mm Lc =20 mm
ka=0.17W/m-K ks =0.038 W/m-K k;=0.12W/m-K

a) Sketch the thermal resistance circuit

b) Find the expression for the total resistance

c) Calculate the total heat loss

d) What is the controlling resistance for heat loss?

e) BONUS QUESTION: What is the heat flux at AB and BC interface? Can you explain why
this is the case?

Question 3: Rubber (B)

Consider the sketch and the data \/

on the left; Oxygen (A) Oxygen (A)
Pa1= 2bar Man Pa,= Lbar
Ca1 C A(O)—-—' Ca2
T=25-C ¢— Ca(L) T=25-C

L=0.5mm
Ly

Dyp = 021 10—9’"?2,-5,13 =3.12%1073 =22 M, = 32 g/mol; R=0.082 1~

Find:

a) The molar diffusion flux of oxygen

b) The mass diffusion flux of oxygen

c) The molar concentration of oxygen outside the rubber assuming perfect gas behavior

d) BONUS QUESTION: Can you briefly explain why the molar concentrations outside the
membrane differ from those within the membrane?
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Question 4:

Jasmone (C11H160) is a valuable material in the perfume industry, used in many soap and cosmetics.
Suppose we are recovering this material from a water suspension (concentration of jasmone in water

is 5mM) by an extraction with benzene. The local mass transfer coefficient in water is 3.0 - 10~4 <=

. . . . _2Cm . . .
and the local mass transfer coefficient in benzene is 2.4 - 1073 - The interfacial concentrations are

in equilibrium according to the following equation Cj penzene = 170 G water-
a) Calculate the interfacial concentration of jasmone in water and in benzene
b) Calculate the molar flux

c) Determine if one side is limiting the mass transport

d) Draw the qualitative liquid/liquid concentration diagram, which means identify the concentration
values, in bulk and at the interface, along with the direction of the molar flux (in the exam sheets,
not here).

e) Qualitatively identify bulk, equilibrium and interface concentrations in the equilibrium diagram (in
the exam sheets, not here).

f) BONUS QUESTION: Can you briefly explain in which cases we introduce the overall mass transfer
coefficient? Do the equilibrium concentration have any physical meaning?

Question 5:

Look at the sketch and put attention to the coordinate system:

.

21 cm

u=05Pa-s
p=15g/cm3

a) Calculate the maximum rate when the piston slides in the outside container.
b) Can you draw the direction of the shear force? (in the exam sheet)
c) Can you draw the direction of the momentum flux? (in the exam sheet)

d) BONUS QUESTION: Assume there is an additional force pressing the piston downwards.
Do you expect the module of the shear force to increase or to decrease? Explain why.
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Introduction to Transport Phenomena: Solutions to Final exam

Question 1

a) Applying Bernoulli between point 1 and point 2

P+ p.g.hy +%.p.v% =P, +p.gh +%.p.v§
3 x10°+ 1000 x 9.81 x 15 = 1x 10° + 1000 X 9.81 X h
h=3538m
b) Because Bernoulli’s equation doesn’t take into account the friction losses.

c) Now we must extend the Bernoulli’s Equation to include the pump and losses.

4L Pvczwg

1 1
P1 +pgh1 +§pv%+Ppump =P2+pgh2+ Epv%-l'ffg 2

We have to calculate the relative pipe roughness

€ _ 0.0001

dp

= 0.0005

kg m
Re _ p*vavg*dp _ 100()?*50?*02771

— =1.12 = 107
u 8.9x10™* Paxs

Checking the corresponding value on the moody chart for the fanning friction factor,

fr = 0.004
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Replacing the value of f;in Bernoulli’s equation:

3 x 10° + 1000 x 9.81 X 15 + Byymp

; 1 o, _ 0.004
= 1x10° + 1000 x 9.81 x 100 + > x 1000 X 507 ( 4 x ——~(5)

Byump = 1133850 Pa = 1134 kPa

Power = Qp gH,

To calculate the power, we need to find the pump head and volumetric flow rate:

=115.58m

Ppump 1133850
HP = =
pg 1000%9.81

(0.2)? m m3
Q :A*Uavg :T*H*SO?: 157?

Power = 1.57 x 1000 x 9.81 x 115.58 = 1.8 MW
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Question 2

a) The thermal resistance circuit is as follows

Rconv,l Rcond,A Rcond,B Rcond,C Rconv,z

— AN AN AN ANNA— AN —

b) All the elements are in series. Hence the net resistance is evaluated as follows:

Rior = % [<hii>+<i_:>+<i_z>+<i_z)+(h_lo)]

1 (1>+ 10-1073 N 100-1073 N 20-1073 +(1) B
~ 350 |\30 0.17 0.038 0.12 60/ |

[0.03 +0.06 + 2.63 + 0.16 + 0.016 ] =

30.05.2018

= 350
R:,; = 0.0083 w
tot — " K
R AT 20—-(—15 35
9 ==L 2D =421 kW
Reot 0.0083 0.0083

d) The controlling resistance is medium Rconds
e) BONUS QUESTION: Heat flux through the two interfaces mentioned is the same as they are

in series and we consider that there are no heat losses.
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Question 3

a) CA,O = SAB . PA,l =3.12-2 =6.24 mOl/m3

Cap = Sap *Pyz =3.12-1=3.12 mol/m3

_ Dap(Cap—Cap) 021-1079-3.12

— . 10-6 2.
ny = 3 T 102 =1.31-10"° mol/(m* - s)

b) Mg =n, My =131-107-32 = 41.93-107¢ -2

) Concentrations outside the rubber on either side can be found using the ideal gas law
Py
Cy1 =
A1TR.T
C; = = 0.08 mol
170082-298 " L
Similarly,
Py
Cpr, = —
A27R-T
C, = — 0.04™
270.082-298 L
d) BONUS QUESTION: The concentration of the oxygen outside the membrane is determined

directly by the partial pressure of oxygen, whereas in the membrane one needs to consider the
solubility of the oxygen in the membrane material.
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Question 4
a) If we equate the local fluxes of jasmine
n = ki (Gwp — Gwo) = kE(Cipo — Gipp) (Eq.1)
Also, it is given that the interface concentration are in equilibrium as per the following relation:

Cipo =170 % Gy, (Eq.2)

In order to solve for Cj vy o:
kll/ll}C(Cj,W,b - Cj,W,o) = kéoc(170 *Liwo — Cj,B,b)
Thus, we get

G = (ki Cowp + kECipp)
s (170kk¢ + kige)

(Eq.3)

If we put the values from the question,

o (3x 1076 x 0.005 + 2.4 X 107> X 0)
JW.0 (170 x 2.4 % 1075 + 3 X 1076)

Ciw,o=36%1075M

Since Cj y,ois in equilibrium with CjpoasperEq.2,
Cipo =170 %Gy, = 0.612 X 1073M

b) In order to solve for the molar flux, we can use the (Eq.1)
n = ki (Gwp — Gw.o)
n; = 3x107%m/s x (0.005 — 0.0000036) x 103mol/m?
n; = 0.015 x 10~3mol/m?s

c) To determine if mass transfer is limited on one side, we have to calculate mg, my and myy,e
eq _
CiBo—Cgp 0—170x3.6x107°

- N =0.1226
" T Gwe— Gy 36X 107~ 0.005
o GBb~GBo  0—0612X 1073 -
W - - — —_
Cje,gv — Gw,0 0—-3.6x%x10"6

Mavg = 3(mp + my) = 2(0.1226 + 170) = 85.06
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_eM
Jloe 3x10%

My kY 85.06 x 2.4 x 1057

=0.0014

kip*

loc
Mgygky

Since

« 1, the mass transfer is liquid phase controlled.

d)

where
Ciw,p = 0.005M
Ciw,o = 0.0000036 M
Gigp=0
Cj o = 0.0006M
e) The graph below is quantitative, a qualitative version is also accepted considering the

challenge in positioning Cj g, and Cjw.q at the origin.
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eq
Cj,W |
o) jl\/\/lo ; C
m: # LW.b
G
CJ',W
in water phase
eq _ Limb _
w170
Cr =170 X Gy, = 0.85M
f) BONUS QUESTION: The interface concentrations are not normally known and only the bulk

concentrations and local mass transfer co-efficients are known in real life problems. Hence, it is easier
to have overall mass transfer coefficients relating the bulk concentrations. In order to convert the
local mass transfer to overall mass transfer coeffiecients, we use theoretical values as equilibrium
concentration. These equilibrium concentrations do not physically appear anywhere in the system and
is just a simplification to solve the problems.

Indeed, for the sake of knowledge, if we rigorously solve the equations of local mass transfer
coefficient to relate the flux to known bulk concentrations, interface equilibrium relation (solubility
curve) and local mass transfer co-efficients, we can derive the theoretical equilibrium concentrations
as shown below:

n = ki°(Cpo—Crpp) = KB(C,-Z‘;’ - j,B,b)Eq- 5

If we express C; g ,in terms of known quantities like k¢, klocand Cywp, fromEq.2 and Eq.3, we
get

_ o (70K Gy + 170k Cipp)

mTe 170kY° + klo¢ ~Bb

n, = kloc (170kip°Ciw,p + 170k Cipp) — (170kECipp + kig® G g p)
’ 170k10° + klg

]

10
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= Jloc (170kll/|9CCJ'.W,b B kll/gCCj,B,b)
]

n: =
170kL9° + kelge
< kll?ock‘l/l(}c
j =

m) (470G ws = Crnb)

le = 170 1 (1706‘]',W,b - Cj,B,b)

loc loc
kW kB

This equation when equated to the overall mass transfer coefficient from Eq.5,

1
T | 0700 = o) = 85(63 - i)

i + J—
] ]
kM(}C kBOC
Thus, we get

1 170 1

~ loc loc
Kg  ky kg

and

eq _
Cop =170C;

where Cjegwhich is the theoretical concentration of jasmone in benzene in equilibrium with the

concentration of jasmone in water bulk. So, it is correct to use this equilibrium concentration for
overall mass transfer coefficient equation despite the fact that the bulk concentrations are not in
true equilibrium with each other.

11
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Question 5

F shear

Fbuoyancy

Flux of momentum

I~

—

F gravity

N <€

a) The force balance on the piston gives:

- - - -
Ftot = Fgravity + Fshear + Fbuoyancy

When the piston is at maximum speed (i.e. steady state), the forces are compensating each
other. Therefore:

Fgravity + Fshear + Fbuoyancy =0

The buoyancy force is given by:

Fouoyancy = —Vpiston = Pliquida * 9

Volume of the piston = Vysron = 0.2 X 0.2 X 1 = 4 x 1072 m3

Fouoyancy = —4 x 1072 x 1500 X 9.81 = —588 N

The gravitational force calculation:

-

Fyravity = +mg = 10 X 9.81 = 98.1 N

Net upward force to be balanced by the shear force due to friction:

Fsnear = —(Fouoyancy + Fgravity) = —(98.1 + (—588)) = +489.9 N

Therefore, the piston has to move upwards for the shear force to act upwards.

12
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The shear stress on the piston is given by:

oo W Vmax
ve = H Gy T THos x 1072

Fshear = Ty, X Area

Area = 4-A=4%x1x0.2=08m?2

So, we have:

Fipear X 0.5 x 1072 489.9 X 0.5 X 1072

— 612
Area = 0.8 x 0.5 )= s

Vmax =

b) and c) The directions were drawn in part (a).

d) BONUS QUESTION: In this case, the gravity and buoyancy forces remain constant. Depending on the
magnitude, the applied force is acting to either reduce the magnitude of the velocity in the original
direction, or increase it beyond its original value in the opposite direction. Thus, depending on how
the final velocity compares with the calculated value in the question, the magnitude of shear force will

either increase or decrease.

=3 = - - =3
Ftot = lgravity + Fshear + Fbuoyancy + Fapplied

30.05.2018
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