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National Exams December 2015

04-CHEM-A3 (Mass Transfer Operations)

Three-Hour Duration

NOTES:

1) If doubt exists as to the interpretation of any question, you are urged to submit a clear

statement of any assumptions made along with the answer paper.

2) Property data required to solve a given problem are provided in the problem statement or are
available in the recommended texts. If you are unable to locate the required data, do not let
this prevent you from solving the rest of the problem. Even in the absence of property data,
you still have the opportunity to provide a solution methodology.

3) This is an open-book exam.
4) The examination is in three parts — Part A (Questions 1 and 2)
Part B (Questions 3 and 4)

Part C (Questions 5 to 7)

5) Answer ONE question from Part A, ONE question from Part B, and TWO questions from
Part C. FOUR questions constitute a complete paper.

6) Each question is of equal value.
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PART A

A mixture of nitrogen gas (A) and helium gas (B) at 298 K is diffusing through a capillary
0.1 m long in an open system with a diameter of 10 pm. The mole fractions are constant at
Xa1 = 1.0 and Xa, = 0, and the binary diffusivity (Dag) at 1 atm is 6.98 x 10° m?s.

(2)

(b)

(©

(d)

(e

Calculate the Knudsen diffusivities (Dga and Dgg) at total pressure of 0.001, 0.1 and
10 atm.

Calculate the steady-state flux N at total pressure of 0.001, 0.1 and 10 atm.
Plot steady-state flux N versus total pressure P on a log-log paper.

Plot the limiting lines at lower pressures (Knudsen diffusion) and very high pressures

(molecular diffusion) on the same log-log plot from part (c).

Calculate the steady-state flux N for Knudsen diffusion and molecular diffusion

regions.

A total of 5 grams of wet microorganisms having a density of 1100 kg/m® and a diameter
of 0.667 wm are added to 100 ml aqueous solution at 37 °C in a shaker flask for

fermentation. Air can enter through a porous stopper.

(a)

(b)

Calculate the maximum rate possible for mass transfer of oxygen in kg moles of O,
per second to the surface of the microorganisms. Assume that the solution is

saturated with air at 101.32 kPa absolute pressure.

By material balances on other nutrients, the actual utilization of O, by the
microorganisms is 6.3 X 10 kg moles per second. What would be the actual

concentration of O, in the solution as percent saturation during the fermentation?

DATA:  Solubility of O; from air in water at 37 °C =2.26 x 10™ kg moles/m’
Diffusivity of O in water at 37 °C = 3.25 x 10° m*/s

Density of water at 37 °C = 994 kg/m’
Viscosity of water at 37 °C = 6.947 x 10 Pa.s = 6.947 x 10 kg/m.s

Density of air at 37 °C = 1.13 kg/m’
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PART B

3) A “spinning disk” mass transfer device is designed as shown in the figure below.

Soluble film

A solid disk rotates about an axis normal to its circular face and is immersed in a large
volume of fluid. Except for the motion induced by the rotation of the disk, there is no
imposed convective flow in the system. The surface of the disk is coated with a solid film
of a material that is soluble in the surrounding fluid. A significant motion is induced by the
rotation of the disk, and this motion gives rise to significant convective mass transfer from

the disk surface.

Studies have shown that the convective mass transfer coefficient (kc, in cm/s) is given by

the equation

ke = 0.62 (Da)"* (V)17 ()

where Dap = diffusion coefficient of the solute in the fluid (in cmz/s)
O v > kinematic viscosity (i/p) of the fluid (in cm?’/s)
O ® - rotational speed of the disk (in rad/s)

(a) Define Reynolds number (Re) and Schmidt number (Sc) in terms of the parameters

Dag, Vv, and ®.

(b) Convert the convective mass transfer coefficient equation into the following non-

dimensional form:

Sherwood number = Sh = A (Re)" (Sc)™

(c) Obtain the values of constant A, n, and m.
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4)  The heat transfer correlation for a liquid flowing over a single cylinder is given by the

following equation for Nusselt number (Nu):

Nu = h D/k = (0.506 Re®* + 0.00141 Re) Pr*>

where h - heat-transfer coefficient D - diameter of cylinder
k - thermal conductivity of cylinder Re > Reynolds number =D v p/p
Pr - Prandtl number = C, p/k . C, > specific heat capacity of liquid
u > viscosity of liquid p > density of liquid

v = velocity of liquid

The above equation, in association with the Chilton-Colburn analogy, can be used to predict

the mass-transfer coefficient for a cylinder.

Estimate the mass-transfer coefficient ky at 300 K for the dissolution of sodium chloride
from a cast cylinder (diameter = 1.5 cm) made of solid sodium chloride (NaCl) and placed

perpendicular to a flowing stream of water at a velocity of 10 m/s.

DATA: Binary liquid diffusivity (Das) at 291 K = 1.26 x 10” m*/s
Viscosity of water at 291 K= 1.073 x 10° Pa.s
Viscosity of water at 300 K = 8.76 x 10™ Pas

Density of water = 996 kg/m’
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PART C

A very simple process to treat contaminated wastewater before discharge to a lake or river
is the remediation trench as shown in the figure below.

Np4;

| Atmosphere ~

The trench consists of a narrow outdoor open channel with an air sparger aligned along the
bottom of the trench. Wastewater containing a volatile contaminant dissolved in the water
enters one end of the trench. As the wastewater flows down the trench, the aeration gas strips
out the dissolved volatile solute and transfer it to the surrounding atmosphere by an interphase
mass-transfer process. Consequently, the concentration of the solute in the wastewater
decreases down the length of the trench. Remediation trenches can be long, and may extend

from a holding pond to the discharge point.

We wish to design an aerated remediation trench to treat wastewater contaminated with
trichloroethylene (CoHCl;) at a concentration of 50 mg/L of wastewater. The process
temperature is 293 K and the total system pressure is 1 atm. The trench is an open duct of 1
meter width (W) and 2 meters depth (H), and the volumetric flow rate of wastewater added to
the trench is 0.1 m>/s. Air is sparged into the bottom of the duct at a rate that provides a gas
holdup 0f 0.02 m?> of gas/m’ of water, and the average bubble diameter is 1 cm (dp).

Determine the length of trench necessary to reduce the effluent trichloroethylene

concentration to 0.05 mg/L of treated wastewater.

DATA:

Henry’s law constant for trichloroethylene in water = 9.97 atm m’/kg mole
Diffusivity of the air in wastewater (Dap) = 8.9 x 107 m*/s

Viscosity of the wastewater = 9.93 x 10 kg/m.s

Density of the wastewater = 998.2 kg/m3

Density of the air = 1.19 kg/m’
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Consider the well-mixed, continuous-flow spinning catalyst paddle reactor shown in the
figure below for carrying out catalytic gas-solid reactions under controlled hydrodynamic

conditions.

“within hollow
rotating pa§@9

Two hollow paddles, each with exposed faces of 5 cm in height and width, are mounted on
an impeller shaft 1 cm from centerline. Spherical, non-porous solid catalyst pellets of 0.5
cm diameter are held within each paddle by a screen. As the impeller shaft rotates, gas
flows through the paddle and over each spherical pellet. Since there is only one layer of
spherical pellets within the hollow impeller paddle and individual pellets do not touch one
another, mass transfer can be analyzed with respect to a single particle and not a packed
bed of particles. Carbon monoxide gas diluted into a large amount of oxygen gas is fed into
the reactor. The temperature and total pressure inside the vessel are 600 K and 1 atm. The
carbon monoxide instantaneously reacts with oxygen on the outer surface of the catalyst

pellet to form carbon dioxide.

(a) Using boundary-layer theory of convective mass transfer, estimate the mean gas-film
mass transfer coefficient (in cm/s) for carbon monoxide over the whole width of the
paddle for a fixed rotation rate (L)) of 4 radians/s.

(b) Repeat the calculation for carbon dioxide.
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Table K.2 Lennard—Jones force constants caleulated from viscosity data’
Compound Formula €4k, in (K} o, inA
Acetylenc C.H, 185 4221
Air 97 3617
Argon A 124 3418
Arsine AsH, 281 4.06
Benzene CgHyg 440 5270
Bromine Br, 520 4268
=Butanc CaHyg 313 5341
n-Butane CaHyp 410 4997
Carbon dioxide COo, 190 3996
Carbon disulfide CS4 488 4438
Carbon monoxide CO 10 3590
Hydrogen iodide HI 324 4,123
Iodine I 550 4982
Krypton Kr 190 3.60
Methane CHy ' 1365 3822
Methanol CH,0H 507 3585
Methylene chloride CH.Cly 406 4759
Methyl chloride CH;Cl 855 3375
Mereuric iodide Hgls 691 5.625
Mercury Hg 851 2.898
Neos Ne 357 2789
Nitric oxide NO 119 3470
Nitrogen N2 915 3681
Nitrous oxide N.O 220 3.879
n-Nonane CoHag 240 8448
n-Octane CgHig 320 7451
Oxygen O, 113 3433
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Collision integral

kT
£12 Qp
0.30 2.662
0.35 2476
0.40 2.318
0.45 2.184
0.50 2.066
0.55 1.966
0.60 1.877
0.65 1.798
0.70 1.729
0.75 1.667
0.80 1.612
0.85 1.562
0.90 1.517
0.95 1.476
1.00 1.439
1.05 1.406
1.10 1.375
1.15 1.346
1.20 1.320
1.25 1.296
1.30 1.273
- 1.35 1.253
1.40 1.233
1.45 1.215
1.50 1.198
1.55 1.182
1.60 1.167
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A process is being developed to produce carbonated beverages. As part of this process, a
packed-bed absorption tower is used to dissolve carbon dioxide gas into water. In the
present process, pure mountain spring water containing no dissolved CO, enters the top of
the tower at a flow rate of 5 kg moles/min. Pure CO, gas at 2 atm is also fed to the top of
the tower at a flow rate of 1 kg mole/min. As the liquid flows down the tower, CO, gas
absorbs into water, and the dissolved CO, concentration increases down the length of the
bed. The carbonated water and the unused CO, gas exit the bottom of the tower. The
absorption process is liquid-film controlling since only pure CO; is present in the gas
phase. The tower is packed with 1-inch ceramic saddles, and the inner tower diameter is
0.25 m. The temperature is maintained at 20 °C, and Henry’s law constant for the

dissolution of CO, gas in water is 25.4 atm.m’/kg mole.

(a) What is the liquid-phase mass-transfer coefficient, kra, for CO, in water flowing
through the packed bed?

(b) The desired concentration of dissolved CO, in the outlet liquid is 0.075 kg mole/m’,
which corresponds to 95% of the saturation value for dissolved CO, in water under CO,
partial pressure of 2 atm and 20 °C. What is the depth of packing necessary to attain this

outlet concentration?

DATA: Density of liquid water = 998.2 kg/m3
Viscosity of liquid water = 9.93 x 10™ kg/m.s

Binary diffusivity = 1.77 x 10 m*/s

‘Packing @ .. .
- 2-in. rings .80 T 022
1idn.rings - 90 1022
“ldn.rings - 1007 022
‘Linrings - 280 ©035
Zinrings 550 046
1i-in.saddles 160 028
“fensaddles - 170 028
Lin.saddles’ 0150 028

" 3:in.spiral tiles ‘1107 #0.28
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