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University of Calgary 2 T P ad)
Department of Chemical & Petroleum Engineering z

ENCH 501: Mathematical Methods in Chemical Engineering

Final Examination, Fall 2001

Time: 12 noon - 3 pm Thursday, December 13, 2001

Instructions: Attempt All Questions.
Use of Electronic Calculators allowed.
Open Notes, Open Book Examination.

Problem #1 (25 points)

In the analytical laboratory of a manufacturing company, a novice employee had inadvertently
left a 60% full beaker of pure benzene on a work bench at the end of a work day. The beakeris a
flat-bottomed cylinder, 160 mm tall and 100 mm inside diameter. The beaker was covered by a wire
gauze (or net) which kept dust out but did not hinder the exit of benzene vapour. The ventilation
system of the room is routinely tumed off at Spm (the end of a work day) and turned on again at 8am
next moming. A small fan which moves air towards the direction of the beaker and was left on. Air
was thus blown over the mouth of the beaker continuously. There were no convection currents in the
space within the beaker above the liquid. The liquid was also saturated with air.

The room is 3m x 4m x 2.5m and 20% of the volume is occupied by equipment, furniture and
bottles of chemicals. The room temperature and pressure are constant at 16.85°C {or 280K) and
680 mm Hg respectively. The liquid benzene was always maintained at the room temperature.
Vaporized benzene is mixed with the air in the room and neither could escape.

An experienced employee enters the laboratory at 6 am the following day and immediately
smelled the benzene. By this time, the liquid level had dropped by 2.1 mm. Given only the data
below,

(a) Estimate the diffusion coefficient for benzene vapour in air;
{b) If the acute toxicity limit for benzene in air is 2000 ppm (molar basis), should the employee
immediately leave the room because the benzene in the air is at or above this level? Show

your calculations.

(c) How long after the benzene was left on the bench would the benzene in air attain the acute
toxicity limit? How much liquid (in m%) would have been evaporated? Assume the ventilation
stayed off throughout the period and no doors or windows were open.

Data: Properties of Benzene

Mol. Wt (ka/kmol) 78.11 Liquid density (kgim®) 891.3
Vapour pressure @ 290K (kPa) 877
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Universal Gas Constant, R
{kJ/kmal K) 8.214 {Litre atm/mel K) 0.08205

Problem #2 (25 points)

In Europe where land is a premium, the trend is towards erecting multiple-use buildings for
commercial operations. A seven-story building, for example, may have the top 2 floors used for
raising chickens and pigs; the next 2 flcors down for abatoirs. In the next floor down or the 3™ floor,
the combined animal waste and unuseable parts are digested with micro-organisms to produce
fertilizers. The latter is moved down to the 2™ floor and used to grow vegetables and cultivate
mushrooms. The ground floor is cpen to the public as a retail outlet for eggs, meat, mushrooms and
fresh vegetablas.

Leaming about such operations gave Liz Smart, an entrepreneur, an idea that grains (such as
wheat and comn) can be dried by recovering and using heat from a local steel mill. This heat will
nermally have been lost to the ambient. The idea is as follows. Knock out a part of the wall of the
mill near the fumace. Install a vertical steel plate, 4m wide by 10m tall, in the wall which is then
maintained at a constant temperature of 150°C by the hot gases inside the mill. Attach 7500 copper
tubes, each Scm outside diameter, 5mm wall thickness and 1.5m long to the face of the steel plate in
a staggered fashion up and down the wall. The open end of the tube is plugged with cotton, an
insulator. Enclose the tubes within insulating walls on the other 3 sides to form a drying tower. (See
sketches.) The tubes are horizontal. Grains are fed from above. Air, drawn from the mill at 40°C, is
fed from below. Over the tube surfaces, the convective heat transfer coefficient is 23 W/m?K. The
properties of copper are as follows; p = 8954 kg/m®; C, = 0.383 kJ/kgK; k = 386 W/mK.

(a) Estimate the amount of energy available from the tubes and the wall for drying the grains.
(b) If the grain enters the tower with a water content of 15% by weight and it is to be dried to

contain 5% water by weight, at what rate would the grains be processed in the tower given
that 2.75 MJ of heat removes one kilogram of moisture?

Top View ) Side View
Gralns.
Steol Plate
J at 150°C
Tube v
Inside the Ml
Insulated wall T

Aiir Flow
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Problem #3 (25 points)

In a pilot plant, light crude oil flowing through a straight tube (2 ecm i.d. and 12 m long) is to be
heated from 12°C to 375°C before passing the liquid into an atmospheric distillation unit. The oilis
placed under sufficiently high pressure that its volume does not increase either by vapour generation
or expansion. At the flow rate, the fully developed velocity distribution is given by:

u=Uy(1-7R)™: U, =0.781 Uy,

where U, is the centre-line velocity and U,, is the average velocity in the tube of radius R. The tube
is heated by electrical tape wound over its length and insulated on the outside. The tape provided a
constant heat flux at the wall. The mass rate of the crude oil is 0.347 kg/s. Given the data below:

(a) derive an expression for the Nusselt number for the system if both velocity and temperature
profiles are assumed fully developed.

(b)  Estimate the temperature of the oil at the centre of the outlet of the tube.

Data: Properties of crude oil:

pP=850kg/m®* up=6mPas; k=0.093 WmK; C,= 2.328 kd/kgK

3

Problem #4 (25 points)

{c) Two caverns used for underground storage are nearly spherical and are located with 300m
separating them. The |larger cavern, 80m diameter, is filled with liquid propane at 709.1 kPa
and 286.9 K. The smaller cavern is 30m diameter and it contains waste nuclear fuels ata
temperature of 124°C. The effective thermal conductivity of the soil is 1.21 W/mK.,

Estimate the volume rate at which propane vapour must be vented from the larger
cavemn if the latent heat of vaporization is 355.9 kJ/kg. Vapour density is 15.3 kg/m®.

(d) 1.2 litres of water at 7°C was putin a stainless steel sauce pan initially at room temperature of
20°C. The pan and cover have a mass of 750g. The inside diameter and height of the pan
are 16cm and 8cm respectively. The sauce pan was then placed on a stove and the coil
turned on such that 550 W of energy is continuously supplied to the pot. A gentle breeze also
blows over the sides and the cover of the pot such that the heat transfer coefficient is 36
Wim?K. The properties of steel are as follows: p = 7833 kg/im®, G, = 0.465 kJ/kg K; k = 54
W/mK.

(i) Estimate the minimum time for the water to boil at 96°C.
i) Why is this the minimum time? Would the mass of water in the container remain
constant over the heating period?

Froperties of water: p =998 kg/m® C, = 4.12 kd/kg K; AH, = 2268 kJ/kg
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