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University of Calgary {)m[\
Department of Chemical & Petroleum Engineering /
ENCH 501: Transport Phenomena
Final Examination, Fall 2012
Time: 8.00 - 11.00 am Friday, December 14, 2012

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

Question #1 (30 points)

Flammable and toxic liquids are often collected into or stored in tanks that are not insulated and exposed to the elements — the sun, wind and
precipitation, Examples of commercial products such handled are hydrocarbon liquids (crude oils, condensates and refinery products),
ammonia and chlorine. Many of the storage tanks are not rated for high pressure, particularly if they are not equipped with vapor recovery
systems. Such tanks would typically have a covered observation hatch (for visual inspection of content) and a vent. Tanks, such as petroleum
storage vessels, are often located near residences and public spaces in rural areas or in open, unsecured locations. These may constitute
hazards to people who socialized around the vessels in the case of explosions or accidental discharges of content due to leaks, grass fires,
lightning, open flames from cigarette lighters and the sun’s radiation. There have been several explosions of tanks for collecting oil and gas
condensates, and these have led to fatalities of a number of young people who might have trespassed on unfenced facilities.

The current problem is on a tank for storing pure pentane, a diluent added to bitumen so that it can flow
in pipes. The tank is a vertical cylinder sitting above ground on a ring mounted on supports. It may be
assumed that the entire surface of the cylinder is exposed to the ambient. The tank has an inside
diameter of 1 m and a height of 1.4 m. The tank is rated for a maximum of 6 atm. absolute pressure and
it is completely sealed unless when material is to be pumped in or out of it. On a summer day when the
temperature of the ambient, the tank and its content was 22°C, liquid was present in the tank to a level
of 60 cm. A forest fire started and radiated heat from a distance on the tank such that the temperature
of the tank and content rose. The ambient temperature near the tank remained unchanged at 22°C.
With a gentle wind, the convective heat transfer coefficient around the tank was 86 W/m? K. The
engineer on duty was asked to advise whether the tank was in danger of exploding - as the pressure in
the tank rose in response to the temperature increase. The engineer, using a pyrometer, estimated that
the heat rate from the fire on the tank was constant and was 5.5 kW. This heat is absorbed by the steel
tank (mass 200 kg, C, = 0.465 ki/kg K), the liquid and the pentane vapor. Part of the heat would be used
to vaporize some of the liquid as the tank content temperature is elevated. You may assume that each
of the liquid and the vapor is always well-mixed, that only pure pentane vapor is in the tank above the
liquid pentane, and that the vapor is an ideal gas. Also the tank and its content are always at the same
temperature at any instant.

After how long of heating will the tank pressure exceed the rating limit? Show all your analysis,
assumptions and derivations.

Data & Information:
Properties of pentane — density of liquid = 620 kg/m®, Molar mass = 72.146 g/mole, boiling point =
36.07°C, latent heat of vaporization = 360 kl/kg, C, of liquid = 2.3 ki/kg K, C, of vapor = 1.8 ki/kg K,
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Temperature, °C 20 40 60 80 100 120 140
Vapor Pressure, Atm. 0.558 1.141 2.117 3.628 5.829 8.867 13.027
The Clasius-Clapeyron equation is:

In (P/P4) = (AH,/R)(1/T; = 1/T) where Tis in K and R is the universal gas constant.

The ideal gas equation is: PV = nRT where n is in moles (mass/Molar mass)

Question #2 (25 points)

Underbalanced drilling is the process of drilling an oil well while air is injected at high pressure, instead of drilling mud, to oppose the pressure
in the reservoir and avoid blowout. Often, the pressure of air at the bottom of the hole is less than the local reservoir pressure and oil or gas or
both would be produced as the well traverses the layer containing hydrocarbon fluids. The produced fluids help transport cuttings to the
surface where solids, oil, water and gas are separated. Underbalance operations have advantages that production occurs faster, the formation
is not invaded and damaged by mud, bentonite is not partially lost and drilling rate is increased. Drilling is followed by insertion of casings to
maintain the integrity of the walls and seal off water bearing layer below the overburden. Conductor casing is at the top, followed by surface,
intermediate and production casings. The oil produced in one well is of current interest.

Deep in the well, the outer diameter of the pipes to which the bit is attached (the string) is 10 cm. The
inside diameter of the production casing is 16 cm. Heavy oil with a density of 920 kg/m”® and a viscosity
of 9.8 mPa s is in the annular space, flowing upwards. Oil was produced at rate of 13.25 m*/hour.

a) Find an expression for the velocity profile in the annular space assumed filled only with oil.
b) What is the maximum velocity for the oil and at what radial distance is this observed?
c) If the production casing is 450 m long, what shear force acts on the casing?

Question #3 (30 points)

Paper is manufactured manually by a common method. Wood pulp or other fibres form a dilute suspension in water, The fibers
are accumulated in random orientation on a screen mold or wire mesh until a thin coat forms. The coat is laid on a flat surface
and allowed to dry. (Some of the water may be squeezed out by a variety of techniques to accelerate drying.)

In a process of interest, a 40 cm by 40 cm coat of fibres was laid on a flat, horizontal metal plate that is
40 cm wide by 60 cm long. Air at 20°C that has moisture at a mole fraction of 0.012 is blown over the
surface in a direction normal to the width of the plate and parallel to it. The coat was at the back so that
there was a 20 cm long section free of water at the leading edge. The free stream velocity was 0.5 m/s.
The temperature of the plate was maintained at 20°C as water evaporated into the air and is carried off.
The initial layer of free water on the plate was uniform at 0.5 mm thickness. As the water vaporized at a
faster rate at the front end, water is drawn forward by capillary or wicking action (as for a paper towel)
to keep all the paper hydrated until all the water is gone. The room pressure was 680 mm Hg.

a) Show how you would estimate the time required to remove all the free water from the coat?
Use the integral method and show your derivations. Neglect the volume of the fibers.
b) (Bonus 5 pts only after doing part a) To evaporate the water faster, is it preferable to increase
the temperature of the air and plate to 26°C or to increase the air free stream velocity by 50%?
Data:
Vapor pressure of water at 20°C = 17.5 mm Hg; at 26°C = 25.2 mm Hg; Density of air = 1.205 kg/m*;
Viscosity of air = 0.018 mPa. s; Diffusivity of water vapor in air = 2.16 (10°) m?/s. Density of liquid water
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at 20°C = 998 kg/m?, at 26°C = 996.8 kg/m>. Molar mass of water = 18.016 g/mole. The universal gas
constant is 8.314 J/mole K.

Question #4 (15 points)

Samples of a sport drink were taken off an assembly line at random for testing. The specification is that
each bottle contains less than 10 mg of impurities. The levels of impurities (in mg) from laboratory
reports are as follows:

8.2,8.7,9.8,10.1, 10.5, 8.9, 9.4, 8.3, 10.3, 16.1, 9.7, 10.9, 9.8, 8.1, 11.2, 10.3, 9.6, 9.9, 12, 11.5, 9.1, 11.7,
8.9,9.6,9.9

What are the average and best estimate of standard deviation?
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