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University of Calgary ' a¥ i
Department of Chemical & Petroleum Engineering W
ENCH 501: Mathematical Methods in}ChemicaI Engineering /
Final Examination, Fall 2004
Time: Noon -3 pm - Thursday, December 16, 2004
Instructions: Attempt All Questions.

Use of Electronic Calculators allowed.
Open Notes, Open Book Examination.

Problem #1 (20 points)

The coffee maker is a simple, yet ingenious device. A fixed volume of water is poured or admitted into a “bucket” or chamber
in the device. Water flows, by gravity, through a hole in the bottom of the bucket into a plastic tube attached to a spout. This
tube extends to below the “warmer plate” and is joined to an aluminium “heating” tube. The metal tube is coiled under the
warmer plate. An electric heating element is bonded between the warmer plate above and the coiled tube below. Thus, as the
water flows through, it is heated by the element. (It may be assumed that the heat flux at the wall is constant along the length
of the coiled metal tube.) At the outlet, the coiled metal tube is connected to another plastic tube which then conveys the
water back up to the drip tap and over coffee grinds placed on a filter in a funnel. The warmer plate on which the brewed--

coffee pot is placed is directly under the funnel. For this problem, the focus will only be on the heating of the water by the
element.

Water is admitted into the bucket at 15°<C. The heating tube has
an outside diameter of %2 inch. The wall thickness is 1/16 inches. oRP

The total power delivered by the heating element is 500 W and the L

heat flux along the metal tube wall is assumed uniform, i.e. Quw is AT AL 43
constant. The length L of the heating tube is 40 cm and both the
velocity and temperature profiles are assumed fully developed.
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(a) If the water is heated to a mix-cup or bulk mean value of 45°C
at the outlet of the heating tube, estimate the minimum time

required to brew a litre of coffee. identify and justify the assumptions 1 —aft A
in your analysis. {,,(, . km‘mg e
e

(b) Estimate the temperature of the wall of the heating tube at a

L2. ".._r‘t_m f Hestor

Data:

Properties of water (av.) - p =995.6 kg.m*; C,=4.186 kd/kg K ;
u=08mPas;k=0615WmK

1inch =25.4 mm Assume k for aluminium is very high.
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Problem #2 (30 points)

People are prepared to go to great lengths for a bright-white smile. Tooth enamel whitening is a popular cosmetic procedure.
Enamel is the crown or outermost part of a tooth. It is the hardest substance in the body. It has a porous structure made up

of 87 volume % of hydroxyapatite crystals (a mineral made of calcium phosphate), 2 volume % organic solids and 11 volume

% water. (Some recent studies suggest that the mineral content mayibelasihighlasl oS NN el anieiaiicknesSIVallcSIOvEil

the crown and for the different types of teeth. For the present analysis, an average thickness of 1.6 mm will be assumed.
(Underneath the enamel is the dentin with 48% minerals, 28% organics and 24% water. The dentine has the largest volume
in the teeth and it protects nerve endings and blood capillaries.) Because of its porosity, coloured chemicals such as tannins,
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polyphenois and other pigments from tobacco, coffee, red wine and biueberry amongst others penetrate and stain the
enamel below the surface. Teeth whitening is done by using gels containing a bleaching agent, hydrogen peroxide (H,0,),
which releases active oxygen radicals required to breakup the coloured chemicals. Liquid H,0, is seldom used. Carbamide
peroxide, a compound of urea and H,0O, with 33% H,0, by weight also used for bleaching hair, is mostly applied.

For a procedure professionally done by a dentist, a gel containing H,O, which yields 20 mol % oxygen
radical (O°) in water (on dissociation) was applied to cover the teeth. The radical diffused into the
enamel (assumed flat, 1.6 mm thick and with 11 volume % water) and, after 15 minutes, just reached
the inner surface of the enamel. Assume the water in the enamel is not mobile.

(@) Derive an expression for the concentration of the oxygen radical in the enamel as a function of
time in the first 15 minutes. You may assume that the concentration at the outer surface is
constant and neglect any chemical reactions. Use the integral method.

(b) Estimate the diffusivity (D,g) of the radical in the water within the enamel.

Data:

Problem #3 (30 points)

The bottom product of atmospheric distillation columns for crude oil is usually tar which, when it cools
down, becomes very viscous and difficult to pump. At a refinery near a big river, the taris to be
pumped to a barge and transported to another plant for cracking and further processing. It was
decided that the steel transfer pipe from the refinery to the dock be kept warm by passing an electric
current through its uninsulated wall. The rate of heat generation per unit volume is given as g+. The
outside radius of the pipe is R and the inside radius is kR. It is assumed that inside the pipe, the
velocity profile is fully developed. The internal flow condition is also such that there is not net heat
exchange between the tar and the pipe wall at any location, i.e. the tar temperature remained
constant from the pipe inlet to the outlet. Outside the pipe, the tempeature of air is constant at T. and
the heat transfer coefficient on the outside is h,, a constant.

nrough the pipe waii. Show aii your steps.

Problem #4 (20 points)

(a) Data for the terminal velocity U of a spherical particle of diameter D falling through a fluid of
density p and viscosity y, under a net “force” relating gravity effect on mass to buoyancy
d(p, — p), are to be correlated. Determine the dimensionless groups.

(b) Maple syrup is made by concentrating (evaporating off water from) the sap tapped from maple
trees. Approximately 40 litres of sap yields 1 litre of syrup. If the sugar content of the sap
is 3% by weight, estimate the sugar content of the syrup. State your assumptions.
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