16-CHEM-A3, HEAT and MASS TRANSFER

DECEMBER 2019

Three Hours 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. One textbook of your choice with notations listed on the margins
etc., but no loose notes are permitted into the exam. Candidates may use any non-

communicating calculator.
4) All problems are worth 25 points. At least two problems from each part must be attempted.

5) Only the first two questions as they appear in the answer book from each section will be

marked.

1of7



1y
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PART A - HEAT TRANSFER

A solution containing 500 kg of Na2SOx in 2500 kg of water is cooled from 50 °C to 10
°C in an agitated mild steel vessel of mass 750 kg. At 10 °C, the solubility of the
anhydrous salt is 8.9 kg per 100 kg of water and the stable crystalline phase is
Na2,;S04.10H,0. If 2% of the water initially present is lost by evaporation during cooling,

estimate the heat that must be removed.

DATA: Heat of solution at 18 °C = -78.5 kJ/mol
Specific heat capacity of Na2SO4 solution = 3.6 kl/kg K

Specific heat capacity of mild steel = 0.5 kJ/kg K
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A vertical plate (15 cm x 15 cm) at 40 °C is exposed to ambient still air at 20 °C. Compare
the free convection heat transfer rate from the plate to the forced convection heat transfer
rate that would result at a velocity equal to twice the maximum velocity under free
convection conditions. The thermo-physical properties of dry air at atmospheric pressure are

given below:

T P Iz K Chp p/un - g8/(va) a

(K1 [&] [0-2p] [0 Gk [1002] [10° 2] [ro-o=
200 17690  13.36 1810 10064 1324 638.6 10.17
210 16842 1392 1895  1006.1 1210 505.2 11.18
220 16071 1447 1980 10057 1111 404.2 12.25
230 15368 1501 2063 10056 1024 327.0 13.35
240 14728 1554 2145 10055 948 267.3 14.49
250 14133 16.06 2226 10054 880 220.4 15.67
260 13587 1657 2305 10055 820 183.3 16.87
270 13082 1707 2384 10055 766 153.6 18.12
280 12614 1757 2461 10057 718 129.6 19.40
200 12177 1805 2538 10060 675 110.1 20.72
300 11769  18.53 26.14 10063 635 94.1 22.07
310 11389 19.00 2687 10068 599 80.9 23.43
320 11032 19.46 2759 1007.3 567 70.0 24.83
330 10697  19.92 2830 10079 337 608 26.25
340 10382 20.37 2000 10085 510 53.1 27.70
350 10086  20.81 2070 10092 485 46.5 29.18
360 09805  21.25 3039 10100 461 41.0 30.69
370 09539 21.68 3107 10109 440 36.2 32.22
380 09288 2211 3173 10120 420 32.1 33.76
390 09050 2252 3239 10130 402 28.6 35.33
400 08822 2294 3305 10142 385 25.5 36.94
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A shell-and-tube heat exchanger consists of 120 tubes of 22-mm internal diameter and length
of 2.5 m. It is operated as a single-pass condenser with benzene condensing at a temperature
of 350 K on the outside of the tubes and water at inlet temperature of 290 K passing through
the tubes. Initially there is no scale on the walls, and a rate of condensation of 4 kg/s is
obtained with a water velocity of 70 cm/s through the tubes. After prolonged operation, a
scale resistance of 2 x 10* m? K/W is formed on the inner surface of the tubes. Assuming
the heat transfer coefficient on the water side is proportional to 0.8 power of velocity and the
heat transfer coefficient for condensing vapor is 2.25 kW/m? K based on the inside area, to
what value must the water velocity be changed in order to maintain the same rate of

condensation? The latent heat of vaporization of benzene is 400 kJ/kg.
DATA: Specific heat capacity of feed = 3.98 kl/kg.K

Latent heat of condensing steam at 202.65 kPa = 2202 kl/kg
Latent heat of vaporization of water 333 K = 2383 kJ/kg
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PART B - MASS TRANSFER

A 4 cm® mixture formed by adding 2 cm® of acetone (CH3-CO-CHs) to 2 cm’ dibutyl
phthalate (CO2C4Hy-CsHe-CO2C4Hy) is contained in a 6 mm diameter vertical glass tube
immersed in a thermostat maintained at 42 °C. A stream of air at 42 °C and 101.325 kPa
pressure is passed over the open top of the tube to maintain a zero-partial pressure of acetone
vapor at that point. The liquid level is initially 11.5 mm below the top of the tube and the
acetone vapor is transferred to the air stream by molecular diffusion alone. The dibutyl
phthalate can be regarded as completely non-volatile and the partial pressure of acetone
vapor may be calculated from Raoult’s law on the assumption that the density of dibutyl

phthalate is sufficiently greater than that of acetone for the liquid to be completely mixed.

Assuming the vapor is ideal and neglecting the effects of bulk flow in the vapor, calculate

the time taken for the liquid level to fall to 5 cm below the top of the tube.

DATA:  Vapor pressure of acetone at 42 °C = 60.5 kPa
Diffusivity of acetone vapor in air at 42 °C = 0.123 cm?/s
Density of liquid acetone = 764 kg/m?
Density of liquid dibutyl phthalate = 1048 kg/m’
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2)  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) Pro3

where h - heat-transfer coefficient D - diameter of cylinder
k > thermal conductivity of cylinder Re = Reynolds number =D vp/p
Pr = Prandtl number = C, wk C, - specific heat capacity of liquid
w —> 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 (k) at 27 °C for the dissolution of sodium chloride from
a cast cylinder (diameter = 1.5 cm) made of solid sodium chloride (N aCl) and placed

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

DATA: Binary liquid diffusivity (Das) at 18 °C = 1.26 x 10 cm?/s
Viscosity of water at 18 °C = 1.073 x 10 Pa.s
Viscosity of water at 27 °C = 8.76 x 10* Pa.s

Density of water = 996 kg/m’
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A mixture of benzene and toluene containing 44% mass of benzene is separated in a
distillation column at 1 atm and reflux ratio of 4 to give a product of 96% mass benzene and
a waste of 4% mass toluene. The equilibrium mole fraction data for benzene at 1 atm pressure

is as follows:

Vapor Mole Fraction Liquid Mole Fraction
0.21 0.1
0.37 0.2
0.51 0.3
0.64 0.4
0.72 0.5
0.79 0.6
0.86 0.7
0.91 0.8
0.96 0.9
0.98 0.95

(a) Calculate the mole fraction on the second plate of the distillation column from the top.

(b) Determine the number of plates required and the position of the feed if supplied to the

column as liquid at its boiling point of 95 °C.
(¢) Find the minimum reflux ratio possible.
(d) Find the minimum number of plates required.

(e) If the feed is fed to the distillation column at 15 °C, find the number of plates required

if the reflux ratio remains unchanged.
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