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1. In the figure, which material has the higher thermal conductivity? Why?

2. Find the heat loss per m2 of surface through a brick wall 0.5 m thick when the inner surface is at 400 K and the outside at 310; the thermal conductivity of the brick may be taken as 0.7 W/m.K.

3. A square silicon chip 7 mm by 7 mm in size and 0.5 mm thick is mounted on a plastic substrate. The top surface of the chip is cooled by a synthetic liquid flowing over it. Electronic circuits on the bottom of the chip generate heat at a rate of 5 watts that must be transferred through the chip. Estimate the steady-state temperature difference between the front and the back surfaces of the chip. The thermal conductivity of silicone is 150 W/ m K.

4. Heat is transferred at a rate of 0.1 kW through glass wool insulation (density = 100 kg/m3 ) of 5 cm thickness and 2 m2 area. If the hot surface is at 70 ºC, determine the temperature of the cooler surface.

5. Calculate the heat loss through a 1-m by 3-m glass window 7 mm thick if the inner surface temperature is 20 ºC and the outer surface temperature is 17 ºC. Comment on the possible effect of radiation on your answer.

6. A wall of a furnace 0.244 m thick is constructed of material having a thermal conductivity of 1.3 W/m. K. The wall is insulated on the outside with material having an average k of 0.346 W/m.K, so that the heat loss from the furnace will be equal to or less than 1830 W/m2. The inner surface temperature is 1588 K and the outer 299 K. Calculate the thickness of insulation required.

King Saud University
ChE 313

College of Engineering
Tutorial # 2, 

Chemical Engineering Dept.
Section no:


Heat Transfer Operations

Good Luck 

Dr. Anis H. Fakeeha

1 Wearing layers of clothing in cold weather is often recommended because dead-air spaces between the layers keep the body warm.  The explanation of this is that the heat loss from the body is less. Compare the rate of heat loss for a single ¾-in. thick layer of wool (k= 0.02 Btu/hr ft  ºF) with three ¼-in.layers separated by 1/16-in. air gaps. The thermal conductivity of air is 0.014 Btu/hr ft  ºF.

2 A section of a composite wall with the dimensions shown in fig. (1) has uniform temperatures of 200 ºC and 50 ºC over the left and the right surfaces, respectively. If the thermal conductivities of the wall materials are: kA =70 W/m K, kB = 60W/m K, kC = 40W/m K, and kD = 20W/m K, determine the rate of heat transfer through this section of the wall and the temperatures at the interfaces if a contact resistance of 0.1 K/W at each of the interfaces exists.  

3 Mild steel nails were driven through a solid wood wall consisting of two layers, each 2.5 cm thick, for reinforcement. If the total cross-sectional area of the nails is 0.5%  of the wall area, determine the unit thermal conductance of the composite wall and the percent of the total heat flow that passes through the nails when the temperature difference across the wall  is 25  ºC. Neglect contact resistance between the wood layers.
4 A cylindrical liquid oxygen (LOX) tank has a diameter of 4 ft, a length of 20 ft, and hemispherical ends. The boiling point of LOX is –297 ºF. An insulation is sought that will reduce the boil-off rate in the steady state to no more than 25 lb/hr. The heat of vaporization of LOX is 92 Btu/lb. If the thickness of  this insulation is to be no more than 3 in., what would the value of its thermal conductivity have to be?  
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1. A steel pipeline, 2-in. schedule 40 pipe, contains saturated steam at 121.1 ºC. The line is insulated with 25.4 mm of asbestos. Assuming that the inside surface temperature of the metal wall is at 121.1 ºC and the outer surface of the insulation is at 26.7 ºC, calculate the heat loss for 30.5 m of pipe. Also, calculate the kg of steam condensed per hour in the pipe due to the heat loss. The average k for steel is 45W/m.K 

2. A glass window with an area of 0.557 m2 is installed in the wooden outside of a room. The wall dimensions are 2.44 x 3.05 m. The wood has a k of 0.1505 W/m.K and is 25.4 mm thick. The glass is 3.18 mm thick and has a k of 0.692. The inside room temperature is 299.9 K (26.7 ºC) and the outside air temperature is 266.5 K. The convection coefficient hi on the inside wall of the glass and of the wood is estimated as 8.5 W/m2 .K and the outside ho also as 8.5 for both surfaces. Calculate the heat loss through the wooden wall, through the glass, and the total.

3. A submarine is to be designed to provide a comfortable temperature of no less than 70 ºF for the crew. The submarine can be idealized by a cylinder 30 ft in diameter and 200 ft in length, as shown in fig. (1) below. The combined heat transfer coefficient on the interior is about 2.5 Btu/hr ft2 ºF, while on the outside the heat transfer coefficient is estimated to be 10 Btu/hr ft2 ºF (not moving). For the following wall constructions, determine the minimum size (in kilowatts) of the heating unit required if the seawater temperature is 34 ºF. The walls of the submarine are:

a)   1/2 in. aluminum,

b) 3/4-in. stainless steel with a 1-in.-thick layer of fiberglass insulation on the inside, and

c) of sandwich construction with a ¾-in.-thick layer of stainless steel, a 1-in.-thick layer of fiberglass insulation, and a ¼-in. thickness of aluminum on the inside. What conclusion can you draw?
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1. A gas at 450 K is flowing inside a 2-in. steel pipe, schedule 40. The pipe is insulted with 51 mm of lagging having a mean k = 0.0623 W/m. K. The convective heat-transfer coefficient of the gas inside the pipe is 30.7 W/m2. K and the convective coefficient on the outside of the lagging is 10.8. The air is at a temperature of 300 K.

a) Calculate the heat loss per unit length of 1 m of pipe using resistances.

b) Repeat using the overall Uo based on the outside area Ao.

2. A metal steam pipe having an outside diameter of 30 mm have a surface temperature of 400 K and is to be insulated with an insulation having a thickness of 20 mm and k of 0.08 W/m. K. The pipe is exposed to air at 300 K and  a convection coefficient of 30 W/m2. K.

a) Calculate the critical radius and the heat loss per m of length for the bare pipe.

b) Calculate the heat loss for the insulated pipe assume that the surface temperature of the pipe remains constant.

3. Heat is being generated uniformly by a chemical reaction in a long cylinder of radius 91.4 mm. The generation rate is constant at 46.6 W/m3. The walls of the cylinder are cooled so that the wall temperature is held at 311.0 K. The thermal conductivity is 0.865 W/m. K. Calculate the center-line temperature at steady state.

4. A composite refrigerator wall is composed of 2-in. of corkboard sandwiched between a ½ in.-thick layer of oak and a 1/32- in. thickness of aluminum lining on the inner surface. The average convection heat transfer coefficients at the interior and exterior wall are 2 and 1.5 Btu/ hr ft2 ºF, respectively.

a) Draw the thermal circuit.

b) Calculate the individual resistances of the components of this composite wall and the resistance at the surfaces.

c) Calculate the overall heat transfer coefficient through the wall.

d) For an air temperature of 30 ºF inside the refrigerator and 90 ºF outside, calculate the rate of heat transfer per unit area through the wall.  

5. A home owner wants to replace an electric hot-water heater. There are two models in the store. The inexpensive model cost $280 and has no insulation between the inner and the outer wall. Due to natural convection the space between the inner and the outer wall have an effective conductivity three times that of air. The more expensive model cost $310 and has fiberglass insulation in the gap between the walls. Both models are 3.0 m tall and have a cylindrical shape with an inner wall diameter of 0.6 m and a 5 cm gap. The surrounding air is at 25 ºC, and the convection heat transfer coefficient on the outside is 15 W/m2 K. The hot water inside the tank results in an inside wall temperature of 60 ºC.
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1. A loaf of bread having a surface temperature of  373 K is being baked in an oven whose walls and air are at 477.4 K. The bread moves continuously through the large oven on an open chain belt conveyor. The emissivity of the bread is estimated as 0.85 and the loaf can be assumed a rectangular solid 114.3 mm high x 114.3 mm wide x 330 mm long. Calculate the radiation heat-transfer rate to the bread, assuming that it is small compared to the oven and neglecting natural convection heat transfer.

     Ans.  q = 278.4 W (950 Btu/h)

2. A horizontal  oxidized steel pipe carrying steam and having an OD of 0.1683 m has a surface temperature of 374.9 K and is exposed to air at 297.1 K in a large enclosure. Calculate the heat loss for 0.305 m of pipe from natural convection plus radiation. For the steel pipe use an ε of 0.79.

    Ans.   q = 163.3 W (557 Btu/h)

3. A space satellite in the shape of sphere is traveling in outer space, where its surface temperature is held at 283.2 K the sphere “sees” only outer space, which can be considered as a black body with a temperature of 0 K. The polished surface of the sphere has an emissivity of 0.1. Calculate the heat loss per m2 by radiation.

    Ans. q12/A1 =36.5W/m2

4. A plane surface having an area of 1.0 m is insulated on the bottom side and is place on the ground exposed to the atmosphere at night. The upper surface is exposed to air at 290 K and the convective heat-transfer coefficient from the air to the plane is 12 W/m2. K. The plane radiates to the clear sky. The effective radiation temperature of the sky can be assumed as 80 K. If the plane is a black body, calculate the temperature of the plane at equilibrium.

          Ans. T = 266.5 K = -6.7 ºC 

5. A 1 m x 1 m square solar collector is placed on the roof of a house. The collector receives a solar radiation flux of 800 W/m2. Assuming that the surroundings acts as a blackbody at an effective sky temperature of 30 ºC, calculate the equilibrium temperature of the collector (a) assuming its surface is black and that conduction and convection are negligible and (b) assuming that the collector is horizontal and loses heat by natural convection.

6. A thin layer of water is placed in a pan 1 m in diameter in the desert. The upper surface is exposed to 300 K air, and the convection heat transfer coefficient between the upper surface of the water and the air is estimated to be 10 W/m2.K. The effective sky temperature depends on atmospheric conditions and is often assumed to be 0 K for a clear night and 200 K for a cloudy night. Calculate the equilibrium temperature of the water on a clear night and a cloudy night.

7. A thermocouple is used to measure the temperature of a flame in a combustion chamber. If the thermocouple temperature is 1033 K and the walls of the chamber are at 700 K, what is the error in the thermocouple reading due to radiation to the walls? Assume all surfaces are black an and the convection coefficient is 568 W/m2.K on the thermocouple.
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1. A 1 m x 1 m square solar collector is placed on the roof of a house. The collector receives a solar radiation flux of 800 W/m2. Assuming that the surroundings acts as a blackbody at an effective sky temperature of 30 ºC, calculate the equilibrium temperature of the collector (a) assuming its surface is black and that conduction and convection are negligible and (b) assuming that the collector is horizontal and loses heat by natural convection.

2. A thin layer of water is placed in a pan 1 m in diameter in the desert. The upper surface is exposed to 300 K air, and the convection heat transfer coefficient between the upper surface of the water and the air is estimated to be 10 W/m2.K. The effective sky temperature depends on atmospheric conditions and is often assumed to be 0 K for a clear night and 200 K for a cloudy night. Calculate the equilibrium temperature of the water on a clear night and a cloudy night.

3. Calculate the equilibrium temperature of a thermocouple in a large air duct if the air temperature is 1367 K, the duct wall temperature is 533 K, the emissivity of the thermocouple is 0.5, and the convection heat transfer coefficient, hc is 114 W/m2.K.

4. A thermocouple is used to measure the temperature of a flame in a combustion chamber. If the thermocouple temperature is 1033 K and the walls of the chamber are at 700 K, what is the error in the thermocouple reading due to radiation to the walls? Assume all surfaces are black an and the convection coefficient is 568 W/m2.K on the thermocouple.
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1. Air at a pressure of 101.3 kPa and a temperature of 288.8 K is flowing over a thin, smooth flat plate at 3.05 m/s. The plate lengthin the direction of flow is 0.305 m and is at 333.2 K. Calculate the heat transfer coefficient assuming laminar flow.

2. Cold air –28.9 ºC and 1 atm is re-circulated at a velocity of  0.61 m/s over the exposed top flat surface of a piece of frozen meat. The sides and the bottom of this rectangular slab of meat are insulated and the top surface is 254 mm by 254 mm square. If the surface of the meat is at –6.7 ºC, predict the average heat-transfer coefficient of the square. As an approximation, assume that either equation (4.6-2) or (4.6-3) can be used, depending on the NRe L.
3. A reaction mixture having a CPM = 2.85 kJ/kg.K is flowing at a rate of 7260 kg/h and is to be cooled from 377.6 K to 344.3 K. cooling water at 288.8 K is available and the flow rate is 4536 kg/h. The overall Uo is 653 W/m.K.

· For counter flow, calculate the outlet water temperature and the area Ao of the exchanger.

· Repeat for co-current flow.

4. Air at a temperature of 290 K is being heated in a heat exchanger and flowing in a tube at a mass velocity of 24 kg/m2s. Waste gases flowing outside the tube enters at a rate of 2.7 gm/s and a temperature of 480 K is used to heat air. The average bulk temperature of the air is considered to be 320 K and its mass flow rate and physical properties are the same as the waste gases flowing outside the tube. The average inside wall temperature is given by:

Tw = Tai + 0.8 (Tbw –Tba)

Where:

Tai inlet air temperature (K)

Tbw average bulk temperature of waste gases (K)

Tba average bulk temperature of air (K).

Calculate:

· The outlet temperature of air and waste gases.

· The average wall temperature (T).

· The inside heat transfer coefficient.

· The length of tube of the heat exchanger.

· The log mean temperature difference and comment on that value.

· The outside heat transfer coefficient, assuming that the wall of the metal tube is very thin.

The physical properties of air and waste gases:

	T (K)
	Thermal conductivity (W/mK)
	Viscosity gm/ms

	250
	0.022
	0.0165

	320
	0.028
	0.0193

	370
	0.030
	0.0214

	420
	0.033
	0.0239

	480
	0.037
	0.0260


CP = 1.00 kJ/Kg K

Heat transfer data:

For NRe , 2100,   NNu =1.86 ( NRe NPr D/L)1/3 (Mb/Mw)0.14
For NRe > 10000, NNu = 0.023 NRe0.8 NPr1/3 (Mb/Mw)0.14
5. A liquid metal bismuth at a flow rate of 2.0 kg/s enters a tube having an inside diameter of 35 mm at 425 ºC and is heated to 430 ºC in the tube. The tube wall is maintained at a temperature of 25 ºC above the liquid bulk temperature. Calculate the tube length required. The physical properties are as follows:

k = 15.6 W/m.K, CP = 149 J/kg. K, μ = 1.34 x 10-3 Pa..
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1. Oil flowing at a rate of 5.04 kg/s (cpm = 2.09 kJ/kg.K) is cooled in a 1-2 heat exchanger from 366.5 K to 344.3 K by 2.02 kg/s of water entering at 282.2 K. The overall heat transfer coefficient Uo is 340 W/m2.K. Calculate the area required. (Hint: A heat balance must first be made to determine the outlet water temperature.)

2. Water is flowing at the rate of 1.13 kg/s in a 1-2 shell-and-tube heat exchanger and is heated from 45 ºC to 85 ºC by an oil having a heat capacity of 1.95 kJ/kg.K. The oil enters at 120 ºC and leaves at 85 ºC. Calculate the area of the exchanger if the overall heat-transfer coefficient is 300 W/m2.K.

3. Hot oil at a flow rate of 3.00 kg/s (cp = 1.92 kJ/kg.K) enters an existing counter-flow  exchanger at 400 K and is cooled by water entering at 325 K (under pressure) and flowing at a rate of 0.70 kg/s. The overall U = 350 W/m2.K and A = 12.9 m2. Calculate the heat-transfer rate and the exit oil temperature.

