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Air enters a 7-m-long section of a rectangular duct of cross section 15 cm by 20 cm at 50°C at an average velocity of 7 m/s. If the walls of the duct are maintained at 10°C, determine (a) the outlet temperature of the air, (b) the rate of heat transfer from the air, and (c) the fan power needed to overcome the pressure losses in this section of the duct.
We want to evaluate the properties at the mean of the inlet and exit temperatures, but we do not know the outlet temperature.  For an accurate answer we would have to iterate the solution until the properties that we guessed were at the correct mean temperature.  Since the temperature dependence of the properties is not very strong for small temperature differences as those expected here where there is only a 40oC difference between the air and the surface temperature, we can guess the fluid mean temperature and expect that that will be close to the required mean temperature.  Since out property tables have data at 40oC, let us assume that this is the mean temperature of the fluid and find the properties at this temperature from Table A-15: k = 0.02662 W/m(oC,  = 1.127 kg/m3,  = 1.702x10-5 m2/s, cp = 1007 J/kg·oC, and Pr = 0.7255.
We first find the hydraulic diameter to use in the calculation of the Reynolds number.
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This means that the flow is turbulent in the duct.  The entry length is about ten times the hydraulic diameter or 0.1714 m.  This is just over 2% of the duce length of 7 m so we can simply ignore the entrance region and compute the heat transfer for the entire duct using Gnielinski equation for fully developed turbulent flow to find the Nusselt number
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Where we find the friction factor from the first Petukhov equation
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We then use this Nusselt number to find the heat transfer coefficient.
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Next, we find the exit temperature of the air by computing the number of transfer units, NTU, and substituting that NTU value into the equation for exponential behavior of the fluid temperature.  To calculate the NTU we need the surface area for heat transfer, which is the area of the four sides; this total area can be computed by multiplying the length of 7 m times the perimeter of 2(20 cm + 15 cm) = 70 cm = 0.7 m, giving a heat transfer area, As = 4.9 m2.  We also need the mass flow rate, which we can calculate as follows.
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We can now compute the NTU and the exit temperature.
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At this point we should repeat the calculations using properties evaluated at a mean fluid temperature of (50oC + 35.7oC)/2 = 42.85oC.  However, this is so close to the assumed mean temperature of 40oC that we can assume that the second iteration will give essentially the same result as the first, and declare our final temperature to be 35.7oC.

We can find the heat transfer by using h and the log-mean temperature difference or by using the first law.  Here we use the first law because it is simpler.
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We can check this using the log mean temperature difference.
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As expected we get the same result for the heat transfer by either method.

The fan power is given by 
[image: image13.wmf]m

&

p/, and the pressure drop is found from the friction factor.
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8-63E
Water at 60°F is heated by passing it through 0.75-in internal-diameter thin-walled copper tubes.  Heat is supplied to the water by steam that condenses outside the copper tubes at 250°F.  If water is to be heated to 140°F at a rate of 0.4 lbm/s, determine (a) the length of the copper tube that needs to be used and (b) the pumping power required to overcome pressure losses.  Assume the entire copper tube to be at the steam temperature of 250°F.

We find the properties for water at a mean temperature of (140oF + 60oF)/2 = 100oF from Table A-9E: k = 0.363 Btu/h·ft(oF,  = 62.0 lbm/ft3,  = / = 0.738x10-5 ft2/s, cp = 0.999 Btu/lbm·oF, and Pr = 6.14.

The diameter, D = 0.75 in = 0.0625 ft so the cross sectional area, Ac = D2/4 = (0.0625 ft)2/4 = 0.003068 ft2.  We can find the velocity and then use it to compute the Reynolds number.
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This is a turbulent flow, so the entry length is about 10 diameters or 7.5 in = 0.633 ft.  We can assume that this is short compared to the overall length that we are trying to find and use the equations for fully developed turbulent flow.  We can check this assumption after we get our answer for the length of the tubes.  We can use the Gnielinski equation for fully developed turbulent flow to find the Nusselt number
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Where we find the friction factor from the first Petukhov equation
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We then use this Nusselt number to find the heat transfer coefficient.
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Since we know the exit temperature of the water, we can compute the number of transfer units, NTU, and from that compute the required heat transfer area, As = DL.  Since we know the diameter, D, we will be able to calculate the desired length from As.  From the equation for the exit temperature we find NTU as follows.
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We can find the NTU for the temperature data of this problem.
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From the definition of NTU we can find the surface area for heat transfer and the required length.
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L = 5.42 ft
This length is nearly nine times the entry length of 0.633 ft so we are justified in our original assumption to treat the heat transfer as fully developed turbulent flow.

An alternative approach is to use the first law expression to find the heat transfer and then to find the log-mean temperature difference and finally the area and length.
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The log-mean temperature difference is
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We can now complete the calculation of the area and the length to check our original answer.
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L = 5.42 ft
As expected we get the same result for the heat transfer by either method.

The fan power is given by 
[image: image28.wmf]m

&

p/, and the pressure drop is found from the friction factor.
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[image: image68.emf]9-29
Consider a 15-cm by 20-cm printed circuit board (PCB) that has electronic components on one side.  The board is placed in a room at 20oC.  The heat loss from the back surface of the board is negligible.  If the circuit board is dissipating 8 W of power in steady operation, determine the average temperature of the hot surface of the board, assuming the board is (a) vertical; (b) horizontal with hot surface facing up; and (c) horizontal with hot surface facing down.  Take the emissivity of the surface of the board to be 0.8 and assume the surrounding surfaces to be at the same temperature as the air in the room.
Here we have free convection plus radiation from a flat surface that is dissipating the 8 W of power generated by the circuit board.  The radiation properties are given for a small body in a large enclosure where the reradiating surfaces are at the same temperature as the room air, T(.
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The heat flux can be computed from the data on the heat dissipation and the dimensions of the circuit board.
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We have to know the surface temperature to find the average temperature for evaluating the properties and for computing the Grashof or Rayleigh number.  We will have to start with a guessed surface temperature and then check the results at the end of the computation.

If we start with a guessed temperature of 45oC, we find the properties for air at the mean temperature of (45oC + 20oC)/2 = 32.5oC from Table A-15: k = 0.02607 W/m(oC,  = 1.127 kg/m3,  = 1.631x10-5 m2/s, and Pr = 0.7275.  At the mean temperature of 32.5oC = 305.65 K, the expansion coefficient,  = 1/T = 0.003272 K-1.  For the vertical position we can use equation 9-21 from Çengel to find the Nusselt number for any Rayleigh number.  The Rayleigh number for our problem can be calculated for the guessed surface temperature of 45oC, which gives a T of 45oC – 20oC = 25oC = 25 K to be used in the Rayleigh number.  The problem statement is not clear about the orientation of the board so we will assume that the 20 cm direction is the vertical dimension so L = 20 cm = 0.2 m in the Rayleigh number.
We compute, in turn, the Rayleigh number, the Nusselt number, and the heat transfer coefficient.
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We now have all the data required to compute the surface temperature.
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Using an iterative solution procedure such as the goal seek method of Excel gives the solution to this equation as Ts = 319.77 K = 46.6oC.  We could repeat the calculation with this value of Ts to compute the properties and the Rayleigh number, but the differences will be negligible.  Thus we conclude that the surface temperature for the vertical installation is Ts = 46.6oC.

When the board is mounted horizontally with the hot surface facing up, the characteristic length is the area divided by the perimeter.  We use this length to find the Rayleigh number, continuing to use a guessed surface temperature of 45oC so our properties do not change.
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For this Rayleigh number we use equation 9-22 in Çengel to find the Nusselt number and the heat transfer coefficient.
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We now have all the data required to compute the surface temperature.
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Using an iterative solution procedure such as the goal seek method of Excel gives the solution to this equation as Ts = 315.75 K = 42.6oC.  We could repeat the calculation with this value of Ts to compute the properties and the Rayleigh number, but the differences will be negligible.  Thus we conclude that the surface temperature for the horizontal installation with the hot surface facing up is Ts = 42.6oC.

For the hot surface facing down, the surface temperature is likely to be higher and we will start with a higher assumed surface temperature of 50oC; we find the following properties for air at the mean temperature of  (50oC + 20oC)/2 = 35oC from Table A-15: : k = 0.02625 W/m(oC,  = 1.655x10-5 m2/s, and Pr = 0.7268.  At the mean temperature of 35oC = 308.15 K, the expansion coefficient,  = 1/T = 0.003245 K-1.  The characteristic length is the same as for the plate facing upward found previously, Lc = 0.04286 m.  The Rayleigh number can now be found.
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For this Rayleigh number we use equation 9-24 in Çengel to find the Nusselt number and the heat transfer coefficient.
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We now have all the data required to compute the surface temperature.
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Using an iterative solution procedure such as the goal seek method of Excel gives the solution to this equation as Ts = 323.47 K = 50.3oC. This is close enough to our assumed surface temperature of 50oC that we can conclude that the surface temperature hot surface facing downward is Ts = 50.3oC.

9-39
During a visit to a plastic sheeting plant, it was observed that a 60-m-long section of a 2-in nominal (6.03-cm outer- diameter) steam pipe extended from one end of the plant to the other with no insulation on it.  The temperature measurements at several locations revealed that the average temperature of the exposed surfaces of the steam pipe was 170oC, while the temperature of the surrounding air was 20oC.  The outer surface of the pipe appeared to be oxidized, and its emissivity can be taken to be 0.7.  Taking the temperature of the surrounding surfaces to be 20oC also, determine the rate of heat loss from the steam pipe.  Steam is generated in a gas furnace that has an efficiency of 78 percent, and the plant pays $1.10 per therm (1 therm = 105,500 kJ) of natural gas.  The plant operates 24 h a day 365 days a year, and thus 8760 h a year.  Determine the annual cost of the heat losses from the steam pipe for this facility. 

We can find the properties for air at the mean temperature of (170oC + 20oC)/2 = 95oC from Table A-15: k = 0.0306 W/m(oC,  = 2.2541x10-5 m2/s, and Pr = 0.7122.  At the mean temperature of 95oC = 368.15 K, the expansion coefficient,  = 1/T = 0.002716 K-1.
The Rayleigh number of the cylinder is based on the diameter, D = 6.03 cm = 0.0603 m.  The T for this problem is 170oC – 20oC = 150oC = 150 K.

[image: image46.wmf](

)

(

)

(

)

6

2

2

5

3

2

2

3

10

226

.

1

7122

.

0

10

254

.

2

0603

.

0

150

002716

.

0

80665

.

9

Pr

x

m

x

s

m

K

K

s

m

TD

g

Ra

D

=

÷

÷

ø

ö

ç

ç

è

æ

=

n

D

b

=

-


This value of RaL is in the correct range to use equation 9-25 in Çengel for the Nusselt number from which we can find the heat transfer coefficient.
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The surface area of the pipe is DL = (0.0603 m)(60 m) = 11.73 m2, and the heat transfer by convection and radiation can then be found.
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This heat must be supplied by the 78% efficient furnace.  The furnace efficiency means that the heat input must be 1/.78 of the amount found above.  The annual energy cost is.
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9-47
An incandescent light bulb is an inexpensive but highly inefficient device that converts electrical energy into light. It converts about 10 percent of the electrical energy it consumes into light while converting the remaining 90 percent into heat.  The glass bulb of the lamp heats up very quickly as a result of absorbing all that heat and dissipating it to the surroundings by convection and radiation.  Consider an 8-cm-diameter 60-W light bulb in a room at 25oC.  The emissivity of the glass is 0.9.  Assuming that 10 percent of the energy passes through the glass bulb as light with negligible absorption and the rest of the energy is absorbed and dissipated by the bulb itself by natural convection and radiation, determine the equilibrium temperature of the glass bulb.  Assume the interior surfaces of the room to be at room temperature.

We are modeling the heat transfer from the light bulb as free convection plus radiation from a sphere that is dissipating 54 W (90% of the 60 W produced by the bulb is transmitted to the glass) of power generated by the light bulb.  The radiation properties are given for a small body in a large enclosure where the reradiating surfaces are at the same temperature as the room air, T(.
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The heat flux can be computed from the data on the heat dissipation and the diameter of the sphere, D = 8 cm = 0,08 m.
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We have to know the surface temperature to find the average temperature for evaluating the properties and for computing the Grashof or Rayleigh number.  We will have to start with a guessed surface temperature and then check the results at the end of the computation.

We can start with a guessed temperature of 170oC and find the properties for air at the mean temperature of (170oC + 25oC)/2 = 97.5oC from Table A-15: k = 0.0307 W/m(oC,  = 2.279x10-5 m2/s, and Pr = 0.7116.  At the mean temperature of 97.5oC = 370.65 K, the expansion coefficient,  = 1/T = 0.002698 K-1.  Using the temperature difference of T = 170oC – 25oC = 145oC = 145 K and the sphere diameter of 0.08 m, we can find the Rayleigh number.
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The Rayleigh number and Prandtl number are in the correct range to use equation 9-26 in Çengel to compute the Nusselt number, and then the heat transfer coefficient.
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We now have all the data required to compute the surface temperature.
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[image: image69.emf]Using an iterative solution procedure such as the goal seek method of Excel gives the solution to this equation as Ts = 442.56 K = 169.4oC.  This is close enough to our guessed value of 170oC so we conclude that the surface temperature of the light bulb is Ts = 169.4oC.

9-63E
A vertical 4-ft-high and 6-ft-wide double-pane window consists of two sheets of glass separated by a 1-in air gap at atmospheric pressure.  If the glass surface temperatures across the air gap are measured to be 65oF and 40oF, determine the rate of heat transfer through the window by (a) natural convection and (b) radiation.  Also, determine the R-value of insulation of this window such that multiplying the inverse of the R-value by the surface area and the temperature difference gives the total rate of heat transfer through the window.  The effective emissivity for use in radiation calculations between two large parallel glass plates can be taken to be 0.82.

If we assume that the pressure in the enclosure is atmospheric pressure, we can ffind the properties for air at the mean temperature of (40oC + 65oC)/2 = 52.5oF from Table A-15E: k = 0.01415 Btu/h(ft(oF,  = 0.1438x10-3 ft2/s, and Pr = 0.7332.  At the mean temperature of 52.5oR = 512.17 R, the expansion coefficient,  = 1/T = 0.0019521 R-1.  Using the temperature difference of T = 65oF – 40oF = 25oF = 25 R and the characteristic length as gap thickness, Lc = 1 in = 0.08333 ft, we can find the Rayleigh number.
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The value of H/L for this enclosure with H = 4 ft = 48 in and L = 1 in is 48.  This is larger than any of H/L values for which we have equations in Çengel.  Equation 9-54 has the correct Rayleigh number range, but is valid only for Pr > 1 and H/L < 40.  We will use that equation here for an approximate analysis.  The Nusselt number and heat transfer coefficient are found below.
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The convection heat transfer is
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The radiation heat transfer is
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The total heat transfer is the sum of the convection plus radiation heat transfer.
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The effective thermal conductivity treats the convection plus radiation heat transfer through the air gap as an effective conduction problem.
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We can express this effective thermal conductivity as a thermal resistance or R value as follows.
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This would be formally called R-0.96.
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