10.302 Fall 1999

Exam 1, Wednesday, October 6, 1999
Solutions

TurboChef Oven

1 [25 points] You are using a heat transfer sensor to measure the average heat transfer
coefficient to a horizontal surface in the TurboChef oven (Figure 1). It consists of an
aluminum plate (diameter 15 cm, thickness 0.635 cm), which sits on a layer of insulation.
Assume the properties of auminum are k = 240 W/meK, r = 2700 kg/m?, and ¢ = 900
JkgeK. A thermocouple is taped to the bottom of the plate. Assume that the plateisinitially
at 25°C. Itisplaced in the oven and, at t = 0, afan that blows hot air (275°C) at the plate is
turned on. After 100 seconds, the thermocouple reads 160°C. From data in the literature, you
guess that the order of magnitude of h is about 100 W/m?K .

a) What criterion do you use to determine the method for analyzing the transient behavior of
the sensor?

b) Estimate the average heat transfer coefficient to the plate during the time of the
measurement.

c) Doesthe value of h you calculated satisfy the criterion in part (a)?


Guide to Point Breakdown
The point breakdowns shown in each problem were used as a guideline.  Further partial credits were awarded (or subtracted).


Figure 1. Heat Transfer Sensor
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2 [25 points] An auminum rod, 0.5 cm in diameter, passes through an opening in the oven
from an exterior room that is at 25°C. The rod protrudes 60 cm from the oven wall. The
temperature of the rod at the entrance to the oven is 25°C. A thermocouple is imbedded at
some point in the rod. What is the minimum distance from the opening for placing the
thermocouple (the value of x in Figure 2) so that it reads to within 2.5°C of the oven air
temperature (275°C) during your experiment to measure the heat transfer coefficient?
Assume that steady state conditions prevail in the rod, and that the heat transfer coefficient
and physical properties are the same as specified in problem 1.



Figure 2. Temperature Measurement in Oven
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[50 points] The TurboChef oven, which we previously discussed, cooks food rapidly by
delivering a high level of power to the food through use of several heat transfer modes. As
indicated in Figure 3, heated air enters from the top, flows around the food, and exits from
the bottom. The hot air also heats the oven walls to the same air temperature. Microwave
energy is emitted from the bottom of the oven. Some of it reflects off surfaces and enters the
food from the top. The microwave energy is absorbed by the food and is converted into heat.
This process may be thought of as heat generation in the food. Y ou plan to use the oven to
cook a Porterhouse steak (assumed to be one-dimensional).

a)

b)

Write the appropriate form of the heat diffusion equation and appropriate boundary
conditions that describe cooking of a steak when al modes of heat transfer are operating.
For the steak, the local volumetric heat generation rate g (W/m?) resulting from
microwave radiation can be approximated by

o (H-x) M /d

A=0g + 0 €”
where the two terms represent, respectively, the generation rate from microwave
radiation entering from the top and bottom of the steak. H isthickness of the steak, and x
is distance from the bottom. Ignore conduction from the screen, vaporization of water,
chemical reactions, and thermal radiation from the oven walls. Assume the heat transfer

coefficient is the same on both sides of the steak.

Y ou cook the steak with convection only (no microwaves). The heat transfer coefficient
ish =150 W/m?sK, assumed to be the same on both sides. The steak is 3.5 cm thick (with
length and width of 20 cm and 10 cm), and itsinitial temperature is 25°C. Its properties
arer = 1200 kg/m?, ¢ = 4000 JkgeK, and k = 1.2 W/meK. Y ou cook the steak for 100 s
with an air temperature of 275°C.

What would you expect to be the temperature at the midplane of the steak?

The Department of Agriculture recommends cooking a “rare”’ steak to a minimum center
temperature of 60°C. How long should you cook the steak to achieve that condition?

Assume that you cook the steak by adding microwave radiation to the convective heating
described in part b. The microwave energy absorbed adds a total heat generation rate of
1500 W to the steak. If al of that energy were uniformly distributed throughout the
steak, and there were no other changes, how much would the temperature of the steak
increase in 100 seconds of cooking time as aresult of this heat generation rate?

Your friend suggests cooking your steak until steady state is reached because the oven
cooks so rapidly. Isthat agood idea? Why?



Figure 3. TurboChef Oven
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