
The Rules: 

Department of Materials Science and Engineering 
Massachusetts Institute of Technology 

3.044 Materials Processing- Spring 2011 

Exam I 

Monday, March 14,2011 

1) No books allowed; no computers allowed; etc. 

2) A simple calculator is allowed 

3) One hand written 3x5 index card may be used as a crutch 

4) Complete 5 out of the 6 problems. If you do more than 5 problems, I will grade the first 
5 that are not crossed out. 

5) Make sure that you READ THE QUESTIONS CAREFULLY 

6) Reasonable assumptions are permitted, but please state them clearly . 

7) Supplementary materials are attached to the end of the test (eqns. , etc.) 

8) WRITE YOUR NAME HERE: 



Problem #1: In Which a -Basic Problem of Setting up Boundary Conditions is Put Forth 

One way to induce local heating with extreme speed and precision 
is to use a laser pulse. (welding, evaporative coating, freeform 
fabrication, etc., can all be conducted by laser heating.) Consider 
the heat transfer problem for laser heating of a substrate in a 
vacuum. Take the laser beam to be cylindrical and at normal 
incidence to the surface, as shown in the figure. 

You may assume the source is very thick, and also very Jar e in 
the plane. 

Part A: 

Define a coordinate system for the heat transfer problem, an write down the proper equation to 
describe heat conduction in the source material in that coor mate frame. 
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Part B: 

Write down a reasonable assumption regarding the heat transfer conditions where the laser hits 
the surface. Express this assumption as a mathematical boundary condition. O ....-S 
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Part C: 

Write down the remaining boundary conditions for this problem. 

t -= oo (-==- -ri) !C -=- o r '7 r.< Co~" ec.:-h~ i 5 
) ~' -"-- - ~ Jr:- u 

1'-61 ')~~\(.+-o 
vz..-.cvvw-

I 

/ 



l 

) 

Problem #2: Take a Position on Superposition 

A "semi-infinite corner" is shown here. It is the corner of a large 
object (there is a large bulk of material to the upper-right not 
shown). The object also extends into the page for a long distance. 
This object is at T 0 when it is placed into a hot oil bath that is 
vigorously stirred, providing a constant surface temperature T5• 

(The bold surfaces are exposed to T5). 

Three lines are shown on the object: 1, 2, and 3. Draw the temperature profile along each of 
these three lines, using one of the graphs below for each. Please draw profiles for an early time, 
at least one later time, and also for the steady-state. Also, next to each graph, write one brief 
sentence that explains your thoughts in making the graph. 
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Problem #3: Steel Anneal Revealed 

In class, we discussed the heat transfer during 
annealing of steel. Specifically, we talked 
about heating a 1-D block of steel, with 
thickness 2L = 25 em , up to the austenite field 
at, say, 1000° C. For this problem, Jet's take 
our composition to be 0% carbon Gust pure 
iron) for simplicity. 

One thing we neglected in our class discussion 
was the phase transformation from a to y on 
heating. 

Part A: 
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First, draw a schematic of the temperature profile in such a sheet of steel, at an arbitrary time 
after we have begun to heat it, but before it is uniformly heated. Indicate how the addition of the 
a/y phase transfonnation impacts this profile. 
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How would you modify this heat conduction problem mathematically to account for the effect of 
having two different phases present (a andy), and for having a phase transformation in the solid? 
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In class we neglected the transformation. Do you think that we overestimated or underestimated 
the time needed to heat the billet? Write one sentence to explain. 

UttJ-eres'h'\t-+J ) b .L. 1-rt..."lS . r~1u .'(i'J ~.)<.t-r" Qt•}L .. /fl 
-to 1. e Jil-l ,v .uz J 



\ 

Problem 4: Wherein Another Permutation of the Casting Problem is Encountered 

The procedure for understanding a casting process is the one we followed in class, and it always 
starts by identifying the limiting kinetic process. There are many other variations on 
solidification that we did not cover in class. If you ever encounter one, you should follow the 
same procedure. You are about to encounter one. 

Liquid aluminum ~ is cast into an actively cooled steel mold of characteristic dimension 
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Part A: If there is an interface resistance between the mold and casting of 4000 W J/n2K~---
identify the rate-limiting heat transfer step for early times just afte en only a 
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Part B: As the casting solidifies, the limiting transfer step can change. 
identify if there is such a transition, and if so, where/when it happens. 
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Part C: Draw a graph in which you estimate the shape of the curve describing the solidification 
front position as a function of time. Explain your reasoning briefly. 
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Problem #5: True or False or Sometimes True or Sometimes False (Bearing in Mind that 
Sometimes True is the same as Sometimes False, Now, Isn't It?) 

For each of the five statements below, indicate whether the statement is true, false , or sometimes 
false . Explain in one sentence or less. 

A) Upon heating a material, at a sufficiently high temperature the rate-limiting heat transfer 
step will ~y?me radiation . 
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B) Thanks to the symmetry of dimensionless numbers, an object, whether it is being heated 

or cooled by radiation, follows the same kinetics . 
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C) We are going to heat a rod of copper (1 em diameter) in vacuum by shining a lamp at 
1000° Con it. We can heat one end of the rod, and the whole thing will heat up 
uniformly. 
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D) The superposition principle does not apply to objects heated or cooled by radiation. 
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E) If there is a body at a constant very high temperature, and we would like to know whether 

radiation or convection is dominant, we should calculate the dimensionless constant: 
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Problem #6: Outside-In Heat Transfer 

We have frequently talked about processes in which a solid was heated or cooled by virtue of its 
contact with a fluid (or vapor) that exchanged heat at the interface by convection. What if the 
problem went the other way around? How long does it take to heat a vapor with a hot solid? We 
have never thought through this problem, but I think you should be able to do it on the fly. 

Consider a furnace where the heating elements are in the walls; the walls may be considered as 
instantaneously being raised to a temperature Tw at t = 0. Let's write out an equation that tells 
how the temperature rises in the furnace as a function of time. 

How will you do this? Hmm. How have we derived the solution to every heat transfer problem 
in this class? Something about balancing something or other ... 

Walls at Tw 

Air inside 
furnace 

You may need to introduce some 
quantities/variables (such as the volume of air in 
the furnace, V, among other things). Please 
explain when you do and label the symbols so I 
know what you are thinking. 
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