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MASSACHUSETTS INSTITUTE OF TECHNOLOGY 
DEPARTMENT OF MECHANICAL ENGINEERING 

2.005 Thermal-Fluids Engineering I 
 
PROBLEM SET #8, Fall Term 2008 
Issued: Thursday, October 23, 2008         Due: Thursday, October 30, 2008, 9:30am 
 
Problem 0: Please read the course notes through chapter 7. 
 
Problem 1  
The semi-infinite solid initially at uniform temperature Tinit, is subjected to a uniform and 
constant surface temperature, Tsurf, at x=0 for all times equal to and after t = 0. In class the 
solution was shown to be 
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where the complementary error function is defined as 
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a) Please show that this is a solution to the heat equation (use substitution). 
b) Please show that this solution satisfies two appropriate boundary conditions (there are two 
spatial derivatives in the heat equation) and the initial condition (there is one temporal derivative 
in the heat equation). 
c) Please find an expression for the heat transfer rate at the surface of the semi-infinite solid and 
show that the heat transfer rate decreases with time. What is the functional dependence on time 
for the heat transfer rate? 
d) If two semi-infinite surfaces at different initial temperatures are brought into intimate thermal 
contact, what are the boundary conditions between the two surfaces? Please justify your answers. 
You may assume there is no interfacial thermal resistance. 
e) Using the boundary conditions that you arrived at in part d please apply them to the “two 
semi-infinite surface contact problem” to determine the temperature of the interface between the 
two solids. Show that the interface temperature is independent of time. 
f) Three large blocks, one of copper, one of stainless steel, and one of PVC plastic have come to 
thermal equilibrium in a room held at 20 C. Assuming your hand has an initial and uniform 
temperature 37 C, please determine the surface temperature of your hand just after it touches the 
block for each of the three substances. Which block feels coldest to the touch? Assume that skin 
has the same properties as water. 
g) How long does it take to cook a hamburger? Use simple models to estimate the time, justify 
the boundary and the end state conditions you use (the hamburger should not be charred, raw or a 
combination thereof) and be quantitative! (You are not expected to solve the heat equation here, 
but rather use solutions that you already know, those solved in class and in the notes, to estimate 
the time.) 
 
Copper : density 8933 kg/m3 heat capacity 385 J/kg K thermal conductivity 401 W/m K 
Stainless Steel: density 8055 kg/m3 heat capacity 480 J/kg K thermal conductivity 15 W/mK 
PVC plastic: density 2200 kg/m3 heat capacity 1050 J/kg K thermal conductivity 0.35 W/m K 
Water: density 1000 kg/m3 heat capacity 4180 J/kg K thermal conductivity 0.625 W/mK 
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Problem 2 (I&D 5.58) 
 
Asphalt pavement may achieve temperatures as high as 50oC on a hot summer day.  Assume that 
such a temperature exists throughout the pavement, when suddenly a rainstorm reduces the 
surface temperature to 20oC.  Calculate the total amount of energy [J/m2] that will be transferred 
from the asphalt over a 30 minute period in which the surface is maintained at 20oC.   
 
Asphalt : ρ = 2115 kg/m3, c = 920 J/kg K, k = 0.062 W/m K.s 
 
 
Problem 3  

 
 
A solar-electric generator is shown above. A solar collector collects the sun’s radiation to 
provide a high temperature “reservoir” for an irreversible Stirling engine. The Stirling engine has 
a thermal efficiency that is 20% that of a reversible engine operating between the same two 
thermal reservoirs. The Stirling drives a 100% efficient electric generator. The Stirling rejects 
heat to the atmosphere at a temperature of 300 K. The solar array has a collecting area 10 m2. 
Unfortunately, the solar collector does lose heat to the environment due to convection and 
radiation. The overall heat transfer coefficient for both radiation and convection to the 
environment per unit solar collection area is 12 W/m2-K. Assume that all significant heat loss 
comes from the solar collecting surface, not from the sides or the back of the collector. 
a) What is the temperature of the solar collector that maximizes the output power of this system? 
b) What is the power output of the generator at this condition? 
c) What is the efficiency for solar power to electric power conversion for this system at this 
condition? 
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Problem 4 
The Ericsson engine is an example of an ideal gas power cycle. The ideal Ericsson engine 
employs a closed ideal gas system. The cycle of the working fluid consists of two reversible 
isothermal processes, (state 4 to state 1 and state 2 to state 3) and two reversible constant 
pressure processes, (state 1 to state 2 and state 3 to state 4). The heat transfer for the isothermal 
process 4 to 1 is from a heat reservoir at high temperature TH and the heat transfer for process 2 
to 3 is to a heat reservoir at low temperature TL. The gas is cooled at constant pressure, PL 
(process 1 to 2) by a reversible heat transfer to the elements of a thermal regenerator. The 
thermal regenerator stores energy and returns it to the gas when the gas is heated at constant 
pressure, PH (process 3-4). The thermal regenerator consists of a series of thermal reservoirs 
each at infinitesimally different temperatures. Process 1 to 2 can be thought of as the gas in a 
cylinder with a weighted piston (constant pressure) that is sequentially brought into thermal 
contact with each of the thermal reservoirs that constitute the regenerator. The net effect is a 
reversible heat transfer from the piston to all of the thermal reservoirs that constitute the 
regenerator. Process 3 to 4 is just the opposite of 1 to 2 where the sequential thermal contact of 
the thermal reservoirs warms the gas and returns the energy stored in the thermal reservoirs back 
to the ideal gas. (For a more specific discussion of the regenerator, see the Stirling engine 
discussion at the end of chapter 7 in your notes.) 
 
a) Make P-V and T-S diagrams of the ideal Ericsson cycle. 
b) Construct a model (useful for analyzing this cycle) using heat reservoirs and a piston/cylinder 
apparatus. 
c) Explicitly calculate the works and the heat transfers as functions of PH, PL, TH, TL and the 
mass of the ideal gas for each of the four processes in the cycle. Determine the thermal efficiency 
of the ideal Ericsson engine and compare this efficiency to a Carnot engine efficiency. 
d) An ideal Ericsson engine is built with PH=107 Pa and PL=105 Pa. The working fluid is one 
gram of ideal gas (R=287 J/kg-K, cv=716 J/kg-K). The engine is operated between two thermal 
reservoirs of temperatures TH= 900 K and TL= 300 K. What is the work output, heat absorbed at 
TH, heat rejected at TL and the efficiency of the engine on a per cycle basis? 
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Problem 5 

 
 
Two right-circular-cylindrical chambers are separated by a massless, frictionless and insulating 
piston as shown above. A reversible cyclic heat engine AB is thermally connected to these 
chambers as shown. Chambers A and B each contain the same mass of helium gas (cv= 3153 J/kg 
K and R= 2078 J/kg K). Another heat engine is thermally connected to two blocks of copper. 
These reversible heat engines can be operated either in a refrigeration mode (negative power 
output) or in a prime mover mode (positive power output). The initial temperatures are TA=250 
K, TB=550 K, TC= 300 K and TD=300 K. In this problem, you may assume that no temperature 
or pressure gradients appear in the gases or copper blocks when the heat engines are operated. 
 

a) Heat engine AB is reversibly operated as a prime mover until the volumes A and B are 
the same. Please determine that final temperature.  
 

The mass of the gas in each cylinder is 0.1 kg. 
 

b) Please determine the total work output of the heat engine AB in the process outlined in 
part a. 

c) Can heat engine AB be induced to deliver more positive work once chambers A and B 
are in the final state of part a?  
 

The heat capacity of copper block C is 400 J/K. Copper block D has the same heat capacity as 
that of block C. 
 

d) Suppose the work output of heat engine AB that you calculated in part b was 80000 J and 
is input to the CD heat engine. What are the final temperatures of blocks C and D? You 
may assume block C is the colder block. 
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Problem 6 

 
 

A reversible engine executes the cycle plotted in the TS diagram shown above. The upper part of 
the cycle is a semi-circle with maximum and minimum temperatures of 800 K and 600 K. The 
maximum and minimum entropy achieved by the working fluid executing the cycle are 800 kJ/K 
and 400 kJ/K as shown in the figure. 

a) Please determine in which direction the engine executes the cycle, clockwise or 
counterclockwise? Please support your answer. 

b) Please determine the net work per cycle, in Joules, for this reversible engine. 
c) Please indicate the path in the cycle along which heat is rejected. How do you know? 

(Show the path on a sketch in your solution along with a sentence or two, perhaps 
supported by an equation). 

d) What is the thermodynamic efficiency of this cycle? 
e) How does this cycle compare to Carnot efficiency for a cycle running between 600 K and 

800 K? State the value for expected Carnot efficiency. Qualitative answers will receive 
no credit. 

 
A real engine is constructed based on the ideal cycle discussed above. Measurements on the 
performance of the real machine indicate a 10% reduction of the work output from that of the 
ideal case with the same high temperature heat transfer into the cycle. Please assume that the 
entropy transferred to the irreversible engine from the high temperature sources is the same as 
that of the reversible engine (all the entropy generation is in processes internal to the engine) and 
that the engine (still) rejects its waste heat to a 600 K thermal reservoir. 

f) Please determine the value of the entropy generated in one cycle, . 
g) Would you expect the waste heat transfer per cycle for the irreversible machine(QL)irrev to 

be greater than, equal to, or less than the waste heat transfer per cycle for the reversible 
machine (QL)rev? Please provide a brief (one or two sentence) explanation. You are not 
expected to explicitly solve for (QL)irrev. 


