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Abstract  This paper describes the results of using the contextual problem solving approach in teaching engineering courses over the past five years.  This approach has been used by the authors to teach different engineering courses. This paper describes the experience in teaching  Heat Transfer and Fluid Mechanics to mechanical engineering undergraduates at two universities (the University of Michigan-Dearborn and the University of Toledo).  

 In the contextual approach, students are still taught the fundamentals, but the focus is on "why" more than "how-to".  The traditional approach worked well in the past but is not producing the type of engineering graduates for the future global economy (with computers doing most of the mechanical part of problem solving and engineers are required to do more critical and creative thinking part of problem solving).  

In traditional problem solving students are frequently intimidated by lectures which present theory in a linear-sequential style, with no mention of the many false starts and back-tracking that may have been required to develop the final equation or solution.  This gives the students the impression that the final solution is the goal and not the process of thinking in achieving the result. 

The contextual approach combines theory, experiment, industrial applications, extensive computer usage, field-trips, team-work and design to reach students with different thinking styles.  The classroom theory is driven by student experiment, not the other way around (which has been traditional).  Learning is much more student-centered, with students having some input into the course content (such as the design problem), teaching and evaluation.  The results of the new approach surprised even the instructors.  In the heat transfer courses, the students performed better on tests which were harder and longer than the tests given with the traditional approach. Also, the course requirements increased for the contextual approach.

The impetus for change grew out of the authors' many years of experience in teaching and working with industry.  They realized that the traditional way that they had been teaching (for over thirty years combined) was not effective in preparing their students to cope with the challenges of the global marketplace and the future world economy.  In fact, the traditional method unnecessarily complicates and obscures the subject and left many talented students, with thinking styles different from the engineering faculty, out in the cold.  

 A project was launched at the University of Toledo in 1988 with the 6-Year, 6-Topic Faculty Enhancement program  which laid the groundwork for change.

Some of the interesting results which came out of this process have been the improvement in student grades, student satisfaction, increased student interest, increased student and faculty enthusiasm, as well as students asking why all their classes are not taught this way.

Introduction  There is a paradigm shift occuring in engineering education.  The problems that our engineering graduates will face in the future will be more complex requiring a different mindset.   Yet, for the most part, we are basically teaching the same material and with the same tools and methods that we used fifty years ago. In some cases, we are teaching students to find psuedo solutions to non-problems in the future.

The contextual problem solving approach grew from the continuing effort at curriculum restructuring which began with the implementation of the freshman course "Creative Problem Solving"  at the University of Toledo.  One of the most interesting results coming out of this process has been the improvement in student grades, retention and satisfaction.

 In the traditional approach,  students are afraid to take risks, since they fear punishment and failure, and do not analyze whether their solutions are reasonable or not.  Thus we have  students who think nothing of a negative heat transfer coefficient (especially if it is produced by the computer) negative frequency, or computes a beam deflection of one million inches. This is because of the student's desire to produce a solution and not understanding or questioning the context of the solution.  

The rapid change of technology in society did not produce a corresponding change in education of engineers. Many still feel that the future is a mere extension of the past. What has brought us success in the past will undoubtly bring success to this new generation of students. The change from manufacturing economy to information economy with corresponding changes from "how-to" to "why", from fossil fuel energy to energy of the mind, from delivery of goods to information, from a capital resource base to knowledge base, from massive machines to computers, from education being important to being critical, from quality being a luxury to being expected,  have been largely ignored by many in the education system.


Industry has been complaining that while our engineering graduates were technically competent, they lack critical problem solving skill, ability to deal with and lead change, communications, working in teams, and how to set up criteria to affect sound judgement.  This message has not been received by most universities. 

The question is, what can we do that will fundamentally change how and what our students learn to produce engineers who can cope with change in a global context?  Considering the two courses in this paper, what should they learn in Fluid Mechanics and Heat Transfer?  What skills and tools do they need to be successful in later couses and in industry?  After extensive review and study, the senior author has developed a list of skills that faculty and students will need in order to meet the challenges of the next decade.  Identification of these skills led to the 6-Year, 6-Topic Faculty Enhancement program which is being implemented at the University of Toledo.   This is summarized in the following chart.


-chart 1- 

Each topic was paired with a complementary new program.  For example, 1989 saw the introduction of new computer labs and the required CAD course for freshmen students; while 1990 was the year that the new freshman course "Creative Problem Solving" was implemented.  This engineering course teaches the student about different student learning styles; structured creative design process and emphasizes teamwork.  It has created a lot of excitement among the students, and many instructors that have taught the course have said that they want to start teaching their other courses this way.  Using the six topics of the faculty enhancement program as a guiding philosophy, we have revamped our courses to focus on certain key areas.  Our courses now include:  teaching the fundamentals;  required team design project;  problem solving skills;  simulation (with extensive use of the computer or expanded experiments), and teamwork.   Throughout the course, students are encouraged to pursue continuous improvement, examine causes of failure and seek multiple, integrated problem solutions.  

Description of the Contextual Problem Solving Approach in Engineering Courses
The chart below compares the traditional teaching approach to the contextual approach. 

The traditional approach is the way that we used to teach (with limited success and satisfaction) while the contextual approach is the way that we teach our courses now.  Since the contextual approach has a strong emphasis on teamwork, our students are made part of the new process from the beginning.  Most of the students are very accepting of the new approach since they are already well aware of the problems and limitations of the traditional teaching style.  

                                                     -chart 2-

Teaching the Fundamentals  The new approach still emphasizes teaching the fundamentals.  What is new is that prior to the first lecture, we sat down and decided what was really important and what could be omitted.  Part of our problem in the past was that we were so caught up in trying to cover everything in the textbook that many of our students complained that they never really learned anything really well.  Even those students that learn the material well, it is the "load dumping" type of learning where students do not see how it is integrated into other courses and especially the relevance to their curriculum. We have been hearing this complaint for years.  Also, since we would be adding a lot of new material (design projects, computer work, field trips, experiments), some topics would have to be dropped.  In order to determine what was really important, we devised a list of criteria and applied them to each of the topics in the course.  Our criteria included relevance; need by subsequent courses or industry;  importance; duplication in other courses, and teachability (would there be enough time to really teach the topic well, or could some of this be done by the computer?)  For example, we always used to teach the product solution method in heat transfer.  However, there never seemed to be enough opportunity for the students to really practice and apply the method, and most of them, unless they went on to graduate school or were getting a second major in applied mathematics, rarely needed to use the material again.  As we analyze it, product solution will solve a very limited class of problems (encountered in text books only), and acquaintance to this method does not improve their understanding of heat transfer. Because of its mathematical elegance, it was one of our favorite topics to teach. However, it left the students frustrated and confused.  We surveyed the curriculum and found that this topic was needed at the undergraduate level in only two elective courses:  the mechanical engineering course "Finite Element Analysis" and a math course in "Fourier Analysis and Boundary Value Problems".  Both of these courses require no prior knowledge of the product solution method.  

A sample of our decision checksheet for heat transfer follows (simplified and abbreviated).
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A similar checksheet was prepared for the Fluid Mechanics course.  The checksheet helped us to determine which of the fundamentals we considered to be of principal importance.  These were the subjects that we would give a lot of attention to, and that hopefully the students would really learn. 

We identified potential trouble spots by surveying students in subsequent courses; interviewing faculty and our own experience.  For example, in the fluids course, potential student learning problems were found to exist in the areas of:  computation of forces on submerged areas using the parallel axis theorem; control volume using noninertial coordinates; stream function, velocity potential and superposition of flows; boundary layer using momentum integral method and drag.  These areas are problems for different reasons.  In the case of drag, it is not the concept that is the problem but the fact that the textbook presents drag for very select geometry such as = spheres and cylinders, giving no information on how other objects should be treated.  (One of our students decided to design a low-drag bicycle helmet for his term design project and was confronted with the problem of how to compute this drag.)  We also allowed the students to have input in our decision:  we told them that once the "core" topics were taught, they could decide on additional topics to cover of interest to them.

The fluids class decided to study propulsion, on which no examination was given (so as not to "punish" them for their choice.)  The students were very enthusiastic about getting to choose this topic. 

Once the important topics were decided upon, we had to decide how they should be presented.  Although the goals for the two courses were the same, the implementation had to differ since the heat transfer course had software developed especially for the course and no laboratory; while the fluid mechanics course had a required lab but no software.  Thus the heat transfer course relied more on the computer to enhance and supplement the lecture material, while the fluids students were able to rely much more on experiment.  (Although there was no specific software developed for the fluids class, the students used the computer program Mathematica in their homework and design projects.)  However, we can report similar results in terms of improved student grades and satisfaction.  Examples of teaching the fundamentals by the traditional and conceptual approach follow.

Problem Example in Fluid Mechanics  One of the topics that we felt essential was the calculation of rate of efflux from a draining tank.  This topic was deemed important for its illlustration of the control volume approach; ability to tie in and reinforce concepts of Thermodynamics and calculus; experimental possibility; real-life importance and interest to the student, and could be extended and investigated more fully on the computer.  We considered this topic a prime candidate for revision by our approach since we have found that most students never really understand the concept, and those that do understand it  soon forget it after leaving our class.  As an application, one of the assigned textbook problems involves a cone, initially filled with a fluid to a depth h.  Suddenly a plug at the bottom of the cone is released and the water is allowed to drain out.  Suppose we are to find the time for the cone to drain.  The traditional way to solve the problem involves having the students sketch a schematic (free-body diagram), make assumptions, model the problem by writing  mass and energy balances, and solving for the unknown.  The schematic for the cone appears as:
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Mass and energy balances on the system lead to the following equation:
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(1)

Although the solution of this problem is straightforward, many of our students experienced difficulty coming up with the correct answer from this point.  When we compared answers in class, it seemed that each student had a different answer, and no one seemed to know how to tell if their answer was reasonable.  It was time for the contextual approach to problem solving.

In the contextual approach, we attack the problem through several methods.  We first define the problem; then brainstorm solution procedures; engineer the brainstormed ideas to come up with better ideas; evaluate the ideas and then implement the solution.  Teamwork is recommended with experimentation and computer simulation where appropriate. To put the problem into context, the students were asked to come up with applications where rate of efflux would be important to calculate and asked if they had encountered anything similar to this in the past.  The students were told to construct cones to scale as homework.  (This was a problem in itself, and turned out to be very important to one student team in their design project which was to redesign an engine manifold.)

We found that birthday party hats could be modified to closely approximate the problem cone dimensions.  The cone was filled with water in class, and the drainage time averaged over several trials.  Once the experimental results had been obtained, the theoretical solution given by Equation (1) was carried out quite easily in Mathematica by the commands:

r1 = 0.06/2; r2 = .0025/2; H = 0.08; g = 9.81;

t = -4/3(r1^2 + r1 r2 + r2^2)/

      (Sqrt[2 g] r2^2) Integrate[1/Sqrt[h],{h,H,0}]

The resulting theoretical time t is given as 102 seconds, which was not even close to our experimental time.  This problem illustrates the gap between theory and experiment.  With the computer, the student can also investigate the influence of changing different parameters such as outlet radius and initial water height on the result.  

As a result of this approach, all of the students could work the problem and had confidence in their results.    The solution thus involved each aspect of the four student learning styles:  analytic (the theoretical derivation); sequential (the detailed, step-by-step presentation); kinesthetic (the team work and experiment) and creative (the "big-picture" and cone design) and was judged to be very effective.

Instead of demonstrative type of hands-on experiments used in the fluid mechanics course, the heat transfer course used the computer program to enhance learning.  For example, when students deal with heat transfer in a composite wall, they have trouble understanding the one dimensional approximation of what is a two-dimensional problem. What is the error in the one-dimensional approximation?  Students can explore the limits of upper bound (maximum heat transfer, minimum resistance) circuit, and lower bound (minimum heat transfer, maximum resistance) circuit. This will show the limits of their approximation.  

Problem Example in Heat Transfer  Consider the following problem:


One surface of the 1-m-thick composite plate shown in the figure 
is kept at 100°C.  The other surface is at 0°C.  Develop the upper-
bound and lower-bound solutions for the rate of heat transfer 
through this wall.
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The traditional solution method is time-consuming and tedious.  This will not encourage the students to explore alternatives. However, the computer programs removes the dreaded plug-and-chug part and gives the students an opportunity to probe the meaning of the thermal circuit approximation.
Solutions

1. Upper-Bound Solution
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2. Lower-Bound Solution
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In the contextual problem solving method, students may decide to attempt the solution by experiment, or perhaps by computer simulation.  Using the heat transfer software allows problem solution in a matter of seconds and, more importantly, students are free to "experiment" with the effects of varying different parameters on the result.  They are then able to solve many complex problems in the time that it would have taken them to do only one problem by hand, and gain a much better intuitive feel for these problems.  
Computer Solutions
1. Upper-Bound Solution
Enter Data for the Problem:

Rh(1, 3) = 1E+10  T(1, 3) = 100  

Rh(2, 3) = .6  

Rh(3, 3) = 1E+10  

  T(4, 3) = 0  

Rh(1, 2) = .0167  T(1, 2) = 100  

Rh(2, 2) = .5  

Rh(3, 2) = .00833  

  T(4, 2) = 0  

Rh(1, 1) = 1E+10  T(1, 1) = 100  

Rh(2, 1) = 1.5  

Rh(3, 1) = 1E+10  

  T(4, 1) = 0  

Problem Solving:

T(1, 3) = 100

T(2, 3) = 93.47144

T(3, 3) =
3.256457

T(4, 3) = 0

T(1, 2) = 100

T(2, 2) = 93.47144

T(3, 2) =
3.256457

T(4, 2) = 0

T(1, 1) = 100

T(2, 1) = 93.47144

T(3, 1) =
3.256457

T(4, 1) = 0

Total heat transfer rate = 390.9316 W

2. Lower-Bound Solution
Enter Data for the Problem:

Rh(1, 3) = .1  T(1, 3) = 100  

Rh(2, 3) = .6  

Rh(3, 3) = .05  


T(4, 3) = 0  

Rh(1, 2) = .0333  T(1, 2) = 100  Rh(2, 2) = .5  

Rh(3, 2) = .0167  


T(4, 2) = 0  

Rh(1, 1) = .05  T(1, 1) = 100  

Rh(2, 1) = 1.5  

Rh(3, 1) = .025  


T(4, 1) = 0  

Problem Solving:

T(1, 3) = 100

T(2, 3) = 86.66666

T(3, 3) =
6.666664

T(4, 3) = 0

T(1, 2) = 100

T(2, 2) = 93.94546

T(3, 2) =
3.036362

T(4, 2) = 0

T(1, 1) = 100

T(2, 1) = 96.82539

T(3, 1) =
1.587302

T(4, 1) = 0

Total heat transfer rate = 378.6436 W

Problem Solving  Throughout our courses, students were encouraged to attack problems using the Creative Problem Solving approach taught to all University of Toledo freshmen.  (Since the UM-D students had not taken the course, they were only taught important features.)  The approach is:

(1)  Define the problem (convergent or divergent approach);  (2) brainstorm solutions; (3) engineer the solutions; (4) creative idea evaluation; and (5) creative idea implementation.  The students learn team, memory and presentation skills.  As an example, we found that Heat Transfer students did not remember the definition of the Reynolds Number, which we considered important.   We then make sure in Fluids that the students will retain this definition by using team work and memory skills.  They not only learn the definition 
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, but will remember that the Reynolds number is the ratio of viscous to inertial forces.  We use the same technique in Heat Transfer to teach other dimensionless numbers such as the Prandtl, Schmidt and Stanton number (for example).

Design In the contextual problem solving approach, design is central.  All of our students were required to propose and complete design projects which accounted for a significant portion of their grade.  The requirements were:  the design projects had to relate to the course; students had to work in teams; customer surveys, patent and literature searches were required; theoretical analysis and/or computer simulation was required; a product should result, which was to be constructed of common household material, and oral and written team presentations were required.  

The instructors led class brainstorming sessions to generate preliminary ideas for projects.  The  student teams were free to choose one of these ideas, or come up with one of their own.  The instructors were available to the teams as consultants.  The data collection stage often had an interdisciplinary aspect:.  Since many of the teams required data which could not be found in textbooks, they had to develop outside contacts. Some students consulted industry for data (alternator, clutch design and curling iron teams) while others called on inter-University experts such as Polymer Institute researchers (for viscosity data on a lubricant).  Some of the data was obtained in the course laboratory, which we felt should be made available to the students beyond the "canned" lab experiments.  As an example, students used the wind tunnel to conduct aerodynamic drag experiments on bicycle helmet and windmill models.    

The students had the entire term to work on the designs and learned a great deal about teamwork in the process.  The results ranged from acceptable to very impressive.  One student team team in Fluid Mechanics designed, built and compared a centrifugal pump and a piston pump.   Other teams built low-speed windmills and optimized the propeller design; designed and constructed a gel-pack car cushion seat, a low-drag aerodynamic bicycle helmet; a leaf vacuum, and a high-performance engine intake manifold.  The heat transfer projects included:

Evaporative Cooling with a Heat Pump; a vortex cooler; analysis of a washing machine band clutch assembly; a modular solar deck collector; the study of alternator rectifier cooling fins, and improved curling irons.

Many of the teams encountered problems and frustrations in carrying out their designs.  For example, the pump team had a variety of problems ranging from: air getting into the pump and causing cavitation; improper shaft alignment; machining problems with the piston material, and insufficient vacuum.  Some of the projects were more involved and challenging than the groups had initially anticipated, but they worked together to solve these problems. At the end of the course many students said that they couldn't believe how much they learned from the projects and that these projects should be required in every course.   

Working in Teams  We find that the university environment is very competitive for students, and many of them have not had team experience beyond that provided by the lab.  Students are graded on their own work in the university, yet in the outside world, are evaluated on the basis of the results of their group.  We encouraged teamwork in many ways:  the students were permitted to do their homework as teams; the final design project had to be done as a team, and frequent problem-solving and brain-storming sessions were done as teams.  Teamwork was not allowed on the exams, however.  We had to instruct the students in team skills (such as communications, negotiation and how to get results).  No negativity or criticism was allowed in the class, by ourselves or the students.  

One particularly successful example of teamwork occurred in the fluids class when the students were given the assignment to design and build kites.  There were only four requirements:  the design had to maximize lift, minimize drag, could be no larger than a newspaper sheet and had to be a team effort.  Initially, the students were apprehensize about this open-ended assignment.  They asked us what they should make the kite out of, how they were supposed to build it, and what if it didn't fly?  They were reassured that there was no way to fail this assignment as long as they made an effort.  At this point, the students hadn't yet studied lift and drag.  The students were given a few weeks to build the kites, and on the specified day, we all went outside to fly them.  The kites were of all possible shapes and materials, and many did not fly at first.  One group of women students could not get their large black and orange kite into the air.  They were told to get together and figure it out.  In just five minutes, they had solved the problem and their kite soared high.   

We really enjoyed the teamwork.  One of the major benefits of this was that students really felt that we were on their side, and this removed a lot of the barriers and hostility that had existed in the past.

There was a greater degree of trust and commitment to the program since they were made part of it from the start.  The instructors worked as a team also, even though the courses were taught at different schools.  We learned from each other's classes and experiences and discussed ideas for our courses. Sometimes we taught sections of each other's classes or helped in other ways.  We feel that if we are going to impress the importance of teamwork on the students, they should see their instructors functioning in a team as well.

Conclusions and Recommendations  Use of the contextual problem solving approach has drastically changed our teaching styles.  The result is improved enthusiasm and satisfaction by all parties, and greatly improved performance by the students.  The students loved the field trips, class experiments, team work and design projects.  We feel that the contextual problem solving approach enables us to reach students that we were failing to reach in the past, such as the right-brain dominant student who is usually not encouraged and may become disillusioned, eventually dropping out of engineering.  

What is really interesting is the improvements in the course evaluations.  Students actively tried to avoid us, as we had well-deserved reputations for working them hard and giving long, difficult examinations.  This has totally turned about as a result of the new style.  Students have always wanted to know what other courses we are teaching, but now they want this information so they can take our courses, not avoid them.  We couldn't wait to get to class each day.  One student actually remarked that he often wanted to miss the class, but didn't dare since he never knew what was going to happen in it!   Students from other classes started to hear of the interesting things that we were doing and wanting to get in the class.   It is also interesting that because of the new approach, we had to put in very few office hours as most of the problems were tackled in class.  A special survey was given to the students at the conclusion of the courses.   Twenty-six students responded.  In answer to the question "How much did you learn in this class compared to other engineering classes that you have taken?" using the following scale:  

1 = MUCH LESS,  2 = SOMEWHAT LESS, 3 = THE SAME, 4 = SOMEWHAT MORE, 5 = MUCH MORE

our average was 3.98; the average answer (using a similar scale) to the question "How satisfied are you overall with this class compared to other engineering classes that you have taken?" was 4.15.

Some of our student comments about the course include:


"I wish that more of my classes can be like this Fluids class.  You cannot believe how 
much 
I have learned from you this semester.  I can honestly say, that for the first time 
in my 
college career, I actually got my money's worth in your class.  Again, thank you 
for everything."


"The (field trip) as well as the slide presentation was very interesting and informative.  
But 
more importantly, I feel that the tour generated as many questions as it answered; 
this is what I call learning.  Seeing classroom theory in actual use is invaluable, not 
only as a 
reinforcement to learning but also as a necessary stimulus to promote the 
further interest of 
engineering principles and their applications.  Simply put, the tour 
made the subject 
interesting, and that makes me more interested.  These tours should 
become mandatory and frequent."


"(The instructor) lectures in such a way that one is not afraid of asking the most trivial



or silly questions and seems to know which concepts are most difficult.  As a result I 
learned 
a great deal in this class about not just fluid mechanics and dynamics but also 
about problem 
solving, application of engineering theory and presentation skills.  I 
loved (your) teaching style.  It was very different from the traditional mode but I felt 
for me, as the type of 
student I am, this was much more effective."



"(I particulary enjoyed) the computer; the software to help solve the problem assigned; 
the 
group project;how I felt more individualized; listening to (the instructor),


and (the instructor's) philosophy and experience in the engineering industry."

Although we feel that our courses were very successful, we will make some improvements in the future.  One of the major improvements will be getting students more involved in the laboratory and encouraging them to ask "what-if" questions.  Student feedback indicates that field trips are valuable, so we will add more, and introduce them earlier in the term to motivate later theory.  The design project will be assigned earlier.  The students liked the frequent feedback of end-of-chapter quizzes and no exams given in the fluids class; we may try this approach  in the heat transfer class. The students in the fluids class were a little confused at first since no syllabus was ever given; this is something we would correct in the future.   The heat transfer students requested more plant trips and improvement in the computer printout.  

The success or failure of the contextual problem solving approach depends on the attitude of the students.  It is crucial that the students understand and support the process from the start, as people tend to resist change.  Students may fear change as they feel pressured to get good grades, but our experience is that students are well-aware of the failure of the traditional method to give them adequate instruction and may welcome this change.  It is also advisable to get the support of your colleagues and administration, although it is possible to succeed in spite of nonsupport, as one of us found out.  We have found that the contextual approach requires less time and preparation and is much more rewarding than the traditional approach, and one of us is actually looking forward to teaching FORTRAN next quarter in order to apply this method.
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