Session 2430

Using a Delphi Study to Identify the Most Difficult Concepts
for Students to Master in Thermal and Transport Science

Ruth A. Streveler, Barbara M. Olds, Ronald L. Miller'
Colorado School of Mines

Mary A. Nelson
University of Colorado, Boulder

Abstract

In this paper, we describe the use of Delphi methodology to reach consensus among a group of
experienced engineering faculty about the difficulty and importance of fundamental concepts in
the thermal and transport sciences. Our purpose is to identify concepts of high importance and
low student understanding to use as the focus for creating a concept inventory to assess students’
conceptual understanding in the thermal and transport sciences. Based on the Delphi study
results, 12 concepts are currently under consideration for inclusion in the concept inventory.

Introduction and Background

Engineering faculty members often comment that even students who can correctly solve
problems in fluid dynamics, heat transfer, or thermodynamics still believe that, for example, heat
flows like a substance or that processes stop when they reach equilibrium. These faculty
observations are supported by evidence in the literature that suggests science and engineering
students do not conceptually understand many fundamental molecular-level and atomic-level
phenomena such as light, heat, or electricity. [1, 2] The literature also suggests that the problem
is more than simply one of confusion or misunderstanding, but instead involves fundamental
misconceptions by students about differences in the way that molecular-scale processes differ
from observable, macroscopic causal behavior we experience in our daily lives. [3, 4]

Before faculty can hope to develop curricular interventions to repair student misconceptions like
these, they must first identify which concepts their students don’t understand and what
misconceptions are prevalent. Such assessments (termed concept inventories) are now available
in selected science fields (e.g. physics, chemistry, biology, astronomy) and in some mathematics
topics, but are only now being developed for selected engineering science topics. [5]

With NSF support, we are developing a concept inventory for thermal and transport sciences
encompassing introductory thermodynamics, fluid mechanics, and heat transfer. To help
validate our inventory, we have conducted a Delphi study with approximately 30 well-respected
engineering faculty experts and prominent engineering textbook authors to identify important
concepts in thermal and transport science disciplines that are consistently difficult for students to
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understand and for which the students possess significant and robust misconceptions. Once
developed and validated, the concept inventory will be made available to interested engineering
faculty for use as a classroom formative assessment tool that can provide valuable information
about student misconceptions in thermal and transport science topics. This information can then
be used by faculty to guide the selection of course topics and also to help decide what
interventions are required to repair robust misconceptions that engineering students bring to new
courses. The instrument may also be used as a program feedback assessment tool to monitor the
overall persistence or absence of student misconceptions during a 4-5 year course of study.

The objectives of this paper are to:

1) describe the Delphi methodology and how we conducted a Delphi study to identify
thermal and transport science concepts that were, in the judgment of the expert
participants, difficult to learn but important for engineering students to understand.

2) present the results of the Delphi study and discuss the implications of our findings to
developing a thermal and transport science concept inventory.

What is the Delphi Method?

The Delphi method is based on a structured process for collecting and distilling knowledge from
a group of experts by means of a series of questionnaires interspersed with controlled opinion
feedback. [6] Linstone and Turoff say that “Delphi may be characterized as a method for
structuring a group communication process so that the process is effective in allowing a group of
individuals, as a whole, to deal with a complex problem.” [7] The method takes its name from
the Oracle at Delphi, an ancient Greek soothsayer able to predict the future, and was originally
developed at the RAND Corporation by Dalkey and Helmer [8] as a tool for forecasting likely
inventions, new technologies and the social and economic impact of technological change. [6]

The distinguishing features of the Delphi technique are its use of experts and its methodology.
Proponents of the Delphi method recognize human judgment as a legitimate and useful input in
generating forecasts and therefore believe that the use of experts, carefully selected, can lead to
reliable and valid results. In addition, the Delphi technique attempts to overcome the weaknesses
implicit in other methods such as relying on a single expert, a group average, or a round table
discussion. Using a single expert puts too much weight on one person’s opinion; the group
average method fails because as Clayton notes, “the individuals consulted have neither the
opportunity to provide their most thoughtful input nor the benefit of hearing other responses that
might encourage a refinement of the contributions” [9]; and the round-table approach is
unreliable because some members of the group may unduly influence the decision. The Delphi
method addresses the latter concern by soliciting input anonymously so that influences such as
the professional reputation of a respondent or the forcefulness of a respondent’s personality are
neutralized. Thus all participants have equal stature in the process and their comments influence
the other participants only through the logic of their argument, not their name recognition.

There have been criticisms of the Delphi method, most notably by Sackman [10], whose early
critique found fault with many elements of the process, but most notably with what he
considered to be the Delphi’s failure to meet APA’s “Standards for Educational and
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Psychological Tests and Manuals.” Specifically, he concluded that “conventional Delphi
neglects virtually every major area of professional standards for questionnaire design,
administration, application, and validation.” Despite Sackman’s criticisms, we believe that the
Delphi is well-suited for our current project and we agree with Clayton’s conclusion that “if the
objective is the identification of content based on expert consensus, then the Delphi technique is
an appropriate choice as it may enhance the significant contributions of the panel.”

General Outline of the Delphi Method

According to Linstone and Turoff, “Usually Delphi, whether it be conventional or real-time,
undergoes four distinct phases. The first phase is characterized by exploration of the subject
under discussion, wherein each individual contributes additional information he [sic] feels is
pertinent to the issue. The second phase involves the process of reaching an understanding of
how the group views the issue (i.e., where the members agree or disagree and what they mean by
relative terms such as importance, desirability, or feasibility). If there is significant disagreement,
then that disagreement is explored in the third phase to bring out the underlying reasons for the
differences and possibly to evaluate them. The last phase, a final evaluation, occurs when all
previously gathered information has been initially analyzed and the evaluations have been fed
back for consideration.” [7]

Our Application of the Delphi Process

Panel Selection. Since the Delphi method relies on expert opinion, it is obviously important to
select the right experts. In some cases, Delphi participants are selected through a “nomination”
process in which recognized experts are solicited but also asked to provide the names of other
experts. [11] Selection criteria should be clearly articulated, e.g. number of years of experience,
number of publications or other expert qualifications. For our panel, we started with a
geographically distributed list of people with expertise in the appropriate fields and considerable
undergraduate teaching experience. We asked these experts to help us identify others, including
textbook authors in the relevant fields. Once we had identified approximately 35 experts, we
sent them an email explaining the Delphi process and our project along with an invitation to join
the group. Thirty-one experts agreed to participate, a number corresponding well with Clayton’s
rule-of-thumb that 15-30 people are an adequate panel size. [9] The group included tenured and
tenure-track engineering professors from research universities and undergraduate institutions.
Five of the participants have authored well-known texts in thermodynamics, fluid mechanics,
heat transfer, or thermal science. We guaranteed confidentiality for all participants during the
process, another important element of the Delphi procedure.

Round 0. We wanted our expert panel to generate a list of difficult concepts in thermal and
transport science rather than generate one ourselves. Therefore, we developed a “Round 0” for
our project in which we asked panelists to list concepts they found difficult for their students. Of
the 31 experts who agreed to participate in the study, 23 provided approximately 60 separate
concepts. Four researchers coded all the responses and developed a list of 28 separate concepts
by including all concepts that had been listed by at least two of our experts. These 28 concepts
formed the basis for our subsequent rounds.
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Round 1. We developed both a web-based and a Word document version of our questionnaire
using the 28 concepts generated in Round 0. We asked each expert to rate each concept based on
two factors: 1) the proportion of students that do understand the concept and 2) how important it
is for a student to understand the concept. We used a scale of 0-10 for each question (0 = no one
understands this concept to 10 = everyone understands this concept, and 0 = it is not at all
important to understand this concept to 10 = it is extremely important to understand this
concept). Thirty members of our expert panel ranked these 28 concepts. In all rounds,
participants were told that “you will not have to rate any concept for which you don’t feel you have
sufficient expertise.”

Round 2. For the second round of the questionnaire (again in both a web and Word attachment
version), we presented the panel of experts with the same concepts and asked them to rank the
concepts using the same scale. However, we also provided them with the median response to
each question from Round 1 and a range that included 50% of the responses from Round 1. In
the second round, if they rated a concept outside of the 2-quartile range established in round 1,
they were asked to provide an explanation for their rating. In this way, the median ranking of
each concept approached a stable value and the interquartile range decreased in size, representing
the consensus opinion of the participant group. Twenty-eight members of our expert panel
ranked the 28 concepts in round 2.

Round 3. In the third round, we again asked the experts to rank all 28 concepts. We provided
the median rating from Round 2 and the anonymous comments that fellow panelists made
justifying ratings outside of the specified range. Based on this final iteration, we selected 12 of
the most common and most important concepts in the thermal and transport sciences to develop
questions for the thermal and transport science concept inventory.

Results and Discussion

Based on responses from 30 participants for round 1 and 28 participants in round 2, we
computed the ranking statistics for each of the 28 concepts in the study. These results are
summarized in Table I. The non-parametric median and interquartile range were used (rather
than mean and standard deviation) because an ordinal scale was used to rate the concepts. These
results indicate that the rankings for most concepts have already stabilized (the median for 19 of
the 28 concepts changed by a value of 0.5 or less) and we expect results from the 3™ and final
round, which will be completed and analyzed in time for presentation at ASEE 2003, will
provide a stable consensus for nearly all the concepts in the study in agreement with the Delphi
literature.

Figure 1 illustrates the relationship between concept understanding and importance using the
results of round 2. The region of high importance but low conceptual understanding includes a
total of 12 concepts which the study participants judge to be sufficiently important to engineering
graduates that conceptual understanding is crucial but often not achieved. These 12 items
include key topics in thermal science and transport courses such as the 2" law of
thermodynamics including reversible vs. irreversible processes, conservation of momentum,
viscous momentum transfer, several energy-related topics (heat, temperature, enthalpy, internal
energy), and steady-state vs. equilibrium processes. Many of these concepts have been widely
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discussed in the misconception literature [12], thus lending a degree of validity to the results of
this study.

Results from the Delphi study will form the basis for constructing our thermal and transport
science concept inventory and will allow us to create an assessment instrument focused on the
most important concepts for which students have difficulty achieving a deep conceptual
understanding. For example, concept #7 (entropy and the 2" law of thermodynamics) was rated
a “4” in student understanding but a ““9” in importance, so several questions in the inventory will
deal with 2™ law constraints on system efficiency and the tendency for increasing disorder.
Without the results reported in this paper, we easily could have wasted valuable time and money
developing a concept inventory which dealt with the wrong concepts or concepts for which
student assessment data are not needed or warranted.

Summary and Conclusions

We have conducted a Delphi ranking process to identify key concepts for use in a new concept
inventory for thermal and transport sciences. Thirty-one technical and education experts in
thermodynamics, fluid mechanics, and heat transfer have ranked a list of 28 concepts in two
ways — the degree to which undergraduate engineering students understand each concept and
how important the concept is for students to know. After three Delphi rounds, we will have
identified by consensus the most significant concepts for use in a concept inventory.

Delphi methodology is used here for the first time to reach expert consensus about fundamental
concepts in an engineering discipline. We believe the results of this study support the use of the
Delphi technique for this purpose. The methodology dictates that three iterations of surveys be
used to reach rating stability and we found that there was only a small fluctuation of median
ratings between rounds 1 and 2 with a trend toward decreased variability of ratings. This
demonstrates a move toward consensus in the ratings.

Graphical representation of understanding and importance ratings also allowed us to identify 12 concepts
that are the best candidates to be included in a concept inventory (since we want the inventory to focus on
important concepts that are difficult to understand). Without the results reported in this paper to
identify the key conceptual stumbling blocks for undergraduate engineering students, we easily
could have wasted valuable time and money developing a concept inventory which dealt with the
wrong concepts or concepts for which student assessment data are not needed or warranted.
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Table 1 — Ranking Results from Delphi Study Rounds 1 and 2 (Italicized concepts refer to
low understanding/high importance rankings shown in Figure 1)

Understood? Importance?
Concept Median (Interquartile range) Median (Irrl)ter uartile range)
Round 1 Round 2 Round 1 Round 2
1.Adiabatic vs. Isothermal Processes 7.5 (6-8) 8 (6-8) 9 (8-10) 9 (9-10)
2.Bernoulli Equation 7 (4-8) 6 (5-7) 9 (7-10) 9 (8-9)
3. Compressible vs. Incompressible Flow 5 (3-7) 6 (4-6.5) 7.5 (6-8) 7 (7-8)
4. Conservation of Linear Momentum 5 (3-6) 5 (4-6) 9 (8-10) 9 (8-10)
5. Differential vs. Integral Analysis 4.5 (3-6) 4 (3-5.25) 7 (6-9) 8 (6-8)
6. Dimensional Analysis 6 (4-7) 5.5 (4.25-7) 7 (5-7) 6 (5-8)
7. Entropy & 2" Law of Thermodynamics 4 (2-6) 4 (3-5) 8 (7-9) 9 (8-9)
8. Extensive and Intensive Properties 8 (6-9) 8 (7-8) 7 (6-9) 8 (7-9)
9. First Law of Thermodynamics 8 (7-9) 8 (7-9) 10 (10-10) 10 (10-10)
10. Fluid vs. Flow Properties 7 (5-8) 6 (5-7) 7 (5-9) 7 (5-8)
11. Heat Transfer Modes 8 (6-9) 8 (6.25-8) 9 (8-10) 9 (9-10)
12. Heat vs. Energy 6 (5-8) 6 (5-7) 9 (8-10) 9 (8-10)
13. Heat vs. Temperature 6 (4-8) 6.5 (5-8) 9 (8-10) 10 (9-10)
14. Ideal Gas Law 8 (7-9) 8 (8-9) 9 (8-10) 9 (9-10)
15. Internal Energy vs. Enthalpy 6 (3-7) 5 (4-6) 8 (7-9) 9(8-9)
16. No-slip Boundary Conditions 8 (6-9) 8 (7-9) 8 (7-9) 9 (8-9)
17. Nozzles and Diffusers 6 (5-8) 6 (6-7.5) 7 (5-9) 7 (6-8)
18. Pressure 8 (6-9) 8 (7-8) 9 (8-10) 10 (9-10)
19. Reversible vs. Irreversible Processes 5 (4-7) 5 (4-6) 8 (8-9) 9 (8-9)
20. Spatial Gradient of a Function 4 (3-7) 5 (4-6) 7 (3-9) 7 (6-8)
21. Specific Heat Capacity 7 (6-8) 7 (6-7) 8 (7-10) 9 (8-9)
22. Steady-state vs. Equilibrium Process 5 (3-8) 5 (3-6) 8 (5-10) 9 (7-9)
23. Steady-state vs. Unsteady-state Process 8 (7-8) 8 (7-8) 9 (8-10) 9.5 (9-10)
24. System vs. Control Volume 7 (4-8) 6 (5-7) 8 (6-10) 9 (8-10)
25. Temperature Scales 7 (5-9) 8 (8-9) 8 (6-10) 9 (8-10)
26. Thermal Radiation 6 (4-8) 5 (5-6) 7 (5-9) 8 (6.75-8)
27. Thermodynamic Cycles 7 (5-8) 7 (6-7) 8 (8-10) 9 (8-10)
28. Viscous Momentum Flux 5 (3-7) 4 (3.75-5) 7.5 (6-9) 8 (7-8)
Understanding scale Importance scale
0 = no one understands the concept 0 = Not at all important to understand the concept
10 = everyone understands the concept 10 = Extremely important to understand the concept
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Figure 1 — Relationship Between Delphi concept Understanding and Importance Rankings
(Results at the end of Round 2); Numbers shown refer to concept numbers listed
in Table 1
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