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Faculty members who teach courses in transport sciences often observe that even students who
can correctly solve problemsin fluid dynamics, heat and mass transfer, or thermodynamics still
believe that “processes stop when they reach equilibrium.” These faculty observations are
supported by literature suggesting that science and engineering students do not conceptually
understand many fundamental molecular-level and atomic-level phenomenaincluding heat, light,
diffusion, chemical reactions, and electricity. [1, 2] 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]

Engineering instructors find that molecul ar-scale phenomena such as viscous fluid flow,
conductive heat transfer, diffusional mass transfer, and thermodynamic equilibrium are very
difficult for students to learn and, even after instruction, students persist in their misconceptions.
For example, engineering students often describe molecular momentum transfer as faster
molecules * dragging slow molecules along,” heat as a“ substance stored in hot objects’ as
opposed to cold which is described as a “ substance stored in cold objects,” heat transfer asa
“flow of hot molecules to cold objects,” and molecular processes as “stopping” when they reach
equilibrium. None of these conceptually flawed explanations is correct and each leads to
incorrect explanations of other related phenomena (for example, incorrectly predicting the
absence of atemperature effect on equilibrium processes or predicting that no molecular
diffusion occurs in laminar fluid flow).

Why are these concepts so difficult for students to learn? Part of the reason seems to be that
certain beliefs are very entrenched and not easily changed. [4] Based largely on life experience,
these beliefs are formed early in a student’ s career (perhaps even before the start of formal
schooling) and become the basis for future learning via the construction of increasingly
complicated mental models. [5] If the student’s prior knowledge is incomplete or incorrect, new
concepts are difficult if not impossible to correctly assimilate and a fundamental conceptual
change in the student’ s mental model will be required before the new concept can be understood.

For many traditional processes, the macroscopic models and metaphors (“heat flows”) still work
well and students must still be proficient in their use. However, given the increasing number of
engineering systems that explicitly rely upon molecular-level phenomena (e.g. biotechnology,
microelectronics, molecular computers, and many others), we argue that students must also
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understand when macroscopic and microscopic models will break down and when the metaphors
are no longer applicable.

Electricity, fluid flow, heat transfer and molecular equilibrium are examples of emergent
processes (processes that involve uniform, parallel, independent events with no beginning or end
but in which observable patterns eventually emerge). Chi has proposed that conceptual
misunderstandings arise when students incorrectly think of emergent processes as having the
attributes of the causal processes they see in everyday life. [6] (Causal processesinvolve
distinct, sequential, goal-oriented events that have an observable beginning and end). Therefore,
students may view the observed structure or patterns emerging from a series of events such as
Brownian molecular motion (the result of an emergent process) as actually being the result of a
causal process. They often incorrectly describe molecules as moving with intent in alinear and
sequential process that stops at some point. Thus, Chi’s theory explains why students persist in
their belief that molecules move with intent and that heat is a substance that flows and can be
stored. [1] Thereisalso evidencein the literature that causal explanations are often incorrectly
invoked as metaphors in textbooks and by faculty members. [1,7] Although the metaphors can
be useful, students do not know when relying on the metaphor is appropriate and when it must be
abandoned for a more realistic conceptual explanation of a process.

Table 1 provides a detailed example (diffusion of colored dye in a beaker of water) about how
students incorrectly classify most processes in which structure or pattern emerges from a series
of separate events as a causal process involving directed action of individual objects with a
defined beginning and end. Marek and colleagues have shown that less than 2% of high school
students correctly understand diffusion after completing a biology or chemistry course. [8] We
would expect ssimilar numbers for college engineering and science students based on research by
Hestenes that misconceptions developed in elementary and secondary schools persist into
college. [9]

Consider the simple experiment of adding a droplet of colored dye into a beaker of quiescent
water. What we see at the macroscopic level is slow movement (diffusion) of dye into the water
until the resulting dye/water mixture has the same color throughout the beaker. At this point
(equilibrium) no further movement of dye is apparent to the naked eye. Asshown in the left
column of Table 1, this experiment can be (incorrectly) described using a causal model in which
dye molecules “want” to mix with water and individual dye molecules move with intent to create
auniform dye/water mixture at which time they stop further movement. (What really happensis
that dye and water molecules will randomly bounce into spaces formerly occupied by other dye
and water molecules eventually resulting in a uniform mixture in which both types of molecules
continue to move. Theinitial concentration difference between dye and water means that on
average more of the dye molecules will initially move into regions populated by water
molecules). Students who describe this complex, dynamic process using the causal explanation
possess a mental model that is fundamentally incommensurate with accepted theories of
molecular motion. Since the causal model seems to describe the macroscopic behavior of the
dye/water experiment, students are comfortable with this view (as are many faculty members as
evidenced by typical textbook descriptions of this process) and they hold tightly to the
misconception, especially that the dye molecules stop moving once equilibrium isreached. This
approach provides students with simple equations for describing the rates of diffusional
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processes (i.e. Fick’s law of diffusion in mixtures, Fourier’s law of heat conduction, Newton’'s
law of viscosity for momentum transfer) and allows them to predict the macroscopic behavior of
simple diffusional systems.

Table 1. Comparison of Causal vs. Emergent Processes Explanation for
Diffusion of Colored Dye in Water [6,10]

Causal Model Emergent Model
(the action of a class of molecules) (interactions of a dynamic collection of molecules)
“ Dye molecules move towards water molecules.” “ All molecules exercise Brownian motion.”
(distinct actions — event is composed of distinct (uniform interactions — interactions follow the same
subevents) rules for all members of the collection)

“ Dye molecules flow from area of high
concentration to area of low concentration.”
(sequential actions — subevents happen in a
particular order)

“ All molecules move at the same time.”
(simultaneous interactions— interactions among
members occur simultaneously)

“Molecules collide independently of prior
collisions. What happens to one molecule doesn’t
affect interactions of other molecules.”
(independent interactions — each member collision
occurs independently of others)

“ Dye molecules are “ pushed” into the water by
other dye molecules.”

(dependent actions — a subevent is dependent on the
event that came before it)

“ Dye molecules want to mix with water “The local conditions around each molecule affect
molecules.” where it moves and at what velocity.”

(goa-direct actions — actions are taken to achieve a | (local and decentralized interactions— interaction
god) determined by local conditions)

“Molecular interactions continue when equilibrium
“ Dye molecules stop moving when dye and water isreached.”

become mixed.” (continuous interactions — interactions continue
(termination — action stops when goal is achieved) | irrespective of what is observable at the macro
level)

In addition to the causal (macroscopic) and emergent (molecular) models, students are often
presented with microscopic models to explain emergent phenomena. An example of a
microscopic model would be describing laminar fluid flow as layers of fluid moving past one
another. Microscopic models may be thought of as away of “macro-tizing” the emergent
phenomena to make them more understandable. Microscopic models attempt to examine
phenomena on a smaller scale than the macroscopic models, but still do not use the properties of
emergent phenomena to describe what is truly happening at the molecular level.

If the macroscopic and microscopic models are successful in describing the global behavior of
simple systems, why should we care if students persist in incorrectly applying causal models to
processes such as dye diffusion into water? The answer is simple — the causal models can

predict some but not all important behavioral characteristics of molecular diffusional processes.
For example, students will not be able to predict the effect of changing the initial amount of dye
or the effect of temperature on diffusion rates using a causal model. Given the increasing
importance of dynamic molecular behavior in many fields of engineering and science, we believe
identifying persistent student misconceptions about important concepts in thermal and transport
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sciences is an important step towards improving the quality of student learning in these
disciplines.

Procedure

In this study, we investigate the kinds of models chemical engineering seniors use to describe
one particular transport phenomenon. On the first day of a senior-level transport phenomena
course, the 39 chemical engineering students enrolled in the course were asked to answer the
guestion:

“ Explain in your own words (no equations) how momentum is transferred through a fluid
via viscous action.”

We posed two research questions when analyzing student responses to this question:

1. Do students use words in their descriptions that suggest they are using causal models?

2. What models (macroscopic, microscopic, molecular, or a mixture of these three) do
students use to explain this phenomenon?

In order to investigate whether students used descriptions relating to causal or emergent
processes (question 1), we created alist of terms that related to each process using the
descriptionsin Table 1 asaguide. The raters then used these lists to look for evidence in the
student descriptions that indicated students were using causal models. For example, phrases
such as “fluid particles grabbing hold of other fluid particles’ and “fluid particles experiencing a
shear stress” indicated causal thinking while phrases like “molecules colliding and transferring
energy” and “random intermolecular interactions in the fluid” indicated emergent thinking.

To answer question 2, we created sample descriptions of viscous momentum transport using
macroscopic, microscopic, and molecular mental models. These descriptions are listed in Table
2 and were used as arubric to score student responses. Some students used a combination of
models in their descriptions which were labeled as “mixed” modelsin our scoring. A few
students also gave answers so vague that they could not be scored. These are listed as “non-
responsive.”

Results
Copies of student responses were distributed to three coders. At least two coders had to agree

with their categorization for a code to be considered valid. If coders disagreed, discussion
ensued until agreement was reached. Results are summarized in Tables 3 and 4.
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Table 2. Macroscopic, Microscopic, Molecular, and Mixed Descriptions of

Viscous Momentum Transfer in Laminar Pipe Flow Used as Scoring Rubric

for Student Responses

M acroscopic Description

The pressure at the pipeinlet isincreased (usually by pumping) which causes the fluid to move through the
pipe. Friction between fluid and pipe wall resultsin a pressure drop in the direction of flow along the pipe
length. The fluid at the wall does not move (no-dlip condition) while fluid furthest away from the wall (at the
pipe centerline) flows the fastest, so momentum is transferred from the center (high velocity and high
momentum) to the wall (no velocity and no momentum).

M icroscopic Description

Fluid in laminar flow moves as aresult of an overall pressure drop causing a velocity profile to develop (no
velocity at the wall, maximum velocity at the pipe centerling). Therefore, at each pipe radius, layers of fluid
flow past each other at different velocities. Faster flowing layers tend to speed up slower layers along
resulting in momentum transfer from faster layers in the middle of the pipe to slower layers closer to the pipe
walls.

Molecular Description

Fluid molecules are moving in random Brownian motion until a pressureis applied at the pipe inlet causing
the formation of a velocity gradient from centerline to pipe wall. Once the gradient is established, molecules
that randomly migrate from an area of high momentum to low momentum will take along the momentum they
possess and will transfer some of it to other molecules as they collide (increasing the momentum of the slower
molecules). Molecules that randomly migrate from low to high momentum will absorb some momentum
during collisions. Aslong asthe overall velocity gradient is maintained, the net result is that momentum is
transferred by molecular motion from areas of high momentum to areas of low momentum and ultimately to
thermal dissipation at the pipe wall.

Mixed Description

Students use more than one model! in their description.

Table 3. Number of causal descriptions used by students

Number of instances of causal

properties used in student descriptions Number of students

No causal descriptions 4
1 causal description 9
2 causal descriptions 12

3 causal descriptions 7
4 causal descriptions 3
5 causal descriptions 1
1
2

6 causal descriptions
Non-responsive
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Table 4. Types of descriptions used by students

Description type used in response Number of students
Macroscopic 4
Microscopic 10
Molecular 6
Mixed 14
Non-responsive 5

Discussion

Overal, 33 of 37 studentsincluded at least one instance of causal language in their description of
this phenomenon and 28 of 34 score-able responses used macroscopic, microscopic or mixed
models. Clearly, these students do NOT use molecular mental models to describe molecular

processes such as viscous momentum transfer. For example, one student used a macroscopic
view to describe the process as:

“overcoming certain forces that are causing it [fluid] to stay in one place. One of
these forces is the viscous force.”

Another student used a microscopic view to describe the process as.

“fluid particlesin one layer tending to ‘grab hold’ of fluid particles
in the next layer so that some momentum is transferred from one
layer to the next.”

Severa students invoked the idea that momentum is a substance (another common
misconception characteristic); one described the process as:

“moleculesin the fluid trying to flow past one another and thereby
momentum is transferred between these molecules.”

Only six of the students used some flavor of molecular behavior in their description of the
process with statements like this one:

“Each molecule in the fluid has kinetic energy and momentum
with some magnitude and direction. A portion of this energy and
momentum is transferred between molecules when they collide.
There is anet or average direction and magnitude which then
causes a net transfer of kinetic energy and momentum.”
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The results from our preliminary study suggest that senior-level chemical engineering students
do not tend to think of viscous momentum transport as fundamentally a molecular-level process
even though they have been exposed to concepts of molecules and molecular dynamicsin at least
8-10 courses in their curriculum. At this point, we cannot separate the effects of some textbooks
and instructional materials that invoke only macroscopic and microscopic descriptions of viscous
action from fundamental causal misconceptions which students may form prior to beginning
formal engineering education. Given the findings in this work, we must also pose the following
guestion:

At what level (macroscopic, microscopic, molecular) do undergraduate engineering
students need to understand phenomena which are fundamentally emergent and
molecular in nature?

Thisis aquestion for on-going discussion within the engineering education community.
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