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FOEE Theme: Innovation in Context

Summary

Computational Simulation Module

There is a need for innovative educational experiences that unify and reinforce
fundamental principles at the interface between the physical, chemical, and life
sciences. We have addressed this by exploiting the versatility of microfluidics as a
vehicle to introduce chemical engineering students to molecular biology through
activities that challenge them to harness microscale natural convection
phenomena to perform DNA replication via the polymerase chain reaction (PCR).

Three class-period module in the undergraduate core fluid mechanics class, with
the following learning objectives:

• Experimentally, we have constructed convective PCR stations incorporating a
simple design for loading and mounting cylindrical microfluidic reactors between
independently controlled thermal plates
• We have also developed a hands-on computational fluid dynamics (CFD)
exercise based on modeling microscale thermal convection to identify optimal
geometries for rapid DNA replication
A cognitive assessment reveals that these activities strongly impact student
learning in a positive way

• Destabilizing force: buoyancy
• Restoring forces: viscous and thermal diffusion
• Everyday example: a lava lamp!
• Critical condition for onset of fluid motion
given by Rayleigh number: Racrit > 1,700
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• Demonstrate ability to apply the conservation of energy and show how it is
coupled with the momentum balance through temperature
• Explain how the fluid properties and temperatures associated with PCR
constrain the problem, leaving geometry (h, d) as the key adjustable parameter
• Identify appropriate boundary and initial conditions to specify the problem
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• Convective PCR: by applying a static
temperature gradient across an
appropriately designed reactor geometry,
a continuous circulatory flow can
be established that will repeatedly
transport PCR reagents through
temperature zones associated with
each stage of the reaction

• Geometric parameters that can be varied are the height (h) and diameter (d), or
equivalently the aspect ratio (h/d)
• Counter-intuitive reactor design: extremely rapid DNA replication (< 10 min) is
achievable in reactors designed to generate complex 3D chaotic flows

Hands-on Lab

• Students worked in teams of 2 to set up
their own 3D computational models using
STAR-CCM+ software (CD-adapco)
• Students were responsible for specifying
the buoyancy driving force term, boundary
conditions, and reactor dimensions
• A unique set of conditions was assigned to
each team, but all were chosen to include
flows associated with regimes near the
onset of convective motion, uniform
circulatory flow, and chaotic advection
• A subset of the assigned flow fields were experimentally demonstrated in class to
validate the results of the computational simulations

Cognitive Assessment
Cognitive impact was assessed by asking students to communicate their perceptions in
a post assignment reflection consisting of the following free response questions:
Question #1

Number of students

• Fluid density at bottom is lower than fluid above
unstable ‘top heavy’ arrangement
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• Demonstrate ability to non-dimensionalize the momentum balance to obtain
the Rayleigh number, analogously to the origin of the Reynolds number
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Category

Simulation
design

Situated
nature

Lab skills

Specific
content

High
cognition

Central theme: The instructor’s intent was for the student to...

Critical thinking

Develop higher level of critical and creative thinking, such as identification of the
important simulation parameters.

Simulation design

Learn the nature of designing simulations, including the process of identifying the
problem statement and analyzing the results.

Situated nature

Place the modeling experience in the context of their future professional
environments and real world applications.

Lab skills

Develop specific techniques and skills in the hands-on simulation assignment.

Specific content

Learn the specific topics or content within the simulation assignment, or reinforce
understanding of content learned in lecture classes.

Question #2

Number of students

Rayleigh-Bénard convection: occurs when a
confined fluid is heated from below
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• Define and explain the Boussinesq approximation, whereby thermal variations
in density are only considered in the buoyancy source term

• Appreciate that the complexity of the resulting system of nonlinear partial
differential equations requires computational tools to solve

Background
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• Apply the conservation of momentum in the case of a buoyancy driving
force, and compare with the case of pressure driven flows

2. How would you explain this
computational exercise to an
undergraduate student?
3. When you close your eyes and
picture this computational exercise,
what do you see?
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Presented to students enrolled in a professional science master’s program in
biotechnology (Texas A&M Professional Program in Biotechnology; ppib.tamu.edu)

Category

Central theme: The computational exercise was described by...

Simulation design

Learn the nature of designing simulations, including the process of identifying
the problem statement and analyzing the results.

Ambiguity

The ambiguous and open ended nature of the experience, or how students need
to adaptively learn.

• For this audience, we devised an experientially oriented assignment tailored
toward a scenario of evaluating new technology (e.g., in a biotech company)

Situated nature

Place the modeling experience in the context of their future professional
environments and real world applications.

Specific content

Learn the specific topics or content within the simulation assignment, or reinforce
understanding of content learned in lecture classes.

Lab skills

Develop specific techniques and skills in the hands-on simulation assignment.

Question #3

Number of students

• JoVE video protocol: http://www.jove.com/details.stp?id=2366

1. What do you think the instructor
intended for you to learn by doing the
computational modeling exercise?
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Physical system

Category

Computer
interface

Representation

High cognition

Central theme: The student described seeing...

Physical system

Actual physical systems in real world/nature with convection driven flows.

Computer interface

The computer interface or supercomputers.

Representation

The analysis aspect of the exercise, such as flow patterns and temperature profiles.

• The exercise reinforced course
content, highlighted connections
with related courses, and
demonstrated practical application
• Conflicting perceptions of practical
application: highly recognized in
students’ perception of the instructor’s
learning objectives (Question #1), but
was least recognized in students’
perception of how they would explain
the exercise to peers (Question #2)
• Cognition could be improved by
incorporating design or hands-on
experiment elements (Question #3)

• Rich complexity of flow phenomena
can be accessed in simple geometries
• Strong multidisciplinary focus provides
flexibility to tailor instructional content
across a range of target audiences
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Demonstration / illustration
• Buoyancy and convection

Fluid mechanics
• Buoyancy driven flows
Heat transfer
• Rayleigh-Bénard convection
Mass transfer
• Diffusion of biomolecules

Reaction kinetics and biochemistry
• Elementary mass action kinetics
• Enzyme kinetics
Computational fluid dynamics (CFD)
• Numerical methods (finite element)
• Grid generation/meshing
• Modeling using commercial codes
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Effective vehicle to bridge the physical,
chemical, and life sciences
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Biotechnology / molecular biology
• PCR in the convective flow format
• Reactor design and optimization
• Evaluation of new technology

